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Abstract

Background: The function of the peripheral microvascular may be interrogated by measuring perfusion, tissue
oxygen concentration, or venous oxygen saturation (SvO2) recovery dynamics following induced ischemia. The
purpose of this work is to develop and evaluate a magnetic resonance (MR) technique for simultaneous
measurement of perfusion, SvO2, and skeletal muscle T2*.

Methods: Perfusion, Intravascular Venous Oxygen saturation, and T2* (PIVOT) is comprised of interleaved pulsed
arterial spin labeling (PASL) and multi-echo gradient-recalled echo (GRE) sequences. During the PASL post-labeling
delay, images are acquired with a multi-echo GRE to quantify SvO2 and T2* at a downstream slice location. Thus
time-courses of perfusion, SvO2, and T2* are quantified simultaneously within a single scan. The new sequence
was compared to separately measured PASL or multi-echo GRE data during reactive hyperemia in five young
healthy subjects. To explore the impairment present in peripheral artery disease patients, five patients were
evaluated with PIVOT.

Results: Comparison of PIVOT-derived data to the standard techniques shows that there was no significant bias in
any of the time-course-derived metrics. Preliminary data show that PAD patients exhibited alterations in perfusion,
SvO2, and T2* time-courses compared to young healthy subjects.

Conclusion: Simultaneous quantification of perfusion, SvO2, and T2* is possible with PIVOT. Kinetics of perfusion,
SvO2, and T2* during reactive hyperemia may help to provide insight into the function of the peripheral
microvasculature in patients with PAD.

Keywords: Peripheral artery disease, Atherosclerosis, Microvascular function, Perfusion, Dynamic oximetry, T2*,
BOLD, Reactive hyperemia, Skeletal muscle
Background
Peripheral artery disease (PAD), a common manifest-
ation of atherosclerosis in the lower limbs, causes sig-
nificant morbidity and mortality in the United States
[1-4]. Atherosclerotic plaques tend to develop at branch
points in the peripheral arteries, increasing vascular re-
sistance and limiting blood flow in the affected arteries
[5]. Baseline blood flow to skeletal muscle is generally
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maintained through the recruitment of collateral arter-
ies [5,6], however the vasculature is unable to quickly
respond to changes in metabolic demand, such as those
that occur with exercise or following a period of ische-
mia. Analogous to cardiac stress testing, the functional
integrity of the peripheral vasculature can be interro-
gated by measuring the dynamic response to a period of
induced ischemia.
Skeletal muscle can be stressed by means of an

ischemia-reperfusion paradigm, which induces reactive
hyperemia. Suprasystolic pressure applied by a cuff se-
cured around the thigh halts distal blood flow for several
minutes. Oxygen extraction in the stagnant capillary
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blood continues until it reaches a steady state, approxi-
mately 140 seconds into the period of arterial occlusion
[7]. When pressure in the cuff is released, reactive
hyperemia ensues with a surge in arterial flow resulting
in an increase in perfusion [8] and oxygen concentration
at the level of the capillary bed [7,9]. Additionally, venous
oxygen saturation (SvO2) within the large draining veins
sharply decreases as the desaturated blood formerly
trapped in the capillary bed enters. As the tissue oxygen-
ation recovers, SvO2 rises and eventually surpasses its
baseline value during the time that oxygen delivery ex-
ceeds the oxygen extraction rate [10], or during which
time physiologic shunting may be occurring.
Several magnetic resonance (MR) techniques can non-

invasively evaluate the hyperemic response. Arterial spin
labeling (ASL) is a well-known method to investigate
perfusion in many vascular territories [11-16]. Skeletal
muscle perfusion is an important parameter that quanti-
fies microvascular blood flow thereby providing informa-
tion on delivery of oxygen and nutrients to tissue. It has
been shown that perfusion dynamics during reactive
hyperemia are altered in PAD [17]. These findings cor-
relate with both disease presence and severity.
A relative measure of tissue oxygenation can be

obtained by measuring changes in the apparent trans-
verse relaxation rate (T2*), also known as ‘blood oxygen-
level dependent’ (BOLD) signal [18]. T2* can be mea-
sured using a multi-echo gradient-recalled echo (GRE)
sequence. BOLD imaging has been extensively applied
for functional activation studies in the brain [19], and
can also provide information regarding activation and
oxygenation of many other tissues including the kidneys
[20] and skeletal muscle [7,8,21-23].
Dynamic measurement of SvO2 provides information

about oxygen utilization in tissue. When continuously
measured throughout an ischemia-reperfusion paradigm,
intravascular blood can act as an endogenous tracer,
allowing SvO2 time-course kinetics to provide information
on endothelial function and vascular reactivity [10]. SvO2

can be dynamically measured using MR susceptometry
[24]. Each of the aforementioned MR methods will be
discussed in detail in the Theory section.
The kinetics of the hyperemic response can provide in-

formation on microvascular integrity and endothelial
function. Healthy subjects are able to rapidly respond to
increases in oxygen demand, and recover back to base-
line more quickly than patients with PAD [17,25,26].
While methods for simultaneous quantification of perfu-
sion and T2* or other markers of tissue oxygenation have
been implemented [27,28], none have been able to inves-
tigate SvO2 time-course kinetics as well. Recovery dy-
namics are altered in each of these parameters in
situations of impaired vascular function, as in PAD;
therefore there is potentially added benefit to concurrent
measurement. In this work, we developed a method to
measure perfusion, SvO2, and T2* simultaneously. Such
a technique allows for a full functional assessment of the
peripheral vasculature during a single scan providing in-
formation on the temporal relationships between these
various functional parameters.

Theory
Pulsed arterial spin labeling perfusion imaging
Pulsed arterial spin labeling (PASL) MRI is a well-
established method for noninvasive perfusion imaging
[13,14,29]. In one PASL variant developed by Raynaud,
et al. [16], termed Saturation Inversion Recovery (SATIR),
slice-selective (SS) and non-selective (NS) inversion pulses
are applied for the tag and control images, respectively.
Every acquisition is followed by a slice-selective saturation
pulse to ensure the same initial magnetization in each dy-
namic image.
The normalized difference between the tag and control

images can be used to quantify perfusion in physiologic
units of milliliters of blood, per minute, per 100 grams
of tissue, as described in [16]. The resulting Bloch equa-
tions can be solved analytically for perfusion (f ) if the
longitudinal relaxation times (T1) of arterial blood and
tissue are assumed to be equal:

f ¼ −
λ

T
⋅ln½ MSS Tð Þ−MNS Tð Þ

MSS Tð Þ þMNS Tð Þ ⋅ð1−e
T=T1Þþ 1� ð1Þ

where MSS and MNS are the signal intensities (SI) in the
image acquired after SS and NS inversion, respectively, λ
is the tissue partition coefficient (0.9 mL/g), and T is the
post-labeling delay (PLD), defined as the time between
the inversion pulse and readout. At 3T, T1blood = 1664
ms [30] and T1tissue = 1420 ms [31]. A numerical calcu-
lation based on actual values for blood and tissue T1

shows that for perfusion values up to 100 mL/min/100g,
using T1tissue ≈ T1blood = 1420 ms, underestimates perfu-
sion by less than 5%.
SATIR has been successfully applied for perfusion im-

aging in the leg in healthy individuals [16], and the se-
quence has been employed to simultaneously measure
BOLD [28,32], however it has not been integrated with a
multi-echo GRE for venous oxygen saturation and
BOLD measurements.

MR susceptometry-based dynamic oximetry
MR susceptometry-based oximetry is a recently devel-
oped method for quantifying SvO2, measured in units of
percent-oxygenated hemoglobin (%HbO2) [10,24,33,34].
Because deoxyhemoglobin is paramagnetic, a magnetic
susceptibility difference exists between deoxygenated
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blood and oxygenated blood or tissue. This susceptibility
difference induces a local magnetic field ΔB in the
draining vein relative to the tissue, proportional to (1-
SvO2/100). The incremental field ΔB can be determined
by subtracting the phase accumulation of the MR signal
in surrounding tissue from that inside the vein (Δφ).
The phase is measured from successive echoes separated
in echo time by ΔTE. By modeling the vein as a long
paramagnetic cylinder it is possible to quantify intravas-
cular SvO2 as:

SvO2 ¼ 1−
2 Δφj j�

ΔTE

� �
γ Δχdo⋅Hct⋅B0 cos2θ− 1=3

� �
" #

� 100 ð2Þ

where Δχdo represents the susceptibility difference be-
tween fully oxygenated and fully deoxygenated blood
(Δχdo = 4π•0.27 ppm (SI units) [35,36]), B0 is the main
magnetic field strength, and θ is the angle of the vessel
with respect to B0 [24,33]. It has been shown that for
small angles, the induced field outside of the vessel is
approximately homogeneous and independent of the
susceptibility difference between the vein and tissue [37].
Therefore SvO2 can be measured using a field-mapping
sequence, such as a multi-echo GRE. With this tech-
nique, one can quickly, directly, and noninvasively quan-
tify intravascular SvO2 at high-temporal resolution.

Skeletal muscle BOLD
In the microvasculature, as in the large veins, the para-
magnetism of deoxyhemoglobin causes inhomogeneities
in the local magnetic field. Because the microvessels are so
small, it is not possible to directly measure the change
in phase signal as is required for susceptometry-based
oximetry. However, this local field perturbation also re-
sults in intravoxel phase dispersion, which causes the
MR signal to decay more rapidly [18]. For instance, as
oxygen saturation in the capillary bed decreases, the
concentration of deoxygenated hemoglobin increases,
resulting in an increased intravoxel phase dispersion
thereby lowering the apparent transverse relaxation
time, T2*. Thus changes in T2* in response to an
ischemia-reperfusion paradigm can serve as a relative
marker of tissue oxygenation [7]. The BOLD signal orig-
inates not only from changes in blood oxygen level, it is
also sensitive to changes in perfusion, cellular pH, vessel
diameter, and vessel orientation [9,21,23,38-40]. It has
been postulated, however, that the BOLD signal changes
primarily result from changes in the concentration of
deoxyhemoglobin in the capillary bed [40]. Quantifica-
tion of T2* can be achieved by fitting signal intensity
data from a multi-echo GRE to a monoexponential
function. Prior studies have shown the utility of investi-
gating dynamic skeletal muscle BOLD during exercise
[41-43], ischemia [38], reactive hyperemia [8], and in
disease states [26,44].

Simultaneous measurement of perfusion, SvO2,
and T2*
By interleaving a multi-echo GRE sequence in the PLD
of a PASL sequence, perfusion, SvO2, and T2* can be
concurrently measured. From multi-echo GRE data, the
difference in signal phase between venous blood and
surrounding tissue yields SvO2, while fitting the ampli-
tude of the same data to a monoexponential function
yields T2*. The sequence, termed Perfusion, Intravascu-
lar Venous Oxygen saturation, and T2* (PIVOT), makes
use of the PLD dead time inherent to all PASL se-
quences to acquire SvO2 and T2* data at a separate slice
location with a multi-echo GRE (Figure 1). This allows
dynamic quantification of perfusion, SvO2, and T2*
within a single scan.
In PIVOT, as in SATIR, tag and control conditions for

perfusion imaging are achieved using SS and NS inver-
sion pulses, respectively. During the PLD, a keyhole [45]
multi-echo GRE sequence acquires data at a distal slice
for SvO2 and T2* quantification. The distal location was
chosen to ensure that the multi-echo GRE interleave
does not impact the signal from previously labeled per-
fusing blood. Because the NS inversion affects both the
PASL and multi-echo GRE slices, only multi-echo GRE
data acquired following SS inversion are analyzed,
though the interleave is run every PLD to control for
magnetization transfer effects. The multi-echo GRE is
immediately followed by a GRE-EPI readout at isocenter
to capture data for perfusion quantification.

Methods
Study design
The University of Pennsylvania’s Institutional Review
Board approved all imaging procedures, and each subject
provided informed consent prior to his or her participa-
tion. To evaluate PIVOT compared to the standard
measurement methods, five young healthy male subjects
(27 ± 2 years old) were recruited and imaged on two
separate occasions (Visit 1 and Visit 2). Four ten-minute
scans were run in both sessions, each scan consisting of
one minute baseline, three minute arterial occlusion,
and six minute recovery. PIVOT, a repeat of the PIVOT
scan (PIVOT Repeat), an otherwise identical PASL-only
sequence, or otherwise identical multi-echo GRE-only
sequence were run in a randomized order. To ensure
the PASL interleave did not impact quantification of
SvO2 and T2*, dynamic SvO2 and T2* results obtained
with PIVOT were compared to the multi-echo GRE-
only derived SvO2 and T2* results. Similarly, to ensure
the multi-echo GRE interleave did not confound perfu-
sion, the perfusion results obtained with PIVOT were



Figure 1 Pulse sequence diagram of PIVOT. A slice-selective (shown by SS only gradient) or non-selective adiabatic inversion pulse labels
blood for perfusion imaging. During the PLD a keyhole multi-echo GRE acquires data downstream from the perfusion slice location for SvO2

(blue) and T2* (green) analysis. An EPI readout at isocenter (red) is used to acquire the images for perfusion quantification.
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compared to the PASL-only derived perfusion data.
PIVOT was repeated to provide data on the intra-
session variability of these parameters.
In addition, five PAD patients (67.2 ± 6.8 years old,

ankle-brachial index (ABI) = 0.61 ± 0.14, 3 male) were
drawn from an ongoing study and PIVOT imaging was
performed during a single ischemia-reperfusion para-
digm. For experiments in PAD patients, the total scan
time was 12 minutes, with 2 minutes of baseline, 5 mi-
nutes of arterial occlusion, and 6 minutes of recovery.
Since repeated arterial occlusions were not performed in
PAD patients, a longer ischemic duration was used to
ensure a maximal hyperemic response.

Imaging
PIVOT, PASL-only, and multi-echo GRE-only sequences
were written in SequenceTree [46] and exported for use
on a 3T scanner (Siemens Medical Equipment; Erlanger,
Germany). Each subject was positioned with the max-
imum girth of the calf centered in an 8-channel trans-
mit/receive knee coil (Invivo, Inc; Gainesville, FL). For
proximal arterial occlusion, a cuff was secured around
the thigh and was rapidly inflated to 75 mmHg above
the systolic pressure using the Hokanson E20 AG101
Rapid Cuff Inflation System (D. E. Hokanson, Inc;
Bellevue, WA). Perfusion images were acquired with a
partial Fourier GRE-EPI readout with the following
parameters: FOV = 250 × 250 mm2; acquired matrix =
80×50, reconstructed to 80 × 80; slice thickness = 1 cm;
slice location = isocenter; TR/TE = 1 s/8.05 ms; PLD =
952 ms. The keyhole multi-echo GRE used the following
parameters: FOV = 96 × 96 mm2; keyhole acquired matrix =
96 × 24, (for SvO2 data analysis, reconstructed matrix =
96 × 96 using a fully sampled reference image obtained
immediately after the dynamic PIVOT or multi-echo GRE
acquisition; only dynamic data were used for T2* analysis);
slice thickness = 1 cm; slice location = 3 cm inferior from
isocenter; TR/TE1/TE2/TE3/TE4/TE5 = 38.12/3.78/6.99/
12.32/19.32/26.32 ms. Perfusion, SvO2, and T2* each were
quantified with two-second temporal resolution.

Data analysis
Perfusion: Perfusion was measured in the soleus
muscle. High spatial-resolution scout images were used
as a reference, and a region of interest (ROI) in the so-
leus was visually selected on the EPI images. As the
GRE-EPI data are inherently T2*-weighted, SI variation
occurred throughout the ischemia-reperfusion para-
digm due to the BOLD effect. Direct subtraction be-
tween adjacent NS and SS images would yield data with
a mixture of perfusion, and ΔT2*-weighting. To account
for this potential confound, NS time-series data were
linearly interpolated to temporally match the SS time-
course prior to perfusion quantification [47]. Perfusion was
calculated using Equation 1 [16]. In order to correct for
baseline perfusion offset, the average perfusion during the
period of arterial occlusion was calculated and subtracted
from each time-point as described in [47]. Peak hyperemic
flow (PHF), time to peak (TTP), hyperemic flow volume
(HFV), and hyperemic duration were measured (Figure 2a).



Figure 2 Schematic of time-course for perfusion (a), SvO2 (b),
and T2* (c) illustrating the time-course-derived metrics for each
parameter. Grey box indicates the period of proximal
arterial occlusion.
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Oximetry: Dynamic SvO2 images were reconstructed
to a matrix size of 96 × 96 using outer k-space data from
a fully sampled reference image acquired immediately
after the dynamic scan [45]. A phase difference image
was generated for each of the dynamic time-points and
the low spatial-frequency phase modulation was re-
moved as described in [48]. An ROI was prescribed in
the larger of the peroneal veins, and reference tissue was
selected in an ROI immediately surrounding the
peroneal vein. The phase accumulation was calculated
from echoes at TE1 and TE2, with ΔTE = 3.21 ms and
the difference between the intravascular and extravascular
phase accumulation (Δφ) was computed. SvO2 was calcu-
lated from equation 2 [24]. Hematocrit of 0.45 was as-
sumed for the healthy subjects, and in the PAD patients
hematocrit was measured by blood draw. Washout time
(time at which minimum SvO2 occurs), upslope, repre-
senting the rate of venous resaturation (maximum slope
during recovery), and overshoot (peak SvO2 – baseline
SvO2) were recorded (Figure 2b).
T2*: T2* analysis was performed on keyhole-only data

since high spatial resolution is not as critical (acquired
matrix = reconstructed matrix = 96 × 24). T2* was calcu-
lated by fitting a monoexponential function to magnitude
SI from echoes TE2-TE5. Even though TE1 should have
highest SNR, TE1 was not included in the mono-
exponential fitting because large switching gradients just
prior to TE1 induced significant eddy current effects that
would potentially confound T2* quantification. For BOLD
analysis, average SI in an ROI prescribed in the soleus
muscle for each of the four echoes was fitted to a mono-
exponential function to determine T2* at each time-point.
T2* values were normalized to the baseline average and
relative T2*min, relative T2*max, and time to peak (TTPT2*)
were determined (Figure 2c).

Statistical analysis
The average and standard deviation of every time-point
across all subjects and both sessions was calculated for
PIVOT, PASL, and multi-echo GRE time-course data.
Pearson’s correlation coefficient was calculated to com-
pare the time-courses measured with PIVOT and the
standard methods.
For each key time-course-derived parameter, Wilcoxon

signed-rank tests were used to assess whether statisti-
cally significant differences exist between PIVOT and the
standard method. Specifically, PIVOT-derived perfusion
parameters were compared to results obtained with
PASL-only, and PIVOT-derived SvO2 or T2* parameters
were compared to results from the multi-echo GRE-only
scan. Wilcoxon signed-rank tests were also used to deter-
mine whether significant differences exist between key pa-
rameters measured with PIVOT and PIVOT Repeat.
Wilcoxon signed-rank tests were used in lieu of a standard
paired Student’s t-test as only five subjects were enrolled
in the evaluation study and thus it cannot be assumed that
the data are normally distributed. Statistical significance
was set at p < 0.05.
To assess both intra-session and inter-session repea-

tability, the average within-subject coefficient of vari-
ation (CV) was calculated. Specifically, to calculate
intra-session repeatability, for each parameter the
within-subject standard deviation across PIVOT and
PIVOT Repeat from Visit 1 was averaged across sub-
jects, then divided by the between-subject mean par-
ameter value from Visit 1. The same analysis was
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performed for intra-session repeatability on data ac-
quired during Visit 2. Similarly, to calculate inter-
session repeatability, the within-subject standard devi-
ation across all PIVOT scans from Visit 1 and Visit 2
(4 measurements per subject) was averaged across all
subjects and divided by the between-subject mean par-
ameter value from both visits.
In the PAD patients, all time-course parameters de-

scribed above were calculated, but no statistical ana-
lyses were performed since patients included in this
preliminary study have varying disease severity and the
ischemia-reperfusion paradigm was slightly different.
The purpose of including PAD patient data was for
proof of principle and to explore differences that exist
between patients and healthy subjects.
Figure 3 Example images from a representative young healthy subje
inferior (b), corresponding to the PASL and multi-echo GRE slice locations,
blue arrow points to the peroneal vein. Perfusion images represent baselin
baseline (e) and the washout time (f). Note the increased phase accrual in
The blue arrow identifies the peroneal vein that was used for dynamic SvO
times used to quantify T2* are shown in (g).
Results
PIVOT evaluation in young healthy subjects
Example images are shown for a representative subject
in Figure 3. High-resolution images corresponding to
the PASL (isocenter) and multi-echo GRE slices (3 cm
inferior) along with highlighted regions indicating the
muscle or vein of interest are included in panels (a) and
(b). Sample baseline and peak hyperemia perfusion maps
are shown in (c) and (d), respectively. These images
highlight the dramatic increase in perfusion that occurs
in response to induced ischemia. The green box in (b)
shows the full FOV of the multi-echo GRE. Because the
FOV of the multi-echo GRE was only 96 × 96 mm,
aliasing along the phase-encoding direction occurred in
several subjects. In this subject, the tibialis anterior
ct. High-resolution scout images located at isocenter (a) and 3 cm
respectively. The soleus is indicated in red (a) and green (b), and the
e (c) and peak hyperemic flow (d). Phase images are shown for
the three veins at washout time, corresponding to a decrease in SvO2.

2 analysis. Multi-echo GRE magnitude images for each of the echo



Figure 4 Average time-course data measured with PIVOT
and standard measurement methods. (a) Average perfusion
time-course across all young healthy subjects measured with PIVOT
(red) and PASL (black). Average SvO2 (b) and T2* (c) time-courses
measured with PIVOT (blue, green, respectively) and a multi-echo
GRE (black). Error bars indicate standard deviation. Grey box
indicates period of arterial occlusion.
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muscle has wrapped posteriorly, and part of the gastro-
cnemius muscle has wrapped anteriorly. This aliasing
did not affect the quantification of SvO2, and wrapped
regions were avoided when selecting the soleus ROI for
T2* measurement. Sample phase images used for SvO2

quantification at baseline and hyperemia (corresponding
to the minimum SvO2, which occurs at the washout
time) are shown in (e) and (f ). Keyhole reconstruction
was used for the phase images to achieve higher appar-
ent in-plane spatial resolution (1 × 1 mm), which is ne-
cessary in order to resolve the veins. However, since
spatial resolution is less critical for T2* only data ac-
quired every TR was used for analysis. Thus each image
in (g) has in-plane resolution of 1 × 4 mm.
Data for all healthy subjects were averaged to yield

an average perfusion, SvO2, or T2* time-course in
order to investigate the correlation of the results be-
tween PIVOT and PASL-only or multi-echo GRE-only
methods. For each parameter, average and standard de-
viation of the time-courses across all subjects is shown
in Figure 4. Following cessation of arterial occlusion,
the typical reactive hyperemia response is seen in each
of the measured parameters. The time-course mea-
sured with PIVOT is in good agreement with PASL-
only or multi-echo GRE-only-measured responses. The
correlation coefficient between PIVOT and PASL aver-
age perfusion time-course is 0.99, and between PIVOT
and multi-echo GRE average SvO2 and T2* time-
courses are 0.98 and 0.99, respectively.
Average (standard deviation) of key time-course pa-

rameters from PIVOT and the standard measurement
methods are shown in Table 1. The Wilcoxon signed-
rank tests did not detect statistically significant differ-
ences between PIVOT and PIVOT Repeat, or between
PIVOT and the standard measurement method for any
of the key time-course parameters (p > 0.05). Table 2
summarizes the intra-session and inter-session repeat-
ability measured with PIVOT.

PIVOT in PAD patients
Figure 5 shows the reactive hyperemia time-courses for
perfusion, SvO2, and T2* measured with PIVOT in a
single PAD patient and a representative young healthy
subject. A summary of key time-course parameters
measured in individual PAD patients is presented in
Table 3 along with average values for young healthy
subjects. The perfusion time-course data show that pa-
tients experienced a lower PHF, a delay in TTP, a
prolonged hyperemic duration, and a greater HFV. The
SvO2 response was also delayed and blunted; PAD pa-
tients exhibited a longer washout time, and reduced
upslope and overshoot. T2* data showed characteristic
changes expected in patients with reduced endothelial
function. PAD patients had higher T2*min, even though
the ischemic duration is 5 minutes instead of 3 minutes
as in the healthy subjects. Patients’ T2*max was lower
and TTPT2* was delayed. These results are in agree-
ment with previous findings measuring perfusion [17],
SvO2 [10,25], or T2* [26,44] individually in PAD
patients.



Table 1 Means and standard deviations (in parentheses) of key time-course metrics measured with PIVOT
and standard measurement methods in five young healthy subjects on two separate occasions

Visit 1 Visit 2

PIVOT PIVOT Repeat Standard Method PIVOT PIVOT Repeat Standard Method

Perfusion (Standard Method = PASL)

PHF (mL/min/100g) 34.8 (7.5) 34.5 (10.2) 37.9 (9.0) 39.2 (4.1) 38.3 (6.0) 37.6 (5.6)

TTP (s) 19.6 (3.6) 18.0 (3.5) 17.2 (2.3) 18.4 (5.7) 17.2 (4.1) 17.6 (5.2)

HFV (mL/100g) 17.0 (5.3) 14.0 (5.0) 16.2 (5.6) 16.7 (5.4) 14.4 (1.9) 16.1 (2.3)

Hyperemic duration (s) 53.6 (15.7) 46.8 (13.8) 53.6 (10.4) 48.8 (14.9) 44.8 (10.3) 49.6 (14.2)

SvO2 (Standard Method = multi-echo GRE)

Washout time (s) 11.6 (2.2) 10.0 (2.0) 10.4 (1.7) 12.4 (3.6) 11.2 (4.8) 10.0 (1.4)

Upslope (%HbO2/s) 0.83 (0.32) 1.08 (0.47) 1.21 (0.54) 1.14 (0.42) 0.91 (0.43) 1.13 (0.48)

Overshoot (%HbO2) 17.6 (7.5) 17.1 (6.1) 16.8 (7.1) 18.6 (6.5) 16.5 (7.6) 18.3 (5.0)

T2* (Standard Method = multi-echo GRE)

Baseline T2* (ms) 23.4 (1.4) 22.5 (1.5) 23.1 (2.0) 22.0 (1.9) 21.7 (1.6) 22.2 (2.0)

Relative T2*min 0.90 (0.04) 0.93 (0.03) 0.92 (0.01) 0.92 (0.03) 0.93 (0.04) 0.94 (0.02)

Relative T2*max 1.09 (0.03) 1.13 (0.04) 1.16 (0.05) 1.14 (0.05) 1.15 (0.05) 1.18 (0.05)

TTPT2* (s) 34.0 (11.6) 29.2 (3.6) 26.8 (5.2) 28.4 (3.6) 24.8 (5.0) 28.4 (4.8)

No statistically significant differences were detected in any measured parameter.
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Discussion
PIVOT repeatability
The repeatability assessment comparing perfusion, SvO2,
and T2* metrics derived from the two successive PIVOT
scans show some intra-session variability. This variability
could be physiologic in nature or could be due to noise
in the time-course data. Given the low average baseline
signal standard deviation (perfusion: 1.6 mL/min/100g;
Table 2 Summary of intra-session and inter-session
repeatability for all time-course-derived metrics is
presented as the within-subject coefficient of variation

Intra-session Intra-session Inter-session

Visit 1 Visit 2 Visit 1 vs. 2

Perfusion

PHF (mL/min/100g) 6.3% 5.0% 12.4%

TTP (s) 6.0% 11.1% 16.4%

HFV (mL/100g) 18.8% 23.4% 18.9%

Hyperemic duration (s) 15.2% 25.4% 19.9%

SvO2

Washout time (s) 15.7% 12.0 % 18.9%

Upslope (%HbO2/s) 26.2% 15.8% 37.3%

Overshoot (%HbO2) 15.3% 18.3% 6.5%

T2*

Baseline T2* (ms) 3.1% 1.3% 4.6%

Relative T2*min 2.4% 0.9% 1.8%

Relative T2*max 3.0% 1.1% 3.9%

TTPT2* (s) 17.9% 9.6% 19.9%
SvO2: 1.5 %HbO2; T2*: 0.5%) it is likely that intra-session
variations of key measured parameters are outweighed
by physiologic variability during separate ischemia-
reperfusion episodes. In all cases there were no signi-
ficant differences detected between time-course parame-
ters measured with PIVOT and PIVOT Repeat (p>0.05),
suggesting that there was no training effect due to mul-
tiple periods of ischemia. This finding justifies the com-
parison of within-session PIVOT to PASL-only or to
multi-echo GRE-only sequences, even though the data
were acquired separately.

PIVOT effect on perfusion quantification
In comparing perfusion metrics measured with PIVOT
to those measured with an otherwise identical PASL-
only sequence, it is evident that the two measurements
provide similar values of all perfusion time-course-de-
rived metrics. Specifically, there were no significant dif-
ferences between any of the key parameters measured
with PIVOT or with PASL. This suggests that the multi-
echo GRE interleave does not impact the quantification
of perfusion.
Perfusion time-course metrics had expected results for

longitudinal reproducibility. A CV of approximately 20%
has been reported in previous studies [15,49]. Perfusion
varies physiologically with time of day [50], hydration
level [51], and hormonal fluctuations [52] among other
factors [53]. Care was taken to schedule Visits 1 and 2 at
the same time, and all subjects were instructed to refrain
from caffeine intake and vigorous activity for 12 hours
prior. Yet even within a single scan there was variability



Figure 5 Time-courses measured with PIVOT for perfusion (a),
SvO2 (b), and T2* (c) in one representative young healthy
subjects and one PAD patient (PAD #5 in Table 2). Light colored
lines represent healthy subject, and dark colored lines represent PAD
patient. Grey box indicates period of arterial occlusion. PAD patient
exhibits a blunted and delayed hyperemic response for each of the
measured parameters compared to the young healthy subject.
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in the hyperemic response from one ischemia-reperfusion
episode to another, suggesting that these physiologic
factors cannot be completely controlled. The time-course
data averaged over all experiments and all healthy subjects
showed good correlation in the shape and magnitude of
the reactive hyperemia response, reflected by the high
correlation coefficients. Thus not only were the key
time-course-derived metrics not significantly different,
but that the overall response was highly similar.
Peak hyperemic flow measured with either PIVOT or

PASL was somewhat lower than previously reported
values, where PHF was measured to be 50 ± 13 mL/min/
100 g using the same SATIR perfusion preparation, but
with a RARE readout [16]. PHF in the soleus in our study
was lower, reaching only 37.0 ± 6.1 mL/min/100 g. This
difference in perfusion could be attributed to the fact that
Raynaud et al. quantified whole-leg perfusion [16], while
individual muscle perfusion was calculated here. Addition-
ally, care was taken to exclude vessels from the ROI, as
their inclusion would increase measured perfusion. In
another study by Proctor and colleagues, perfusion was
measured in the calf of 64 men using strain gauge plethys-
mography [54], a technique considered to be a standard
for limb perfusion measurement. Peak perfusion in the
calf was found to be 35.1 ± 1.1 mL/min/100 g following a
period of 10 minutes of ischemia. This work and that by
Raynaud [16] and Proctor [54] report much lower PHF
than a similar study by Wu et al. using continuous arterial
spin labeling (CASL). In Wu’s study, PHF in the soleus
muscle was found to be 116 ± 57 mL/min/100 g [15],
however the temporal resolution in CASL was limited to
16 seconds. Using an EPI readout, the magnitude signal
over the course of an ischemia reperfusion paradigm var-
ies substantially due to the BOLD effect. If the time course
is not sampled with high enough temporal resolution, the
changing signal intensity due to the BOLD effect may con-
taminate the quantification of perfusion [55]. The higher
temporal resolution data acquired with SATIR can track
the changes in signal intensity better and thus may be less
susceptible to BOLD contamination, allowing more accur-
ate quantification of perfusion.
Time to peak perfusion agreed with Raynaud’s values

[16], however it was much shorter than the TTP
reported by Wu [15]. Again, this discrepancy between
our work and that of Wu et al. could be due to the bet-
ter temporal resolution of SATIR over CASL. The



Table 3 PIVOT results in individual PAD patients and for
the average of all young healthy subjects

Healthy PAD
#1

PAD
#2

PAD
#3

PAD
#4

PAD
#5

ABI N/A 0.41 0.52 0.68 0.72 0.74

Perfusion

PHF (mL/min/
100g)

37.0 (6.1) 26.9 22.0 31.3 29.9 37.3

TTP (s) 19.0 (4.5) 110 72 90 52 32

HFV (mL/100g) 16.9 (5.1) 48.2 26.5 78.7 37.7 33.8

Hyperemic
duration (s)

51.2 (14.6) 182 124 240 110 108

SvO2

Washout time (s) 12.2 (2.2) 48 50 22 36 22

Upslope (%HbO2/s) 1.0 (0.6) 0.24 0.18 0.45 0.69 0.45

Overshoot (%
HbO2)

18.1 (6.5) 16.4 17.9 13.2 16.7 12.9

T2*

Baseline T2* (ms) 22.6 (1.7) 22.2 22.4 21.6 20.4 20.0

Relative T2*min 0.91 (0.03) 0.93 0.94 0.92 0.95 0.94

Relative T2*max 1.11 (0.04) 1.04 1.04 1.11 1.04 1.12

TTPT2* (s) 32.8 (8.8) 120 60 94 56 68
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temporal resolution for PIVOT and SATIR was 2 sec-
onds, while that of the CASL sequence employed in
Wu’s work was 16 s. The improvement in temporal reso-
lution was in part due to the pulsed tagging scheme used
in SATIR, in which arterial tagging takes only 8 ms in-
stead of 2 seconds as in CASL.
Hyperemic flow volume quantified the total blood de-

livery during hyperemia, and along with the hyperemic
duration may provide more qualitative measures of
hyperemia. HFV in particular may be less sensitive to
time-course noise compared to PHF and TTP. PHF and
TTP are determined based on a single data-point,
whereas HFV is the total integrated area. The values we
reported for HFV and hyperemic duration were lower
and shorter than those reported by Wu, et al. [15],
which is not surprising since our measured PHF and
TTP are lower and shorter as well.
PIVOT effect on SvO2 quantification
High spatial resolution is necessary to measure the phase
in the vein; therefore the keyhole multi-echo GRE data
was supplemented with outer k-space data from a fully-
phase-encoded reference scan that was run at the end of
the dynamic acquisition. Langham et al. have previously
shown that keyhole reconstruction provides accurate
SvO2 results with high temporal resolution during react-
ive hyperemia in the femoral vein [56].
No significant differences were detected between time-
course metrics measured with PIVOT or with the multi-
echo GRE. While inter-session variability was present, it
was comparable to the intra-session variability measured
between PIVOT and PIVOT Repeat on the same visit.
Average washout time was slightly lower than previously
reported in the femoral vein of young healthy subjects
(17 ± 7 s), but upslope and overshoot were in agreement
with prior results [10]. The lower washout time could be
explained by the fact that the tourniquet system used in
this study deflated much more quickly than that used in
[10]. The resulting decrease in the resistance to arterial
flow could potentially shorten the washout time. An-
other potential reason that washout time differs is that
we investigated SvO2 in the peroneal vein, as opposed to
the more superior femoral vein. Thus not only does the
peroneal vein collect from a smaller volume of muscle,
but the distance between the capillary bed and peroneal
vein was also smaller. Overall, key parameters measured
with PIVOT agree with multi-echo GRE-derived data,
suggesting that inclusion of the PASL interleave does
not impact quantification of SvO2.

PIVOT effect on T2* quantification
In both PIVOT and multi-echo GRE T2* data, the signal
intensity in the ROI was first averaged then fit to a
mono-exponential function. The fitting of average signal
intensity was nearly perfect with an overall average R2

for all T2* fits of 0.999.
During the period of arterial occlusion, relative T2*

was found to decrease as the deoxyhemoglobin concen-
tration in the capillary bed increases. Following cuff
release, hyperemic arterial inflow replenishes blood in
the capillary bed, bringing oxygenated arterial blood in
and moving desaturated blood into the large draining
veins. Relative T2* increased during reactive hyperemia
due to the increase in perfusion and the decrease in
deoxyhemoglobin in the capillary bed. Even though per-
fusion and T2* were measured at separate slice locations,
they both represent changes that occur in the soleus
muscle. TTPT2* was longer than perfusion TTP, sug-
gesting that the increase in oxygen concentration at the
level of the capillary bed lasted longer than the increase
in microvascular flow. This finding is in agreement with
a prior study investigating the combined measurement
of perfusion and BOLD during reactive hyperemia [28].
Duteil et al. suggest that because the brief period of ar-
terial occlusion does not cause significant oxygen debt
in muscle (as shown by [57]), the muscle’s demand for
oxygen remains unchanged and thus the increase in per-
fusion results in a decrease of oxygen extraction, causing
the BOLD signal to increase [28]. The decrease in oxy-
gen extraction also physiologically manifests as the SvO2

overshoot.
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The measured values are consistent with previous litera-
ture reported values for baseline T2* [58], relative T2*min

[44], T2*max [26,59], and TTPT2* [26]. Comparisons be-
tween PIVOT and multi-echo GRE key time-course pa-
rameters yielded no significant differences, and the T2*
time-course data measured with PIVOT and multi-echo
GRE were highly correlated (Pearson’s r = 0.99). These re-
sults indicate that T2* quantification in a downstream slice
with PIVOT is not affected by the PASL interleave.

Considerations for applying PIVOT in PAD patient studies
Statistical comparisons between PAD patients and
young healthy subjects were not made because the is-
chemic duration differed in the two cohorts. As re-
peated periods of arterial occlusion were used to
compare PIVOT to standard measurement methods in
healthy subjects, a shortened ischemic duration was
used, allowing enough time for the four scans to be
performed during one hour of scanning. PAD patients
included in this preliminary evaluation had varying dis-
ease severity, represented by the diverse ABIs. A five-
minute period of arterial occlusion was employed in
PAD patients to ensure the maximal hyperemic sti-
mulus. The PAD patient data were, however, included
to explore the range of values that exist between states
of health and disease. In agreement with the results of
Wu et al., PAD patients exhibited a decrease in PHF
and an increase in TTP [17]. SvO2 data showed a
blunted and delayed response, in agreement with
Langham et al. [10,25]. T2* data showed the character-
istic alterations during the period of ischemia [44] and
reactive hyperemia [26].
Quantification of multiple parameters may improve

diagnosis and enhance power for detection of the re-
sponse to therapeutic intervention. The traditional
marker of disease severity in PAD is the ankle-brachial
index (ABI), which is the ratio of systolic blood pres-
sures measured at the level of the ankle and in the bra-
chial artery. The ABI primarily represents occlusions
and stenoses on the macrovascular level. Previous stud-
ies have shown that physiologic improvements such as
increased peak walking time do not correlate with clin-
ically significant changes in ABI [60,61]. PIVOT pro-
vides a measure of microvascular function, thus may be
more sensitive to early treatment effects. By measuring
many parameters, PIVOT will provide insight into the
relationship between impairments in perfusion, SvO2,
and T2*.
In this study we showed that no major measurement

bias in key time-course parameters was introduced by
using PIVOT instead of the standard individual meas-
urement methods. However, it should be noted that the
small sample size affects the power to detect such a bias.
Even though no measurement bias was detected, the
precision and thus statistical power of PIVOT-derived
measures was limited by physiologic variability, which
cannot be completely controlled. In order to use this
method to assess disease presence or monitor a treat-
ment effect, the study must be well designed, controlling
for factors that are known to affect perfusion and the
hyperemic response [50-53].
The preliminary PAD patient data showed that for

many of the key time-course parameters there was a
relatively wide range of values that exist between states
of health and disease. A recent study performed at 1.5T
showed relatively poor repeatability of BOLD measure-
ments with the exception of TTPT2* during reactive
hyperemia in both healthy subjects and PAD patients
[49]. In our study a lower inter-session CV, and hence
better repeatability, was found for several key T2* pa-
rameters in healthy subjects. The improvement in re-
peatability may be due to the higher field strength,
which confers increased signal to noise ratio and
greater BOLD signal contrast. A longitudinal study will
be necessary to determine the repeatability of PIVOT
measures in PAD patients. Additionally vascular re-
activity decreases with age [25], therefore it will be im-
portant to compare PIVOT results obtained for PAD
patients to age-matched healthy controls to assess the
impact of age on PIVOT-derived measures of micro-
vascular function.
Conclusions
In summary, we have introduced a quantitative MR
method that measures perfusion, SvO2, and T2* simul-
taneously, thereby allowing a comprehensive assessment
of the functional integrity of the peripheral microvascu-
lature during a single ischemia-reperfusion paradigm.
The added value of the proposed approach will require
rigorous evaluation in cohorts of patients with impaired
peripheral circulation in comparison to their healthy
peers. In the future PIVOT could possibly serve as a
means to monitor disease progression and effectiveness
of intervention.

Competing interests
The authors’ declare that they have no competing interests.

Authors’ contributions
EE, EM, TF and FW conceived the study. EE and ZR analyzed and interpreted
data. EE, ML, and CL worked on the development of the MR sequence and
protocol. EE drafted the manuscript. All authors revised the manuscript
critically for important intellectual content, read and approved the final
manuscript.

Acknowledgements
We would like to acknowledge Dr. Kathleen Propert, who provided
assistance in the statistical analysis of the results. This research was
supported by an award from the American Heart Association (EKE) and NIH
grants R01 HL075649, R01 HL109545, and K25 HL111422.



Englund et al. Journal of Cardiovascular Magnetic Resonance 2013, 15:70 Page 12 of 13
http://www.jcmr-online.com/content/15/1/70
Author details
1Department of Radiology, Laboratory of Structural NMR Imaging, University
of Pennsylvania Medical Center, 3400 Spruce Street, Philadelphia, PA 19104,
USA. 2Department of Anesthesiology, Stony Brook University Medical Center,
Stony Brook, NY 11794, USA. 3Department of Medicine, University of
Pennsylvania School of Medicine, Philadelphia, PA 19104, USA.

Received: 20 April 2013 Accepted: 30 July 2013
Published: 19 August 2013

References
1. Criqui MH, Fronek A, Barrett-Connor E, Klauber MR, Gabriel S, Goodman D.

The prevalence of peripheral arterial disease in a defined population.
Circulation. 1985; 71:510–5.

2. Meijer WT, Hoes AW, Rutgers D, Bots ML, Hofman A, Grobbee DE.
Peripheral arterial disease in the elderly: the Rotterdam study. Arterioscler
Thromb Vasc Biol. 1998; 18:185–92.

3. Hirsch AT HCM, Treat-Jacobson D, Regensteiner JG, Creager MA, Olin JW,
Krook SH, Hunninghake DB, Comerota AJ, Walsh ME. Peripheral arterial
disease detection, awareness, and treatment in primary care. JAMA: J Am
Med Assoc. 2001; 286:1317–24.

4. Hirsch AT, Haskal ZJ, Hertzer NR, Bakal CW, Creager MA, Halperin JL, Hiratzka
LF, Murphy WRC, Olin JW, Puschett JB, Rosenfield KA, Sacks D, Stanley JC,
Taylor LM, White CJ, White J, White RA, Antman EM, Smith SC, Adams CD,
Anderson JL, Faxon DP, Fuster V, Gibbons RJ, Hunt SA, Jacobs AK, Nishimura
R, Ornato JP, Page RL, Riegel B, et al. ACC/AHA 2005 Practice Guidelines
for the management of patients with peripheral arterial disease (lower
extremity, renal, mesenteric, and abdominal aortic): a collaborative
report from the American Association for Vascular Surgery/Society for
Vascular Surgery, Society for Cardiovascular Angiography and
Interventions, Society for Vascular Medicine and Biology, Society of
Interventional Radiology, and the ACC/AHA Task Force on Practice
Guidelines (Writing Committee to Develop Guidelines for the
Management of Patients With Peripheral Arterial Disease): endorsed by
the American Association of Cardiovascular and Pulmonary
Rehabilitation; National Heart, Lung, and Blood Institute; Society for
Vascular Nursing; TransAtlantic Inter-Society Consensus; and Vascular
Disease Foundation. Circulation. 2005; 2006:e463–654.

5. Faxon DP, Fuster V, Libby P, Beckman JA, Hiatt WR, Thompson RW,
Topper JN, Annex BH, Rundback JH, Fabunmi RP, Robertson RM, Loscalzo J,
American Heart Association. Atherosclerotic vascular disease conference:
writing group III: pathophysiology. Circulation. 2004; 109:2617–25.

6. Bragadeesh T, Sari I, Pascotto M, Micari A, Kaul S, Lindner JR. Detection of
peripheral vascular stenosis by assessing skeletal muscle flow reserve.
J Am Coll Cardiol. 2005; 45:780–5.

7. Ledermann HP, Heidecker H-G, Schulte A-C, Thalhammer C, Aschwanden M,
Jaeger KA, Scheffler K, Bilecen D. Calf muscles imaged at BOLD MR:
correlation with TcPO2 and flowmetry measurements during ischemia
and reactive hyperemia–initial experience. Radiology. 2006; 241:477–84.

8. Toussaint J-F, Kwong KK, M'Kparu F, Weisskoff RM, LaRaia PJ, Kantor HL.
Perfusion changes in human skeletal muscle during reactive hyperemia
measured by echo-planar imaging. Magn Reson Med. 1996; 35:62–9.

9. Damon BM, Hornberger JL, Wadington MC, Lansdown DA, Kent-Braun JA.
Dual gradient-echo MRI of post-contraction changes in skeletal muscle
blood volume and oxygenation. Magn Reson Med. 2007; 57:670–9.

10. Langham MC, Floyd TF, Mohler ER, Magland JF, Wehrli FW. Evaluation of
cuff-induced ischemia in the lower extremity by magnetic resonance
oximetry. J Am Coll Cardiol. 2010; 55:598–606.

11. Detre J, Leigh J, Williams D. Detre, MRM 1992 Perfusion imaging.
Magn Reson Med. 1992; 23:1–9.

12. Williams DS, Detre JA, Leigh JS, Koretsky AP. Magnetic resonance imaging
of perfusion using spin inversion of arterial water. Proc Natl Acad Sci.
1992; 89:212–6.

13. Kim SG. Quantification of relative cerebral blood flow change by
flow-sensitive alternating inversion recovery (FAIR) technique:
application to functional mapping. Magn Reson Med. 1995; 34:293–301.

14. Kim SG, Tsekos NV. Perfusion imaging by a flow-sensitive alternating
inversion recovery (FAIR) technique: application to functional brain
imaging. Magn Reson Med. 1997; 37:425–35.

15. Wu W-C, Wang J, Detre JA, Wehrli FW, Mohler E, Ratcliffe SJ, Floyd TF.
Hyperemic flow heterogeneity within the calf, foot, and forearm
measured with continuous arterial spin labeling MRI. Am J Physiol Heart
Circ Physiol. 2008; 294:H2129–36.

16. Raynaud JS, Duteil S, Vaughan JT, Hennel F, Wary C, Leroy-Willig A,
Carlier PG. Determination of skeletal muscle perfusion using arterial spin
labeling NMRI: validation by comparison with venous occlusion
plethysmography. Magn Reson Med. 2001; 46:305–11.

17. Wu W-C, Mohler E III, Ratcliffe SJ, Wehrli FW, Detre JA, Floyd TF. Skeletal
muscle microvascular flow in progressive peripheral artery disease:
assessment with continuous arterial spin-labeling perfusion magnetic
resonance imaging. J Am Coll Cardiol. 2009; 53:2372–7.

18. Ogawa S, Lee T, Kay A. Brain magnetic resonance imaging with
contrast dependent on blood oxygenation. Proc Natl Acad Sci. 1990;
87:9868–72.

19. Ogawa S, Menon RS, Tank DW, Kim SG, Merkle H, Ellermann JM, Uğurbil K.
Functional brain mapping by blood oxygenation level-dependent
contrast magnetic resonance imaging. A comparison of signal
characteristics with a biophysical model. Biophys J. 1993; 64:803–12.

20. Prasad PV, Edelman RR, Epstein FH. Noninvasive evaluation of intrarenal
oxygenation with BOLD MRI. Circulation. 1996; 94:3271–5.

21. Noseworthy M, Bulte DP, Alfonsi J. BOLD magnetic resonance imaging in
skeletal muscle. Semin Musculoskelet Radiol. 2003; 7:307–15.

22. Damon BM, Gore JC. Physiological basis of muscle functional MRI:
predictions using a computer model. J Appl Physiol. 2004; 98:264–73.

23. Lebon V, Brillault-Salvat C, Bloch G, Leroy-Willig A, Carlier PG. Evidence of
muscle BOLD effect revealed by simultaneous interleaved gradient-echo
NMRI and myoglobin NMRS during leg ischemia. Magn Reson Med.
1998; 40:551–8.

24. Fernández-Seara MA, Techawiboonwong A, Detre JA, Wehrli FW. MR
susceptometry for measuring global brain oxygen extraction.
Magn Reson Med. 2006; 55:967–73.

25. Langham MC, Englund EK, Mohler ER III, Li C, Rodgers ZB, Floyd TF, Wehrli
FW. Quantitative CMR markers of impaired vascular reactivity
associated with age and peripheral artery disease. J Cardiov Magn
Reson. 2013; 15:17.

26. Ledermann HP, Schulte A-C, Heidecker H-G, Aschwanden M, Jäger KA,
Scheffler K, Steinbrich W, Bilecen D. Blood oxygenation level-dependent
magnetic resonance imaging of the skeletal muscle in patients with
peripheral arterial occlusive disease. Circulation. 2006; 113:2929–35.

27. Lebon V, Carlier PG, Brillault-Salvat C, Leroy-Willig A. Simultaneous
measurement of perfusion and oxygenation changes using a multiple
gradient-echo sequence: application to human muscle study.
Magn Reson Imaging. 1998; 16:721–9.

28. Duteil S, Wary C, Raynaud JS, Lebon V, Lesage D, Leroy-Willig A, Carlier PG.
Influence of vascular filling and perfusion on BOLD contrast during
reactive hyperemia in human skeletal muscle. Magn Reson Med.
2006; 55:450–4.

29. Wong EC, Buxton RB, Frank LR. Implementation of quantitative perfusion
imaging techniques for functional brain mapping using pulsed arterial
spin labeling. NMR Biomed. 1997; 10:237–49.

30. Lu H, Clingman C, Golay X, van Zijl PCM. Determining the longitudinal
relaxation time (T1) of blood at 3.0 Tesla. Magn Reson Med.
2004; 52:679–82.

31. Gold GE, Han E, Stainsby J, Wright G, Brittain J, Beaulieu C. Musculoskeletal
MRI at 3.0 T: relaxation times and image contrast. Am J Roentgenol. 2004;
183:343–51.

32. Carlier PG, Bertoldi D, Baligand C, Wary C, Fromes Y. Muscle blood flow
and oxygenation measured by NMR imaging and spectroscopy. NMR
Biomed. 2006; 19:954–67.

33. Haacke EM, Lai S, Reichenbach JR, Kuppusamy K, Hoogenraad FG, Takeichi
H, Lin W. In vivo measurement of blood oxygen saturation using
magnetic resonance imaging: a direct validation of the blood oxygen
level-dependent concept in functional brain imaging. Hum Brain Mapp.
1997; 5:341–6.

34. Langham MC, Magland JF, Epstein CL, Floyd TF, Wehrli FW. Accuracy and
precision of MR blood oximetry based on the long paramagnetic
cylinder approximation of large vessels. Magn Reson Med. 2009;
62:333–40.

35. Spees WM, Yablonskiy DA, Oswood MC, Ackerman JJ. Water proton MR
properties of human blood at 1.5 Tesla: magnetic susceptibility, T(1), T
(2), T*(2), and non-Lorentzian signal behavior. Magn Reson Med. 2001;
45:533–42.



Englund et al. Journal of Cardiovascular Magnetic Resonance 2013, 15:70 Page 13 of 13
http://www.jcmr-online.com/content/15/1/70
36. Jain V, Abdulmalik O, Propert KJ, Wehrli FW. Investigating the
magnetic susceptibility properties of fresh human blood for
noninvasive oxygen saturation quantification. Magn Reson Med. 2011;
68:863–7.

37. Li C, Langham MC, Epstein CL, Magland JF, Wu J, Gee J, Wehrli FW.
Accuracy of the cylinder approximation for susceptometric
measurement of intravascular oxygen saturation. Magn Reson Med. 2011;
67:808–13.

38. Donahue KM, Van Kylen J, Guven S, El Bershawi A, Luh WM, Bandettini PA,
Cox RW, Hyde JS, Kissebah AH. Simultaneous gradient‐echo/spin‐echo EPI
of graded ischemia in human skeletal muscle. J Magn Reson Imaging.
1998; 8:1106–13.

39. Sanchez OA, Copenhaver EA, Elder CP, Damon BM. Absence of a
significant extravascular contribution to the skeletal muscle BOLD effect
at 3 T. Magn Reson Med. 2010; 64:527–35.

40. Partovi S, Karimi S, Jacobi B, Schulte A-C, Aschwanden M, Zipp L, Lyo JK,
Karmonik C, Müller-Eschner M, Huegli RW, Bongartz G, Bilecen D. Clinical
implications of skeletal muscle blood-oxygenation-level-dependent
(BOLD) MRI. Mag Reson Mater Phy. 2012; 25:251–61.

41. Slade JM, Towse TF, Gossain VV, Meyer RA. Peripheral microvascular
response to muscle contraction is unaltered by early diabetes but
decreases with age. J Appl Physiol. 2011; 111:1361–71.

42. Towse TF, Slade JM, Ambrose JA, DeLano MC, Meyer RA. Quantitative
analysis of the postcontractile blood-oxygenation-level-dependent
(BOLD) effect in skeletal muscle. J Appl Physiol. 2011; 111:27–39.

43. Elder CP, Cook RN, Wilkens KL, Chance MA, Sanchez OA, Damon BM.
A method for detecting the temporal sequence of muscle activation
during cycling using MRI. J Appl Physiol. 2011; 110:826–33.

44. Potthast S, Schulte A, Kos S, Aschwanden M, Bilecen D. Blood oxygenation
level-dependent MRI of the skeletal muscle during ischemia in patients
with peripheral arterial occlusive disease. Rofo. 2009; 181:1157–61.

45. Van Vaals JJ, Brummer ME, Thomas Dixon W, Tuithof HH, Engels H, Nelson
RC, Gerety BM, Chezmar JL, Den Boer JA. “Keyhole” method for
accelerating imaging of contrast agent uptake. J Magn Reson Imaging.
2005; 3:671–5.

46. Magland J, Wehrli F. Pulse sequence programming in a dynamic visual
environment. Proc Int Soc Magnet Reson Med. 2006:3032.

47. Wu W-C, Wang J, Detre JA, Ratcliffe SJ, Floyd TF. Transit delay and flow
quantification in muscle with continuous arterial spin labeling
perfusion-MRI. J Magn Reson Imaging. 2008; 28:445–52.

48. Langham MC, Magland JF, Floyd TF, Wehrli FW. Retrospective correction for
induced magnetic field inhomogeneity in measurements of large-vessel
hemoglobin oxygen saturation by MR susceptometry. Magn Reson Med.
2009; 61:626–33.

49. Versluis B, Backes WH, van Eupen MGA, Jaspers K, Nelemans PJ, Rouwet EV,
Teijink JAW, Mali WPTM, Schurink G-W, Wildberger JE, Leiner T. Magnetic
resonance imaging in peripheral arterial disease: reproducibility of the
assessment of morphological and functional vascular status. Invest Radiol.
2011; 46:11–24.

50. Etsuda H, Takase B, Uehata A, Kusano H, Hamabe A, Kuhara R, Akima T,
Matsushima Y, Arakawa K, Satomura K, Kurita A, Ohsuzu F. Morning
attenuation of endothelium-dependent, flow-mediated dilation in
healthy young men: possible connection to morning peak of cardiac
events? Clin Cardiol. 1999; 22:417–21.

51. Nadel ER, Fortney SM, Wenger CB. Effect of hydration state of circulatory
and thermal regulations. J Appl Physiol. 1980; 49:715–21.

52. Bungum L, Kvernebo K, Oian P, Maltau JM. Laser doppler-recorded
reactive hyperaemia in the forearm skin during the menstrual cycle.
Brit J Obstet Gynaec. 1996; 103:70–5.

53. Parkes LM, Rashid W, Chard DT, Tofts PS. Normal cerebral perfusion
measurements using arterial spin labeling: reproducibility, stability, and
age and gender effects. Magn Reson Med. 2004; 51:736–43.

54. Proctor DN, Le KU, Ridout SJ. Age and regional specificity of peak limb
vascular conductance in men. J Appl Physiol. 2005; 98:193–202.

55. Langham MC, Englund EK, Li C, Floyd TF, Mohler ER, Wehrli FW. Balanced
tissue magnetization reduces confounding BOLD effect in post-ischemic
muscle perfusion quantification. Proc Int Soc Magnet Reson Med.
2012:2027.

56. Langham MC, Wehrli FW. mproved temporal resolution of dynamic
oximetry via keyhole acquisition for quantifying reactive hyperemia.
Proc Int Soc Magnet Reson Med. 2012:1147.
57. Brillault-Salvat C, Giacomini E, Jouvensal L, Wary C, Bloch G, Carlier PG.
Simultaneous determination of muscle perfusion and oxygenation by
interleaved NMR plethysmography and deoxymyoglobin spectroscopy.
NMR Biomed. 1997; 10:315–23.

58. Partovi S, Schulte A-C, Jacobi B, Klarhöfer M, Lumsden AB, Loebe M,
Davies MG, Noon GP, Karmonik C, Zipp L, Bongartz G, Bilecen D. Blood
oxygenation level-dependent (BOLD) MRI of human skeletal muscle at
1.5 and 3 T. J Magn Reson Imaging. 2012; 35:1227–32.

59. Schulte AC, Aschwanden M, Bilecen D. Calf muscles at blood oxygen
level-dependent MR imaging: aging effects at postocclusive reactive
hyperemia. Radiology. 2008; 247:482–9.

60. Mohler ER, Beebe HG, Salles-Cuhna S, Zimet R, Zhang P, Heckman J, Forbes
WP. Effects of cilostazol on resting ankle pressures and exercise-induced
ischemia in patients with intermittent claudication. Vasc Med. 2001;
6:151–6.

61. Murphy TP, Cutlip DE, Regensteiner JG, Mohler ER, Cohen DJ, Reynolds MR,
Massaro JM, Lewis BA, Cerezo J, Oldenburg NC, Thum CC, Goldberg S, Jaff
MR, Steffes MW, Comerota AJ, Ehrman J, Treat-Jacobson D, Walsh ME,
Collins T, Badenhop DT, Bronas U, Hirsch AT, for the CLEVER Study
Investigators. Supervised exercise versus primary stenting for claudication
resulting from aortoiliac peripheral artery disease: six-month outcomes
from the claudication: exercise versus endoluminal revascularization
(CLEVER) study. Circulation. 2012; 125:130–9.

doi:10.1186/1532-429X-15-70
Cite this article as: Englund et al.: Combined measurement of perfusion,
venous oxygen saturation, and skeletal muscle T2* during reactive
hyperemia in the leg. Journal of Cardiovascular Magnetic Resonance
2013 15:70.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Theory
	Pulsed arterial spin labeling perfusion imaging
	MR susceptometry-based dynamic oximetry
	Skeletal muscle BOLD
	Simultaneous measurement of perfusion, SvO2, and T2*

	Methods
	Study design
	Imaging
	Data analysis
	Statistical analysis

	Results
	PIVOT evaluation in young healthy subjects
	PIVOT in PAD patients

	Discussion
	PIVOT repeatability
	PIVOT effect on perfusion quantification
	PIVOT effect on SvO2 quantification
	PIVOT effect on T2* quantification
	Considerations for applying PIVOT in PAD patient studies

	Conclusions
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.440 793.440]
>> setpagedevice


