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Objective: This study aimed to assess the feasibility of
extracellular volume-fraction (ECV) measurement, and
time to achieve contrast equilibrium (CE), in healthy
muscles, and to determine whether in-flow and partial-
volume errors in the femoral artery affect measurements,
and if there are differences in the partition coefficient (L)
between muscles.

Methods: T1 was measured in the biceps femoris, vastus
intermedius, femoral artery and aorta of 10 healthy
participants. This was repeated alternately between
the thigh and aorta for >25min following a bolus of
gadoterate meglumine. A was calculated for each
muscle/blood measurement. Time to CE was assessed
semi-quantitatively.

Results: 8/10 participants achieved CE. Time to CE =
19+2 min (mean * 95% confidence interval). Measured A:
biceps femoris/aorta = 0.210+0.034, vastus intermedius/

INTRODUCTION

Musculoskeletal —extracellular volume-fraction (ECV)
comprises the fluid-filled space between the cells within the
tissue (the interstitium) and the blood plasma. It not only
represents a conduit for solute exchange from the capillary
to the lymphatic system but also affects cellular behaviour
and fluid exchange within the tissue."

T, weighted imaging post-contrast is useful for identifying
focal pathology but of limited use for diffuse disease, and
is inherently qualitative.” T1 measurement allows a more
objective assessment, but post-contrast values on their own
are sensitive to several patient and method related factors
so there has been widespread interest in other areas (e.g.

aorta = 0.165+0.015, biceps femoris/femoral artery
= 0.265+0.054, vastus intermedius/femoral artery =
0.211£0.026. There were significant differences in A
between the muscles when using the same vessel (p
< 0.05), and between A calculated in the same muscle
when using different vessels (p < 0.05).

Conclusion: ECV measurements in the thigh are clini-
cally feasible. The use of the femoral artery for the blood
measurement is associated with small but significant
differences in .. ECV measurements are sensitive to
differences between muscles within the healthy thigh.
Advances in knowledge: This paper determines the
time to contrast equilibrium in the healthy thigh and
describes a method for measuring accurately ECV in
skeletal muscle. This can aid in the diagnosis and under-
standing of inflammatory auto-immune diseases.

cardiology) in the estimation of ECV from pre- and post-
contrast T1 measurements.*™®

In cardiac magnetic resonance (MR), ECV measure-
ment of the myocardium by T1-mapping before and after
gadolinium-based contrast agent (GBCA) administra-
tion is sensitive to focal and diffuse fibrosis, oedema and
myocyte hypertrophy and is used to study a range of isch-
aemic and non-ischaemic subclinical myocardial patholo-
gies.>™ ECV mapping has been proven to be sensitive to
both subtle and global changes in myocardial fibrosis that
could be missed or obscured on late gadolinium-enhanced
(LGE) imaging.>®
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Recently, it has been shown that ECV measurements in skel-
etal muscle could be important in assessing and understanding
inflammatory and fibrotic diseases which affect skeletal muscle.
Banypersad et al” measured ECV in the biceps, using a cardiac
MR protocol, where they found a significant (p < 0.0001) increase
in ECV in patients with amyloidosis compared to healthy volun-
teers across multiple organs and tissues. Similarly, Barison et al®
measured ECV of the pectoralis and latissimus dorsi (visible on
cardiac MR) and found a greater ECV for patients with sclero-
derma compared to healthy volunteers (23+6% vs. 18+4%, p <
0.01). More recently, DeMarchi et al’ have shown that sclero-
derma can be detected in both cardiac and skeletal muscles using
LGE, and Huber et al'®'! demonstrated that ECV measurements
in skeletal muscle (again those visible on cardiac MR) offered
high sensitivity and specificity (95 and 80% respectively -
receiver operator characteristic (ROC) area under curve (AUC)
of 0.94) in differentiating patients with idiopathic inflammatory
myopathy (IIM) and healthy controls and similar levels (sensi-
tivity — 95%, specificity - 89%, ROC AUC - 0.96) at differenti-
ating between IIM and acute viral myocarditis patients.

However, these studies examined skeletal muscle visible at the
edge of the field of view of a cardiac image, where errors due to
B1 inhomogeneity could be significant. Furthermore, accurate
ECV measurement requires T1 measurements pre-contrast
and after contrast-agent equilibrium (CE) is established (i.e.
when the exchange of contrast agent between the interstitium
and the blood pool is such that the concentrations of contrast
agent in the two volumes are equal). Previous measurements
have assumed that the time delay necessary to achieve CE in
skeletal muscle and the heart is the same. However, the lower
resting perfusion rate of skeletal muscle may lengthen the
time necessary for equilibrium to be established, and insuf-
ficient waiting times will cause errors in ECV. Therefore, it
is important to establish whether or not the waiting times of
around 15-20min, that are routinely used to ensure CE in
the heart, are adequate in the muscle, and what magnitude of
errors in ECV measurements are likely if this order of waiting
time is used for skeletal muscle. ECV measurements are likely
to be sensitive to differences in tissue microstructure between
the quadriceps and hamstrings.'? It is important to establish
the magnitude of these differences in the normal thigh so that
differences in future studies in diseased populations can be
better interpreted.

This study applies ECV measurement in the thigh because
it provides large, axial muscle volumes for T1 measurement,
is not affected by cardiac or breathing motion artefacts, and
the femoral vessels provide relatively large regions for blood
T1 measurement. However, the blood T1 measurements may
be susceptible to partial volume effects, as their size may not
be much larger than the clinically achievable image resolu-
tion. Additionally, inflow effects due to through-plane blood
flow could compromise accuracy. An alternative approach to
blood T1 measurement is to measure T1 in the aorta, where
both partial volume and in-flow effects can be minimized, but
this lengthens the duration, and adds to the difficulty, of the
imaging protocol.
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The aims of this study were to assess whether ECV measure-
ments in the thigh are clinically feasible, to assess the time to
CE in the thigh for healthy participants, to determine whether
in-flow and partial volume errors in the femoral artery affect
ECV measurements and to determine whether there are differ-
ences in ECV between individual thigh muscles.

METHODS AND MATERIALS

Selection of healthy participants

10 healthy participants (6 females, mean age: 35.0 years.,
range: 24-43 years) were imaged before and after GBCA
administration between July 2017 and April 2018. Participants
were recruited under regional ethics committee approval (17/
EM/0079), gave informed written consent to participate in
the prospective study and were free to withdraw at any time.
Exclusion criteria were: 4 weeks estimated glomerular filtra-
tion rate <45ml min™' 1.73m™?, asthma or chronic obstruc-
tive pulmonary disease, previous anaphylactic reaction to
GBCAs, contraindications for MRI (claustrophobia, MR
unsafe implants or foreign bodies, or pregnancy), history of
rheumatic diseases, or spinal disease with neuropathy.

Imaging

Volunteers were imaged on a Siemens Verio 3 T scanner
(Siemens Healthcare), feet-first supine with two Siemens small
4-channel flexible-coils (35 x 17 cm left-right by foot-head)
placed with the inferior edge approximately 4cm above the
patella for the thigh images, and a Siemens body 18 matrix-coil
placed on the chest for the aorta images. The contralateral leg
was shielded using an RF blanket. Chest images were acquired
at an oblique sagittal angle imaging from the top the aortic
arch following the track of the aorta.

Images were acquired using an inversion recovery steady-state
free precession sequence. A non-selective inversion pulse was
used to minimise in-flow effects. An image acquired without an
inversion pulse [inversion time (TT) = 0 ms] was used to obtain
the initial estimate for the signal at equilibrium (S,), in fitting the
monoexponential recovery equation. Imaging parameters are
given in Table 1.

Contrast [0.1mmol kg™ gadoterate meglumine (Dotarem,
Guerbet LLC)] was administered intravenously as a single
bolus and then alternate aorta and thigh post-contrast scans
were then acquired sequentially for at least 25min. As the
signal from TI = 0 ms was only used as an initial guess for the
So in the fitting equation, and not used as a data point, it was
excluded from the post-contrast scans to increase the temporal
resolution of the data, but included pre-contrast to increase
the speed and accuracy of the T1-fitting.

The pre-contrast TR for each sequence was set to 10s so as to
be greater than five times the maximum T1 for the expected
biological range. The post-contrast TR was shortened to 6 to
reflect the reduction in T1 from the GBCA-administration and
to decrease the time delay between acquisitions. TTs were also
shortened post-contrast to reflect the increased rate of recovery.
The mean time between the start of the two sequences was 73 s.
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Table 1. Pre- and post-contrast acquisition parameters for the thigh and aorta sequences

Parameter Pre-contrast values Post-contrast values
TR (ms) 1000 6000

TE (ms) 1.83 1.83

TI (ms) 0, 80, 120, 160, 640, 3550, 5100 80, 120, 160, 320, 640, 2550
Flip angle (°) 60 60

Slice thickness (mm) 5 5

Bandwith (Hz/px) 930 930

FoV - Leg (mm x mm) 250 x 250 250 x 250

FoV - Aorta (mm x mm) 300 x 300 300 x 300

Matrix size 256 x 256 256 x 256

FOV, field of view; TE, echo time; Tl, inversion time; TR, repetition time.

Contrast [0.1mmol kg™ gadoterate meglumine (Dotarem, Guerbet LLC)] was administered intravenously as a single bolus.

Data analysis

Measurement of TI in-vivo

Image analysis was performed using MATLAB (MATLAB
R2015a, The MathWorks Inc. Natick, MA, 2015) and Image]J
(ImageJ 1.51k, Rasband, W.S., Image], U. S. National Institutes
of Health, Bethesda, MD, https://imagej.nih.gov/ij/, 1997-2018).

Regions of interest (ROIs) were contoured within the muscles
avoiding muscle fascia. For the femoral artery, a small circular
ROI was created around a user-defined centre, set within the
vessel, ensuring that the ROI fell fully within the vessel to mini-
mise partial volume effects (Figure la). In the aorta, a rectan-
gular ROI was created around a central line drawn by the user.
The width was chosen to avoid inclusion of the vessel wall and
was long enough to span the extent of at least three vertebrae.
The ROI was located towards the inferior end of the aorta to
minimise in-flow effects (Figure 1b). All ROIs were drawn using
Image]. ROIs were copied across all images manually adjusting
for any movement between images.

T1 values for each ROI were obtained by fitting the mean signal
within the ROIs at the different TIs to a monoexponential
recovery equation: -

Figure 1. (a) Example ROIs on for vastus intermedius, biceps
femoris, and femoral artery on the thigh images. (b) Example
ROl on for aorta on the chest images. ROI, region of interest.

5= (1 - ([1 —cos (9)] [TTT}»

Where 0 is the inversion angle, to the mean signal intensities
from each ROI at each time point using a non-linear least squares
fitting algorithm (Isqcurvefit, MATLAB R2015a). Sy, 0, and T1
are all free parameters in the fit. Constraints were applied so that
So and T1 were positive, and 6 was between 0 and 7 radians.

The signal output of the scanner was not phase corrected from the
inversion recovery, and so only the magnitude of the signal data
was obtained. To fit the magnitude data to the monoexponential
recovery equation the method of Messroghli et al'® was used. The
sign of the signal from each TI point, starting with the lowest
TI, was changed sequentially from positive to negative, keeping
previously changed values negative, and the fitting algorithm was
run for each combination. The coefficient of determination (R?)
for each fit was recorded and the fit with the maximum R* value
was chosen. Data points with values below 10% of the maximum
signal in the sequence were considered to be influenced by the
Rician noise floor and were therefore excluded from the fitting.

Determining the partition coefficient and time to
contrast equilibrium

For each time point the partition coefficient, A, was calculated
using: -

\ = Rlyysele [ _ [CAH’IMSCIB} — ECVuscle
Lplood [CAblood} ECVlood

Where: -

_ 1

To ensure that that blood and muscle values from the same
time point were used, blood AR1 values were temporally inter-
polated using a biexponential decay model to reflect the more
rapid decay from the GBCA entering the extravascular space
and the slower decay from renal extraction.'* This allowed a
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more physiologically appropriate interpolation of the blood AR1
values than linear interpolation.

As GBCAs distribute themselves only within extracellular space
in the interstitium and the blood-plasma within the vasculature,
then at equilibrium the ratio of the GBCA concentrations will be
equal to the ratio of ECV fractions (assuming sufficiently rapid
water exchange) so that the effect of the contrast agent can be
assumed to be averaged over the whole tissue volume. The ECV
fraction in the blood is the plasma volume fraction, equal to
1-haematocrit (1 - hct), and so the ECV fraction in the muscle
can be calculated (below) if the haematocrit is known, or esti-
mated using an assumed value (e.g. 0.42 haematocrit as found by
Jacob et al.)®®

ECV =X x (1 — het)

A was then plotted against time since contrast administration
and a third-order polynomial was fitted to smooth the data.
Example figures of the biexponential and third-order polynomial
fits are shown for one volunteer who did not reach equilibrium
(Figure 2a—c) and for one who did (Figure 3a-c).

Time to CE was defined as the next acquired scan time point
after the gradient of the polynomial reached zero. To investigate
the magnitude of errors in ECV if the post-contrast imaging
was limited to a clinically feasible time frame a pragmatic post-
contrast delay time of 20 min'® was chosen.

Statistical analysis

All statistical analysis was performed in MATLAB. Comparisons
between groups were performed using a Wilcoxon signed-rank
test (significance at p < 0.05). All results are reported as mean
+ 95% confidence interval (1.96 x o/+/n). No volunteers were
excluded.

RESULTS

Measurement of T1/n-vivo

There was no significant difference between the native T1 values
of blood in the aorta compared to the femoral artery (aorta 1808
+ 166 ms, femoral artery 1873 + 298 ms; p = 0.70), but there was
a significant difference between the T1 values of the two muscles
(biceps femoris 1352 + 21 ms, vastus intermedius 1387 + 42 ms;
p <0.005) (Figure 4).

Determining the partition coefficient and time to
contrast equilibrium

A CE plateau was achieved in 8/10 healthy participants. There
was no significant difference between the times to CE for the
two muscles (p = 0.3) or between measurements made using the
aorta or femoral artery for the blood values (p = 1.0) (Table 2 and
Figure 5a).

Partition coefficient (A) measurements at equilibrium (Table 2
and Figure 5b) were significantly higher in the biceps femoris
compared to the vastus intermedius, regardless of which vessel
was used (aorta: p = 0.03, femoral artery: p = 0.02). A is also
higher when using the femoral artery for blood AR1 values,

Goodall et a/

Figure 2. For a volunteer who did not reach equilibrium: (a)
measured change in relaxation rate of blood measured in the
aorta and femoral artery, with biexponential fits. (b) Partition
coefficient in the Biceps Femoris against time graphs for aorta
and femoral artery, with third-order polynomial fit. (c) Parti-
tion coefficient in the Vastus Intermedius against time graphs
for aorta and femoral artery, with third-order polynomial fit.
Coefficient of determination (R?) for fit is given in brackets.
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regardless of the muscle used (biceps femoris: p = 0.01, vastus
intermedius: p = 0.01).

Comparisons between A values measured using the values at
20 min (Figure 5¢) and the value at equilibrium (or the end time
point of the experiment for participants who didn’t reach CE) are
given in Table 2. Differences in A (ALA) between equilibrium and
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Figure 3. For a volunteer who did reach equilibrium: (a) meas-
ured change in relaxation rate of blood measured in the aorta
and femoral artery, with biexponential. (b) Partition coeffi-
cient in the Biceps Femoris against time graphs for aorta and
femoral artery, with third order polynomial fit. (c) Partition
coefficient in the Vastus Intermedius against time graphs for
aorta and femoral artery, with third order polynomial fit. Coef-
ficient of determination (R?) for fit is given in brackets.
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20 min (Figure 5d) were small (0.002-0.004) and not significant
(p = 0.16-0.94) for all muscle vessel combinations.

DISCUSSION

This study has shown that ECV measurements are feasible in
thigh muscle and that they are sensitive to differences between
muscles. In most cases, CE was achieved in a clinically practicable

BJR

Figure 4. Pre-contrast Tl1s for the four ROIls. There is a signifi-
cant difference between the T1 of the biceps femoris and the
vastus intermedius (**p < 0.01) but not the two vessels. ROI,
region of interest.
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time frame of 20 min. There were small but significant changes
in A between the femoral artery and aorta-based blood AR1
measurements.

Measured pre-contrast T1 measurements were comparable
to the literature.'”*! The observed difference in pre-contrast
T1 measurements between the biceps femoris and the vastus
intermedius is consistent with known differences in muscle
fibre populations and fat-fractions between quadriceps and
hamstrings.”*%* In general, T1 measurements in blood had a
larger standard deviation than those in muscle, which could be
due to flow effects, variability in haematocrit, or blood oxygen-
ation levels.?*™28

In most cases, the time to CE was achieved in <24 min. For those
cases, if a pragmatic cut-off time of 20 min had been used, the
resulting error in the estimated ECV would be less than 1%
(assuming 0.42 haematocrit).">* This suggests that skeletal-
muscle ECV measurements would be achievable within a clin-
ically relevant time scale with very small errors due to poor
contrast equilibrium. However, 2/10 healthy participants did
not reach CE within the time frame of the experiment. In these
cases, the mean difference between A measured at the end of the
study and that measured after 20 min would lead to an underes-
timation of the ECV approximately equal to 1% for both biceps
femoris and vastus intermedius across both blood measure-
ments Such errors are unlikely to obscure clinical differences in
ECV7~!! (which are of the order of 5%). Therefore, we recom-
mend a pragmatic post-contrast imaging time of 20 min. The
reason for longer CE times compared to cardiac studies may be
due to lower perfusion in the muscle, and so it takes longer for
the relative concentrations of contrast in the blood and muscle to
reach equilibrium. It may be advisable to require some exercise
prior to skeletal muscle ECV measurements to ensure sufficiently
high flow rates. This should be addressed in further work.

There was a significant, and systematic, difference in A at 20 min
using blood measurements taken from the aorta compared to the
femoral artery, which may be due to inflow or partial volume
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Table 2. Mean time to CE, and partition-coefficients measured at three different time points (at equilibrium, if reached, at approx-
imately 20 min, and at the end of the scanning session) for all muscle vessel pairs

Muscle Biceps femoris Vastus Intermedius

Vessel Aorta Femoral artery Aorta Femoral artery
Time to CE (min) 19.2+6.1 20.4+£39 19.1 £ 4.9 18.9 £5.0

A at Equilibrium 0.210 £ 0.034 0.265 + 0.054 0.165 £ 0.015 0.211 £ 0.026
A at 20 min 0.212 +£0.027 0.262 +0.045 0.174 £ 0.016 0.213 £0.023
Aat End 0.225 +0.030 0.273 +0.042 0.182 +£0.019 0.219 £ 0.021
A\: 20 min - Equilibrium (1 = 8) —0.002 + 0.005 —0.002 + 0.005 0.004 + 0.005 0.003 +0.007
A): End - 20 min (n = 2) 0.032 0.032 0.024 0.023

CE, contrast equilibrium.

The reported difference in partition coefficient (AL) is the difference between A at 20 min and at equilibrium if reached, and at the end of the time-

course if not.

effects. The mean difference in A between both muscles using the
femoral artery compared to the aorta would cause an approxi-
mate difference in the measured ECV of 2.0+1.7%. This is again
too small to obscure clinical differences but may justify prefer-
ring the aorta for blood measurements.

The difference in A for the biceps femoris and vastus interme-
dius could be due to different proportions of type-1 and type-2
fibres between these muscles. Vincensini et al* found a higher
ECV in muscles with higher type-1 fibre percentage (in rabbits)
and as the hamstrings have more type-1 fibres than the quadri-

ceps*** this could explain the greater A in the biceps femoris

observed in this study. This is consistent with other studies®%°

where differences in diffusion and fat fraction have also been
noted. Estimated ECVs for the two muscle populations (aorta/
femoral artery: biceps femoris — 9 + 2 %/12+4%; vastus interme-
dius - 7+ 1% / 9+1%) are consistent with ECV measurements in
skeletal muscle in the literature (10 + 2% - Huber et al'®'! and
9% - Banypersad et al).”

We acknowledge a number of limitations in this study, including
small sample size. The use of magnitude images incorporates
small errors in T1, and this could have been improved by using
a phase-sensitive recovery sequence. Although respiratory and

Figure 5. (a) Time to contrast equilibrium for all muscle/vessel combinations. There was no significant difference in CE values
between any muscle/vessel combinations. (b) Partition coefficient values for the volunteers who reached equilibrium for all mus-
cle/vessel combinations (*p < 0.05, **p < 0.01). (¢) Partition coefficient values for all volunteers at approximately 20 min (***p <
0.005). (d) The difference in the measured partition coefficient at 20 min for the volunteers who reached equilibrium compared to
the equilibrium value. There was no significant difference between the value at 20 min and that at equilibrium.
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cardiac motion artefacts did not affect the region of the aorta
where measurements were taken, gating techniques could have
improved the quality of the data. A longer imaging time would
have ensured that equilibrium was reached but could have
reduced compliance and lead to discomfort and gross motion
artefacts. The thigh images were not fat-suppressed which could
have caused a biexponential T1 recovery due to the different T1
values of fat and water. To estimate the impact of fat on our ECV
measurements fitting was repeated using a biexponential equa-
tion with an assumed fat T1 of 370 ms'® and a fat-fraction of 5%
in the vastus intermedius and 10%>" in the biceps femoris. There
was a small but significant difference in ECV at equilibrium
(<1%, p < 0.05), and in the time to CE (3 min, p < 0.05). Errors
of this magnitude would not be sufficient to alter the conclusions
of this study.

CONCLUSION

ECV measurements in the thigh are clinically feasible and most
healthy participants would reach CE using a post-contrast delay
of 20min. In cases where CE time is uncharacteristically long,
using such a 20min delay time would not induce ECV errors

BJR

greater than 4%. There are small errors in partition coeflicient
associated with using the femoral artery for blood-pool measure-
ments, so aortic blood-pool measurements are recommended
wherever possible. There are significant differences in partition
coefficient between the biceps femoris and vastus intermedius,
which are consistent with known differences in muscle fibre
populations.
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