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Purpose: Dynamic phosphorus magnetic resonance spectroscopy (*'P MRS) during and after acute
exercise enables the noninvasive in vivo determination of the mitochondrial capacity of skeletal
muscle. Nevertheless, the lack of standardization in experimental setups leads to significant variations
in published values of maximal aerobic capacity, even in the population of healthy volunteers. Thus, in
this study, we aimed to assess the impact of the ergometer type (pneumatic and mechanical resistance
construction), radiofrequency (RF)-coil diameter, and different magnetic field strengths (3 and 7 T)
on the metabolic parameters measured by dynamic 3'P MRS during a plantar flexion isotonic exercise
protocol within the same group of healthy volunteers.

Methods: Dynamic *'P MRS measurements of the calf muscle in 11 volunteers (mean age, 36 + 13
yrs; mean BMI, 23.5+2.5 kg/m?), on a 3 T MR system with a custom-made mechanical ergometer
in the first research laboratory (RL1) and on 3 and 7 T MR systems equipped with a commercial
pneumatic ergometer in the second research laboratory (RL2), were performed at three different
workloads. RF-coils differed slightly between the sites and MR systems used. The repeatability of
the experimental protocol was tested in every setup. The basal concentrations of phosphocreatine
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(PCr), exercise-induced depletion of PCr (APCr), initial PCr resynthesis rate (Vpc;), and mitochondrial
capacity (Qmax) Were calculated and compared between the research sites and field strengths.
Results: High repeatability of the measurement protocol was found in every experimental setup.
No significant differences at any workload were found in these metabolic parameters assessed at
different magnetic field strengths (3 T vs 7 T), using the same ergometer (in RL2) and a similar
RF-coil. In the inter-research laboratory comparison at the same field strength (3 T), but with using
different ergometers and RF-coils, differences were found in the concentration of PCr measured at
rest and in the drop in PCr signal intensity. These differences translated into difference in the value
of mitochondrial capacity at a workload of 15% of maximal voluntary contraction (MVC) force
(0.45+0.16 mM/s vs 0.31 +0.08 mM/s, in the RL1 and RL2, respectively).

Conclusions: Metabolic parameters measured during exercise challenge by dynamic *'P MRS do
not depend upon the magnetic field strength used. For multicenter studies with different ergometers,
it is important to set the same workload, measurement, and evaluation protocols, especially when
the effects of very mild exercise (15% MVC) are to be compared. However, a higher workload
(24% MVC) decreases the influence of imperfections and intersite differences for the assessed
value of maximal mitochondrial capacity. © 2015 American Association of Physicists in Medicine.
[http://dx.doi.org/10.1118/1.4914448]

Key words: energy metabolism, dynamic 3'P MR spectroscopy, ergometers, comparison, 3 T MRS,
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1. INTRODUCTION

In vivo phosphorus magnetic resonance spectroscopy (*'P
MRS) is a noninvasive method that enables the assessment of
concentrations of metabolites important for energy metabo-
lism. Alterations in the levels of phosphocreatine (PCr),
inorganic phosphate (Pi), and in pH values measured during
dynamic exercise-recovery experiments in skeletal muscles
have a direct relationship to aerobic and anaerobic metabo-
lism, and thus, to muscle function. Furthermore, dynamic
3P MRS can be used to calculate maximal oxidative flux
(Omay), defining mitochondrial capacity.1 Therefore, in the
last several decades, *'P MRS has been used to describe
normal physiology,” training status,>* and pathophysiology
of various muscular diseases (e.g., Duchenne muscular
dystrophy® or mitochondrial myopathy®). In addition, the
effects of systemic metabolic (e.g., diabetes mellitus’®) and
cardiovascular (e.g., peripheral arterial disease”'?) diseases
on skeletal muscle oxidative capacity have been intensively
studied with dynamic 3'P MRS.

Although exercise-recovery 3'P MRS experiments are
used in many institutions for a range of applications, the
published data on oxidative metabolism or mitochondrial
capacity in healthy volunteers often differ between research
laboratories.!!2° A few examples of such literature data are
given in Table L.

This discrepancy is usually attributed to the different study
population, measurement protocol, data processing method,
or equipment used. The interindividual differences can, of
course, play a major role in small studies, but their importance
tends to decrease in larger studies. More important, most of the
experiments use the sensitivity volume of the radiofrequency
(RF) coil for signal localization. A different design or size
of the RF-coils can cause not only the variation in the size
of the sensitive volume within exercised muscle but can also

Medical Physics, Vol. 42, No. 4, April 2015

cause partial volume effects, including signal from adjacent
nonexercising muscle groups.

In addition, there is also a large variation in another piece
of hardware to consider. Next to commercially available MR-
compatible ergometers, many custom-built devices*'~>* have
been designed and used. They can differ in the art of load cali-
bration and ergonomy of the exercise movement. Recently, the
use of ultrahigh field strengths (i.e., 7 T) has been promoted for
3P MR experiments.>>?® The improved spectral resolution,
increased signal-to-noise ratio (SNR) and fitting precision of
the 7 T system (compared to 3 T), as well as the difference in
saturation effects caused by field-dependent relaxation times
of individual phosphorus metabolites, may also lead to some
discrepancy in the evaluated metabolic parameters.

Thus, the study equipment used (e.g., the ergometer, the
RF-coil, or the magnetic field) likely counts as the most pro-
bable source of differences for the whole experiment.

Therefore, the aim of this bicentric study was to investigate
the potential influence of using either different ergometers and
RF-coil designs or magnetic field strengths (3 and 7 T) on the
variability in muscle metabolism parameters measured in the
same pool of volunteers, using the identical exercise protocol.

2. MATERIALS AND METHODS

Eleven healthy volunteers (3 f/8m; mean age, 36 +13 yrs;
mean BMI, 23.5+2.5 kg/m? moderate physical activity;
no smokers) were recruited for this study and provided
written, informed consent in agreement with the local ethics
committee regulations. Each volunteer underwent three 3'P
MRS examinations on different experimental setups within
one month. Whole-body MR systems (two 3 T and one 7 T)
from the same manufacturer (Siemens Healthcare, Erlangen,
Germany), equipped with comparable dual-channel 'H/3'P
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TaBLe . An interstudy comparison of Tpcr (s) and Qmax (mMY/s) of the calf muscle measured in healthy volunteers
at different magnetic field strengths By (T) using surface coils of different diameters and different experimental

devices (ergometers).

n Mean age  Ref. By coil Ergo WL Protocol TpCr O max

14 33 11 1.5 6 not spec. not spec. 3 44+6 0.51 £0.09

17 31 12 1.5 15 cst. 35kg 6 67«14 0.65+0.16

12 24+ 6 13 1.5 11.5  com. pneu. 50% MVC 4 31+£19 047 +0.22

10 51+9 14 1.8 8 cst. mech. Pi/PCr=0.7 3 44 + 11 0.73 £0.32

12 58 +11 15 2 6 mech. 10% LBM+ Till exh. — 0.75+0.18

14 25+4 16 2 6 mech. 10% LBM+ Till exh. — 1.07 £ 0.12
9 21 +2 17 2.1 8 cst. mech. 60% MVC 4 277 —

27 33+6 18 4.1 7 cst. 70% MVC 1.5 33+£12  0.59+0.18

27 3316 18 4.1 7 cst. 100% MVC 1.5 33+£12  0.67+£0.19
7 28 +8 19 7 10.5  cst. pneu. 50% MVC 5 61+ 10 —

10 41+ 8 20 7 10 com. pneu. 25% MVC 6 46+ 15 041+0.14

Note: n, number of healthy volunteers; Ref., literature reference; B, magnetic field strength; coil, diameter of the
surface coil; ergo, properties of the experimental device (cst., custom build; com., commercial; mech., mechanical; pneu.,
pneumatic; not spec., not specified); WL, workload (LBM, lean body mass; +, increment; MVC, maximal voluntary
contraction force); protocol, duration of exercise in minutes (exh., exhaustion).

surface coils (Rapid Biomedical, Rimpar, Germany) and an
ergometer for plantar flexion exercise, were used in two
different research laboratories (RL). In RL1, a Tim Trio MR
system (3 T), equipped with a flexi, dual-tuned, *'P/'H coil
(11 cm diameter) and a home-built mechanical ergometer,”’
was used. The mechanical part of this ergometer consists
of an aluminum construction behind the MR scanner with
a holder for weights connected by an inflexible cord with
the actual pedal depicted in Fig. 1(A). Displacement of the
weights during exercise is measured with a potentiometer and
WinATS software (Sysma, Aix-en-Provence, France) is used
for signal recording.

leg

axis of pedal rotation

In the RL2, an air pressure-based pneumatic ergometer
(Trispect, Ergospect, Innsbruck, Austria) was used on a 3 T
(Tim Trio) and a 7 T (Magnetom) MR systems equipped with
a similar rigid, *'P/'H coils (10 cm diameter) tuned to the
frequency according to the magnetic field used. The axis of
rotation was in this case aligned with the axis of the ankle [see
Fig. 1(B)], contrary to the home-built ergometer at RL.1 where
the rotation axis was below the level of the foot. To ensure
the same workloads on the ergometers in both RLs, workload
calibration measurements were performed and a calibration
curve was calculated between the weights and the air pressure
used in the pneumatic pedal.

leg

©

axis of pedal rotation

FiG. 1. Photos and simple schemes of the used ergometers; (A) custom-made ergometer of the RL1 and (B) commercial ergometer of the RL2. Position of the

axis of pedal rotation in relation to the ankle is highlighted.

Medical Physics, Vol. 42, No. 4, April 2015
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The volunteers were examined in a supine position with the
coil fixed underneath the medial head of the left gastrocnemius
muscle. The foot of the volunteers was strapped to the pedal of
the ergometer, fixing the heel in a stable position, in both RLs.
The position of the gastrocnemius muscle over the RF-coil
was confirmed by a localizer MRI sequence. After shimm-
ing on the total proton water signal, a >'P MRS rectangular
excitation pulse (duration 400 us) was calibrated to a 90° flip
angle (FA) by a series of several free induction decay (FID)
acquisitions of total PCr signal.

The dynamic examination (2 min rest—6 min exercise—
6 min recovery?>*Y) was performed by the plantar flexion
performed once in every repetition time (2 s) in three rounds,
with three different, fixed workloads, i.e., pedal resistances:
(I) 1.2 bars, (IT) 1.8 bars, and (III) 2.4 bars (1.2 and 1.8 bars
at RL2 correspond to 7 and 10.5 kg at RL1, respectively; a
bar is the internal unit of pressure used by the designer of
the pneumatic ergometer, 1 bar = 0.1 MPa). No higher weight
than 10.5 kg was used in the RL1 due to the limitations of the
ergometer. To objectively define the relative resistance of each
workload for the study population, the maximal voluntary
contraction (MVC) force during the plantar flexion of the
calf muscle of each volunteer was measured outside the MR
system using an in-house-developed exercise device (adapted
from Ref. 21) with a fixed pedal. Acoustic synchronization
was used to navigate the subject during the exercise period
of the experiment. The interval between two consecutive
exercises was at least 15 min to allow for a full metabolic
recovery of the exercised muscles.

The nonlocalized acquisition sequence (FID) was identical
for both 3 T systems (rectangular 400 us excitation, acqui-
sition delay (TE*) =0.4 ms, TR =2 s, vector size 1024) and
for the 7 T system with the increase in acquisition bandwidth
(5 kHz rather than 3 kHz) and difference in FA used (48° rather
than 42°, Ernst angle for given TR and mean 7; of PCr
and Pi at a given Bp). A resting, partially relaxed (96%)
3P MR spectrum (TE*=0.4 ms, TR =15 s, 16 averages)
was also acquired for the assessment of basal metabolite
concentrations.

The repeatability of the described measurement protocol
was investigated in each experimental setup (both RLs and
both MR systems in RL2) by test-retest measurements. Five
volunteers were recruited in each RL for the repeatability
study. The exercise protocol was repeated twice for two
workloads [(I) and (II)], within one session, including full
repositioning, shimming, and data acquisition. Or, if not
possible, the second measurement was performed on a
consecutive day at the same time of the day, to avoid the
diurnal changes in muscle energy metabolism.

To assess the impact of different designs, and, therefore
sensitivity profiles, of the used RF-coils (flexi with 11 cm
in diameter in RL1 and rigid with the diameter of 10 cm in
RL2), maps of 3'P signal from the calf muscle of five of the
volunteers were measured and compared. Measurements were
performed on the 3 T systems at both sites using a 3D chemical
shift imaging (CSI) sequence with a volume of interest
=200x200x200 mm?>, matrix = 12x 12x 12, weighted acqui-
sition, and two averages. The rest of the parameters were

Medical Physics, Vol. 42, No. 4, April 2015

similar to the dynamic experiments: TE =1 ms, TR =2 s, flip
angle = 42°, vector size 1024, bandwidth 3000 Hz, and rectan-
gular excitation pulse duration 400 us.

3. DATA EVALUATION

Quantification of the MR spectra was accomplished in
jMRUI software using the AMARES time domain-fitting
routine.’! After phasing the spectra, the peaks were fitted as
single Lorentzians, except the adenosine triphosphate (ATP)
signals, where the y- and a-ATP were fitted as Lorentzian
doublets and B-ATP as a triplet. No data filtering or zero-filling
was performed prior to the spectra fitting.

The y-ATP signal was used as a concentration reference,
assuming a stable ATP concentration of 8.2 mM in the muscle
tissue,*>3? because the usually used S-ATP signal is affected
by the limited bandwidth of the excitation pulse at 7 T. Par-
tial saturation correction was performed using previously
published relaxation times at 3 and 7 T.?°

The chemical shift of Pi relative to PCr in parts per million
(6) was used to calculate the intracellular pH (Ref. 34)
according to the Henderson-Hasselbalch equation

ey

0-3.27
pH=6.75+log( )

5.63-6

To calculate the time constant of PCr recovery, the PCr
concentration changes during the recovery period were fitted
to a monoexponential function, expressed by

[PCr] () = [PCr]eng_exercise + A[PCr](1—e™"/7Pcr), 2)

where 7 is time in seconds, [PCrend_exercise 1S the concentration
of PCr at the end of exercise (mean of PCr concentrations
measured during last 30 s of exercise), A[PCr] is the difference
in the PCr concentration at rest and [PCrleng_exercise> and Tpcr
is the time constant of the PCr recovery rate (s).

The initial PCr recovery rate (Vpc;) roughly representing
the ATP turnover at the end of exercise was calculated as
follows:

A[PCr]

TpCr

Veer = 3)
The maximal oxidative flux (Qmax) Was calculated according
to the model of Michaelis and Menten, taking into account
ADP at the end of exercise (|ADPeyq]), Vecr, and the Michaelis-
Menten constant (K,,), which was assumed to be 30 1M,

Qmax = VPCr(l + A]I){lr)nend) s (4)
where the free cytosolic ADP concentration ([ADP]) was
calculated according to the method described by Kemp,*®
assuming constant total creatine concentration throughout
all measurements and 15% of total creatine [Cr] not being
phosphorylated in the resting state®’

[ATP]-[Cr]

[ADP] = ———r——,
[PCr]-H*-Keq

(&)



1682 Sedivy et al.: Dynamic 3'P MRS using different ergometers, MR-systems, and RF-coils 1682

where H* is the concentration of proton ions and K4 is the
equilibrium constant.

The repeatability of the measurement was assessed as the
coefficient of variation (CV) of calculated metabolic param-
eters. To evaluate the reliability of the experiment, an intra-
class correlation parameter for two-way random factor model
(ICC,,1) was calculated according to Shrout and Fleiss.*® All
individual parameters were compared between the 3 and 7 T
MR systems equipped with the similar RF-coil and the same
ergometer, as well as between the 3 T systems in the two RLs
(different ergometers and RF-coils) by agreement analysis of
Altman and Bland.** A range of agreement was defined as
mean bias + 1.96 standard deviations. The SNR of the PCr
signal at rest and at the end of exercise, the Cramer-Rao
lower bounds (CRLB) of the PCr signal fitting and the fitting
precision (r) of the PCr recovery were also compared between
the 3 and 7 T data. The statistical analysis was performed using
spss software (version 17.0; IBM SPSS, Chicago, IL).

The spatial variations in the PCr signal were calculated
from the 3D 3'P CSI data using the fitting routine of the syngo
MR software (Siemens Healthcare, Erlangen, Germany).

Regions of interest (ROIs) were manually drawn over the
soleus, gastrocnemius medialis, and gastrocnemius lateralis
muscles (Fig. 2) on the proton anatomical images and then
transposed to 3'P CSI PCr maps.

The increase in voxel size due to weighted acquisition was
taken into account and the signal from the voxels adjacent to
the border voxels was also used. The ratio of the signal within
the monitored muscle groups to the total PCr signal measured
by the coil was assessed. This calculation was performed with
a custom-written software in marLAB (Mathworks, Natick,
MA).

4. RESULTS
4.A. The repeatability

The test-retest variability of the On,.x was in all setups
under 13.5%, with even lower CVs, if workload II was used
in comparison to workload I. Similarly, the calculated ICC;
parameters of Qpn.,x determination show very good to high
reliability (ICC =0.88 —0.97) with an increased reliability at

FiG. 2. Sensitivity map evaluation of both coils used in the same subject. [(A) and (a)] 11 cm flexi coil and [(B) and (b)] 10 cm rigid coil. [(A) and (B)] 'H
localizer image and [(a) and (b)] signal intensity map of the PCr signal calculated from the acquired 3D 3'P CSI. Manually drawn borders of ROIs used for
analysis are depicted on both images for direct comparison (GM, gastrocnemius medialis; GL, gastrocnemius lateralis; and SOL, soleus muscle). Note that the
outside voxels, adjacent to the muscle borders, contain signal from the muscles due to the increased voxel size. These voxels were therefore included in the

analysis.
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TasLe II. CVs and ICCs of the measurement protocol repeatability and reliability calculated for following
parameters: PCr concentration (mM), PCr signal drop (%)—ratio of the A[PCr] to the [PCr] at rest, Tpcy (S),

pH at the end of exercise, Vpcy (mM/s), and Qmax (MM/s).

cv By WL  [PCr](%)  PCrdrop (%)  7pcre (%) pH (%) Veer (%) Omax (%)
RL1 3T 1 1.9 9.0 6.1 0.3 8.6 6.5
RL1 3T I 6.0 13.3 6.1 0.1 6.9 6.1
RL2 3T 1 2.8 14.5 9.0 0.1 17.8 13.2
RL2 3T I 1.1 6.6 9.6 0.1 10.8 10.3
RL2 7T 1 1.7 15.4 7.6 0.1 16.5 12.4
RL2 7T I 4.7 16.1 7.9 0.2 12.5 8.3
ICCy 4 By WL [PCr] PCr drop TpCr pH Vecr O max
RL1 3T 1 0.95 0.94 0.98 0.79 0.94 0.94
RL1 3T I 0.82 0.94 0.96 0.93 0.99 0.97
RL2 3T 1 0.95 0.83 0.80 0.78 0.89 0.92
RL2 3T 1T 0.97 0.99 0.83 0.98 0.97 0.94
RL2 7T 1 0.98 0.95 0.81 0.96 0.92 0.88
RL2 7T 1T 0.95 0.85 0.96 0.88 0.90 0.91

workload II in comparison to workload I. More details on CVs
and ICCs of all evaluated parameters are given in Table II.

4.B. The effect of magnetic field (7 T vs 3 T) in RL2

The use of a stronger magnetic field (7 T against 3 T)
resulted in increased SNR of the PCr MRS signal at rest
(65551 vs 270+41) as well as at the end of exercise
(559+74 vs 245450, 546 +60 vs 218 +44, and 431 +102 vs
175 +43 for the workloads I-III, respectively) and improved
fitting precision of the PCr signal (CRLB =1.06% +0.44%
vs 1.22% +0.38%) and PCr recovery (r =0.962+0.049 vs
0.828 +0.135). However, the limits of agreement were found
to be exceptionally narrow between the measurements at 3
and 7 T systems for all of the measured parameters, using
the same ergometer and RF-coils with an identical design.
Agreement analysis of [PCr] and Qp,.x determination from
the 3 and 7 T measurements in RL2 is depicted by Bland
Altman plots in Fig. 3. Detailed information on the calculated
metabolic parameters measured in the RL2 at 3 and 7 T is
given in Table III.

4.C. The effect of different ergometers and RF-coil
designs (RL1 vs RL2)

Representative time courses of the PCr signal intensity
between the measurements at 3 T in RL1 and RL2 are
depicted in Fig. 4.

The comparison of the determined metabolic parameters
([PCr] and Qmax), When different equipment (ergometer and
RF-coils) in two RLs was used, is shown in Fig. 5 and more
details are given in Table IV.

The measured PCr concentration at rest and the PCr drop
were higher in RL1 (the mean bias well above zero). This
difference resulted in higher values of Vpcr and Qnax at the
workload I. On the other hand, the level of agreement was
much higher (the mean bias closer to zero and narrower
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range of agreement) at the workload II. The measures of
mitochondrial capacity were found to increase with pedal
resistance in both research laboratories.

According to the measured MVC values, the workloads
used in our dynamic experiments represent in average
15% £ 5% MVC, 24% +8% MVC, and 32% +11% MVC
for workloads I-III, respectively.

The sensitivity maps of the coils used are depicted in Fig. 2.
The results of the coil comparison showed that the flexi coil
(11 cm in diameter) provided on average more signal from
the gastrocnemius medialis as expected. More details on the
sensitivity maps comparison are denoted in Table V.

5. DISCUSSION

In this study, we compared the parameters of muscle
metabolism measured by dynamic *'P MRS under different
experimental conditions. Measurements were performed in
three experimental setups using two different ergometers, two
different RF-coil designs, and three MR systems (two 3 T and
one 7 T) in the same study group at three different workloads.
Mechanical and pneumatic ergometers, in combination with
RF-surface coils of different designs, were compared at 3 T
and the influence of magnetic field strength (3 T vs 7 T) was
tested with the same ergometer and a RF-coil of identical
design. Our study thus reflects only the influence of the
experimental equipment used and exercise intensity on the
calculated metabolic parameters. Nonlocalized acquisition
was used for its simplicity, robustness, and widespread
use. Higher magnetic field strength generally improves the
data quality and increases the reliability, but no significant
differences between metabolic parameters were found in this
respect. The different equipment used was found to have
strong influence on the results, but only during exercise at
lower workload (15% MVC). When higher workload was
used (24% MVC), almost no differences were found in the
measured mitochondrial capacity.



Sedivy et al.: Dynamic 3'P MRS using different ergometers, MR-systems, and RF-coils

1684
A) [PCr] 3T vs 7T in RL2 at workload |
30.00
20.001
o 10007 o
= o TTTTTTmTETTETETT
(0]
e e e
a
-10.00+
-20.00+
-30.00
2800 3000 3200 3400 3600 3800 40.00
Mean
C) Qmax 3T vs 7T in RL2 at workload |
0.304
0.154
8 S
&
2 0.00- o
g ooo o o
(] (o]
-0.154 ° 4
..................... L
-0.304
T T T T T T
0.25 0.30 0.35 0.40 0.45 0.50
Mean

1684

B) [PCr] 3T vs 7T in RL2 at workload Il

30.007

20.00

10.00

Difference

-10.00-

-20.00-

-30.00

3200 3400 3600 3800

Mean

2800  30.00

D) Qmax 3T vs 7T in RL2 at workload ||

0.50

0.25====mmmmmmmmmssmssssssesssesssssesesesessasases

0.00- 8 S

Difference

-0.257

-0.50-

0.30 0.40 0.50
Mean

FiG. 3. Method agreement analysis of [PCr] [(A) and (B)] and Qmax [(C) and (D)] values measured at 3 and 7 T in the RL2 at workloads I and II depicted by
Bland Altman plots. Full line represents the mean difference and the dashed lines border the limits of agreement (+1.96 standard deviation of differences). (A)
depicts the agreement in determination of [PCr] from measurements at 3 and 7 T at workload I and (B) at workload II. The Bland Altman plot (C) depicts the
agreement in Qmax between 3 and 7 T measurements at workload I [and (D)] at workload II.

The repeatability of our experimental protocol in both RLs
can be considered high, as the mean test—retest CV of the O ax
calculation was under 13.5% in any experimental setup. The
CVs of Qax were even lower (under 10.5%) in measurements
with higher workload (24% MVC) in comparison to mea-
surements when lower workload (15% MVC) was used. The
evaluation of measurement reliability showed similar results

as the ICC,, | parameter for Qy,,x determination was 0.88—0.97
for all experimental setups, with higher values for higher
workload (24% MVC).

As the measurements of the same healthy volunteers
were performed in short time intervals without life-style
intervention, physiological changes in metabolism were
unlikely. Similarly, Layec et al.*° reported high reproducibility

Tasee III. Dynamic parameters measured in RL2 using different magnetic field strengths. The data are given as

mean #+ standard deviation.

Workload 1 I it

By 3T 7T 3T 7T 3T 7T
PCr conc. (mM) 33.0 £ 3.8 32.5+3.6 33.0+3.2 32.5+3.8 322+34 31.2+3.1
PCr drop (%) 12+£5 12+£3 22 +£10 20+ 8 31+ 14 28 £ 13
Tpcr (8) 317 33+4 316 316 31+£10 316
Vecr (mMY/s) 0.13 £0.05 0.12 £ 0.04 0.24 £0.11 0.22 +0.09 0.32+0.10 0.27 £0.11
O max (MM/s) 0.31 +£0.08 0.30 + 0.07 0.49 +0.15 0.47 +£0.15 0.57 £0.11 049 +0.13
pH 7.08 + 0.01 7.07 £ 0.02 7.05 £ 0.04 7.05 +0.03 7.04 £0.04  7.05+0.03
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FiG. 4. Time courses of PCr signal, of the same volunteer, normalized to rest values (100%) from RL1 3 T and RL2 3 T data, with a workload of 1.8 bars.
The 7 T data from the RL2 are also depicted, for direct comparison. For this volunteer, the measured PCr signal drop was 44%, 22%, and 23% for 3 T in RL1,
3 Tin RL2, and 7 T in RL2, respectively. Other parameters given in the same order of used experimental setup: Tpcy =38, 35, and 30 s; Vpc,y =0.38, 0.21, and

0.26 mM/s; and Q max =0.60, 0.44, and 0.54 mM/s.

of the nonlocalized 3'P MRS, even in examinations one-
year apart, justifying the time delay (one month) between
measurements performed in this study at the two institutions.
It has been shown that the first exercise bout may potentially
alter the parameters measured in the following bouts if strong
acidification is present and time between bouts allowed
for skeletal muscle relaxation is too short.*® However, the
workloads used in our study were not too strenuous, as
proven by the relatively high pH values of over 7.0 at the
end of exercise. Furthermore, Forbes ef al.*! showed that the
influence of previous exercise on intracellular [H*] became
undetectable after 15 min of rest which is identical with the
resting time interval chosen in our study. Therefore, we can
assume fully recovered skeletal muscles at the beginning of
the second and third round of exercise.

A comparison of our results with the results from studies
applying similar exercise protocols (5—-6 min of mild exercise,
calf muscle) shows very good conformity regarding the time
constant of PCr recovery (tpc; =35+ 1 s, Meyerspeer et al.;*?
Tper = 30+ 2 s, Haseler e al.*). Trends in metabolic param-
eters in relation to workload observed in our investigations
are also in good agreement with previous reports on knee-
extension exercise.’’ Layec et al.,® observed an increase in
PCr depletion, Vpcy, and Qpax between mild and heavy exer-
cise, with higher reliability of the results at a heavy workload.
This is consistent with our data, where the mean values of PCr
drop, Vecyr, and Qpax measured on all three MR systems also
differed between workloads. The difference in Q.x between
the low and mild pedal workload is even more pronounced
compared to the difference between mild and heavy exercise,
showing that the use of higher resistance (24% MVC) better
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reveals the real mitochondrial capacity. As higher workloads
provoke anaerobic metabolism presenting with lower pH at
the end of exercise, special care was taken not to allow muscle
acidification. Interpreting our data, we can assume that the
exercise was performed under aerobic conditions.

5.A. Magnetic field strength

The 2.4-fold increase in the SNR of the PCr signal between
3 and 7 T found in this study is in good agreement with
previous reports comparing 3'P MRS at these two fields.?%
This improvement in SNR resulted into better spectra (CRLB
=1.06% +0.44% vs 1.22% +0.38%) and recovery data fitting
(r =0.962 +£0.049 vs 0.828 +£0.135), and therefore, more
reliable calculation of mitochondrial capacity. However, these
differences did not cause any discrepancies in the calculated
parameters of 7pc; and Vpc,. The values of mitochondrial ca-
pacity were also in agreement between 3 and 7 T measure-
ments (Omax = 0.31 £0.08, 0.49 +0.15, and 0.57 £0.11 vs
0.30+0.07,0.47+0.15, and 0.49+0.13 (mM/s) for workloads
I-IIT at 3 T vs 7 T, respectively, see Table III). These results
suggest that even though low signal can be an issue in 3'P
MRS, the data SNR of the PCr MRS signal achieved in our
experimental protocol are sufficient to reliably determine the
parameters of muscle metabolism, and that the experimental
setup is more likely to be responsible for the discrepancies
found when comparing results from RL1 and RL2.

5.B. Comparison of RF-coils and ergometers

In experiments performed at 3 T, significantly higher
values of PCr concentration and depletion were found in
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Fic. 5. Agreement analysis of [PCr] [(A) and (B)] and Qmax [(C) and (D)] values determination from the data measured at 3 T systems in RL1 and RL2 at
workloads I and II depicted by Bland Altman plots. Full line represents the mean difference and the dashed lines border the limits of agreement (+1.96 standard
deviation of differences). (A) depicts the agreement in measured [PCr] between RL1 and RL2 at workload I and (B) at workload II. The plot (C) depicts the
Bland Altman agreement in Qmax values between RL1 and RL2 measurements at workload I and (D) at workload II.

the RL1 compared to values from RL2. These differences
yielded higher values of Vpcr and Qnax. This was more
pronounced in the examination with a lower workload (15%
MVC), presenting also with slightly lower reproducibility
(our data and Layec et al.>’). The limits of agreement for
calculated Q. values were at workload II (24% MVC)
exceptionally narrow (—0.13-0.21) showing good agreement

between the measurements using different equipment in
RL1 and RL2.

Differences in PCr concentration were likely caused by
the different geometry of the used RF-coils. The flexible
construction and 1 cm extra in diameter (11 cm vs 10 cm) of
the phosphorus channel caused a difference in the sensitivity
volume of the RF-coil in the RL1. This was confirmed

TaBLe IV. Dynamic parameters measured at 3 T using mechanical and pneumatic ergometers and different

RF-coils in two different research laboratories.

Workload I I

Research lab RL1 RL2 RL1 RL2
PCr conc. (mM) 355+2.7 33.0 £ 3.8 36.7 £2.7 33.0+3.2
PCr drop (%) 20+ 14 12+£5 33+15 2210
Tpcr (8) 34+7 317 41+9 316
Vpcr (mMY/s) 0.21 £0.12 0.13 £0.05 0.30 £ 0.13 0.24 £0.11
O max (MM/s) 0.45 +0.16 0.31 +£0.08 0.53 £ 0.15 049 +0.15
pH 7.04 + 0.04 7.08 £ 0.01 7.02 + 0.04 7.05 £ 0.04
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TasLe V. Coil sensitivity maps evaluation: Muscle-specific PCr signal/total PCr signal (M/T).

Flexi (11 cm in diameter)-RL1

Rigid (10 cm in diameter)-RL2

Coil

Gastrocnemius  Gastrocnemius Gastrocnemius ~ Gastrocnemius
Muscle lateralis medialis Soleus lateralis medialis Soleus
M/T (%) 22.6+52 27.6 + 8.8 27.8+7.2 25.0 + 8.0 232+7.1 262 +2.5

by the measured 3'P sensitivity maps of both coils used
at 3 T. The flexible coil of RL1 provides better coverage
of the calf, and therefore, on average, more signal from the
gastrocnemicus medialis and soleus muscles. The facts that the
concentration of PCr is higher in the gastrocnemius medialis*
and that the gastrocnemius medialis is the most involved
muscle during plantar flexion'® support the hypothesis that
this difference in sensitivity could be partly responsible for
the differences in measured PCr concentration and depletion.
However, imperfectly reproduced positioning of the coil can
also contribute to these differences and in spite of good
repeatability of the measurement has to be considered as a
limitation of the current study.

The differences in RF-coil sensitivity can become over-
come by using localization schemes for signal acquisition,
especially at higher field strengths that provide enough SNR.
Several approaches have been suggested recently (e.g., single-
voxel MRS,*” slab-selective MRS,?**® or frequency-selective
MR imaging*’*%). However, the nonlocalized acquisition
is, at the moment, the most commonly used method, and
was, therefore, also used in this comparison study. Further
investigation of the intercenter comparability using localized
techniques might be beneficial in the future.

Moreover, the greater PCr drop in the RL1 could have
also been caused by the different construction of the pedal,
which could translate into a different gastrocnemius-specific
workload. Although care was taken to set similar pedal
resistance in both institutions, the possibility of pedal
movement of the mechanical ergometer over a greater angular
range could cause higher total work done. Furthermore, while
the design and construction of the pneumatic ergometer
enables rotation directly in the ankle axis, resulting in a
more natural pushing of the pedal and less motion artifacts,
the custom-made ergometer has its axis of rotation underneath
the ankle, inducing a more complex motion, possibly leading
to higher PCr depletion. Therefore, the motion flexibility that
is needed for pedaling in RL1 does not allow better fixation
of the ankle, introducing more concentric contraction. This
could also explain the higher 7pc, values at the mechanical
ergometer, which became visible at higher pedal resistance
(24% MVC).

In addition to the already mentioned imperfect reposition-
ing of the surface coil, another subject-related limitation of
our study has to be considered. Fixed values of workload
were used rather than setting the workload levels according
to an individual’s MVC, leading to intersubject differences
in PCr depletion at the same workload. The MVC of all
subjects was also measured and ranged 10%-25% MVC,
16%-39% MVC, and 21%-54% MVC for workloads I, II,
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and III, respectively. However, the differences in metabolic
parameters at specific workloads were analyzed and only
minimal intersubject variability was observed.

Furthermore, there was no absolute quantification per-
formed in this study, and thus, the concentrations of PCr and
total creatine used to calculate [ADP] and consecutively Qpnax
were only estimated, based on the literature data. In particular,
the estimate of constant [Cr] throughout all measurements
and that 15% of total [Cr] is not being phosphorylated at rest
might not be valid for every exercise protocol.>* However, this
assumption is commonly used for exercise protocols similar to
the one used in this study,?%3%* and as it was used to analyze
datasets measured in every experimental setup, it should not
influence the results of our comparison.

Nevertheless, all these noted limitations did not substan-
tially influence the assessed mitochondrial capacity, and
our results show that the differences in used equipment no
longer played a significant role at a higher workload (24%
MVO).

6. CONCLUSION

Our results show that several factors must be considered in
the determination of measures of mitochondrial capacity based
on dynamic *'P MRS examination. Next to similar measure-
ments and evaluation protocols, a comparable exercise work-
load, based on calibration measurements as well as on the
individual ergometer design, must be used for multicenter
studies. To overcome small discrepancies in the exercise inten-
sity, a moderately high workload (24% MVC) is beneficial, as
it provides comparable measures of mitochondrial capacity.
Attention must also be paid to the sensitive volume of the
RF-coils used, as it can influence the calculation of metabo-
lite concentrations, and, subsequently mitochondrial capacity.
Furthermore, we conclude that the increase of the magnetic
field from 3 to 7 T improves the data quality, but it does not
affect the determination of mitochondrial capacity.
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2.2.

1. Uvod

Z fyziologického hlediska je svalova kontrakce
popséna jako stahovdni auvolilovani svali na zaklad¢
aktivace pohybu myozinovych vldken podél aktinovych
struktur v sarkomerach. Tyto aktinové molekularni motory
ve svém dusledku umoznuji dva zékladni typy svalové
prace — izometrickou a izotonickou. Izotonickd prace je
zalozena na prodluzovani nebo zkracovani svall proti sta-
lému nebo meénicimu se odporu, naopak izometricka je
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zalozena na méfeni svalového napéti. Z makroskopického
hlediska lze tuto praci méfit nékolika typy ergometri a tato
méfeni umoznuji provadéni fady fyziologickych studii
a pfipadn¢ i hodnoceni klinického stavu pacientd.

Z molekularniho hlediska je palivem aktinovych mo-
lekularnich motor adenosintrifosfat (ATP), jehoz hydro-
Iyza na adenosindifosfat (ADP) a anorganicky fosfat (Pi)
zpusobuje konformaéni zmény myozinu a tim i mikrosko-
picky posun téchto vladken podél aktinu. Sledovéni zmén
koncentraci sloucenin fosforu zapojenych do syntézy
a degradace makroergnich sloucenin umoziuje in vivo
fosforova (*'P) MR spektroskopie. Tato metoda patii mezi
neinvazivni metody magnetické rezonance, kde pfedev§im
zobrazovani magnetickou rezonanci dosdhlo nejvétsiho
roz8ifeni v klinické praxi. Spektroskopické MR metody,
predeviim protonova ('H) MR spektroskopie jsou
v soucasné dob¢ nejcastéji vyuzivany jako vyzkumné me-
tody nebo specialni metody dopliiujici zobrazovaci MR
vySetfeni v klinické a experimentalni mediciné.

Predkladany ptehledny ¢lanek predstavuje tuto mezi-
oborovou biomedicinskou metodu a popisuje metodiky
méfeni a zpracovani in vivo dynamickych *'P MR vy3etie-
ni kosternich svalt ¢loveka.

1.1. In vivo *'P MR spektroskopie

3'P MR spektroskopie in vivo byla poprvé popsana
v 80. letech minulého stoleti a vzhledem k jednoduchosti
ziskani *'P MR spekter z tkani a in vivo spekter svalti ma-
Iych laboratornich zvifat pfispéla vyznamné k popisu ener-
getického metabolismu svalti'. Na konci 80. let byly jiz
k dispozici celotélové MR tomografy, které umoznily vy-
Setfovani lidskych svall, a v tomto obdobi také vznikly
zékladni publikace vénované této problematice®®. Dalsi
rozvoj metodiky nastal po roce 2010 s rozsitenim klinic-
kych celotélovych MR tomografii pracujicich se super
a ultra vysokym magnetickym polem (3T, 7T), které
umoziuji efektivnéjsi in vivo MR spektroskopii a zobrazo-
véni jinych jader nez jsou protony”*.

V soucasnosti jsou klinické MR tomografy bézné
dodavany s hardwarem a softwarem pro in vivo 'H MR
spektroskopii. Na né€kterych specializovanych pracovistich
jsou k tomuto hardwaru pfidavany multinuklearni jednot-
ky, které umoziuji méfeni i dalSich isotopid (X-nuclei
MR). Pro klinické experimenty je nejrozsifené;si sledovani
isotopu 3P které se stalo soudasti standardniho klinického
vySetieni pacientll se svalovym postizenim. V tab. I jsou
uvedeny parametry ¢tyf nejastéji sledovanych isotopil
MR spektroskopii v humanni medicing.

Isotop *'P mé jaderny spin rovny % a 100% piirodni
zastoupeni. Neni bez zajimavosti, ze prvni in vivo MR
spektra tkani byla namé&fena vysoko rozlidujici *'P NMR
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Tabulka I

Referat

MR rezonancni frekvence ( f; ) a receptivita klinicky vyuzitelnych nuklida

Nuklid Spin Pfirodni zastoupeni y[10°rad s T™'] Receptivita * fo 3T) [MHz]
'H 172 ~100 % 267 1 128

Bc 12 1,20 % 67 1,810 32

“Na 32 ~ 100 % 71 0,092 34

p 172 ~100 % 108 0,066 52

“ Receptivita = v,/ v Zx/Zy , Z — piirodni zastoupeni daného isotopu; y — gyromagneticky pomér

PUAN

teCnosti, ze v zivych tkanich je jen omezeny pocet metabo-
lith s dostate¢nou koncentraci pro méfeni *'P in vivo MR
spekter a zadny z téchto metabolitd se vyrazné neodlisuje
svou koncentraci tak, jako je tomu v piipadd "H MR spek-
troskopie, kdy o n¢kolik ¥adu silnéjsi signal vody byl po
fadu let omezujicim faktorem aplikace in vivo 'H MR
spektroskopie. Detegovatelné metabolity fosforu pozoro-
vatelné *'P MRS na celotélovych tomografech jsou prede-
v§im makroergni fosfaty zapojené do energetického meta-
bOlngII}ll,l a slou¢eniny metabolismu membranovych fosfoli-
pida

1.2. *'P MR spektrum kosternich svala v klidu a pfi
fyzické zatézi

V naméfeném *'P MR spektru kosterniho svalu (viz
obr. 1) jsou nejsnadnéji identifikovatelné signaly fosfokre-
atinu (PCr), adenosintrifosfatu (ATP) (3 multiplety — a, B,
vy — od kazdého atomu fosforu v této molekule) a anorga-
nického fosfatu (Pi), ato ipii 1,5T. Kromé téchto signali
1ze ve spektrech pozorovat Sirsi signaly odpovidajici fadé
sloucenin, napf. fosfodiesterim (PDE — glycerolfosfocho-

lin, glycerolfosfoethanolamin aj.) a fosfomonoesterim
(PME - fosfocholin, fosfoethanolamin, adenosin monofos-
fat, glukosa-6-fosfat aj.), viz tab. II. Tyto signaly se pie-
kryvaji a jejich identifikace se sice zlepSuje s pfechodem
k vys$8im polim, ale je obtizna i pfi magnetickém poli 7T.

Klidové *'P MR spektrum lytkovych svald tak, jak je
uvedeno na obr. 1, se pii fyzické zat¢zi svalu vyrazné¢ méni
a pro zpracovani dat a jejich interpretaci je nezbytné za-
znamenat ¢asové zmény chemickych posund a intenzit
signalti, obvykle v prib&hu nékolika minut cviceni, viz
obr. 2. Tento zpisob ziskani *'P spekter se také nazyva
dynamicka nebo zatézova *'P MR spektroskopie. Celé
vySetieni pii cviCeni je rozdéleno do ti ¢asti. V klidovém
stavu jsou intenzity signald konstantni a ziskané hodnoty
koncentraci nebo intenzit signalii slouzi jako pocatecni
hodnoty pro dalsi vypoclty. Pfi cviceni dochézi k poklesu
PCr a zvySovani intenzity signalu Pi. Po ukonceni cviceni
se signaly vraceji do pivodniho stavu. V tomto ¢asovém
useku jsou také pozorovatelné zmény v oblastech signala
PME a PDE, ale tyto zmény se obvykle nesleduji vzhle-
dem k nizké intenzité signaldi. Casovy prabéh zmén inten-
zit signalti se pouziva pro sledovani metabolického stavu
svalu pro experimentalni nebo klinické ucely.

0,6 /
. |
= 0,4
5 PCr Pi /
s 6
© 64
5 0,2 J
N 2 (\/\
g 51 /\WN HWWW/ War
(=
£ 4] 00, | J!\\PDE
3] AT
)] | 6 4 2
1 \ “\
i o L \ o N pnns SN 3T
P 15 \ N ATP T GATP ~ BAT P
O J ’ I T H/31P dudlini povrchova civka
a) 5 0 -5 -10 -15 frekvence, ppm b)

Obr. 1. a) Klidové *'P MR spektrum z Iytkového svalu pii 3T a 7T zdravého dobrovolnika. Spektra byla m&fena dualni "HA'P povr-

chovou civkou (primér 11 cm; 16 akvizic; repetiéni ¢as 15 s; nabér signalu z volné precese); b) P¥iény '"H MR obraz Iytka. Signal *!

Pje

lokalizovan povrchovou civkou z objemu vrchliku s polomérem stejnym jako ma civka
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Tabulka II

Chemické posuny hlavnich MR viditelnych fosforovych metaboliti

Referat

11,29-31

Fosforova slouc¢enina

d

ATP-a

ATP-B

ATP-y

PCr

Pi

PDE

PME

ADP-a

ADP-$

AMP

Nikotinamidadenin dinukleotid (NADH)
2,3-Difosfoglycerat

Glukosa-6-fosfat

Glukosa-1-fosfat

Glycerol-1-fosfat

Fruktosa-6-fosfat

Fosfoethanolamin

Fosfocholin

Glycero-3-fosfocholin
1,2-Dihexadekanoyl-sn-glycero-3-fosfocholin
Glycero-3-fosfoethanolamin
1,2-Dihexadekanoyl-sn-glycero-3-fosfoethanolamin
Fosfoenolpyruvat

~7,52 (3400%; 47%%)
~16,26 (3900%; 55%%)
~2,48 (5500%; 62*%)
0,00 (6700%; 350**)
5,02 (6900%; 153*%)
2,76 a 3,20 (8600%; 414**)
5,88 26,78 (8100%)
7,05

3,09

6,33

83

6,6 & 5.5

7,20

5,15

7,02

6,64

6,78

5,88

2,80

2,18

3,30

2,80

2,06

Chemické posuny jsou vztazeny k signalu fosfokreatinu; vodné roztoky, pH 7; (Relaxacni Casy nejdilezitéjSich metaboli-

032

ta’” pti 3T jsou uvedeny v zavorkach: *T1 [ms]; **T2 [ms])

-10

Obr. 2. Kumulovany graf (stack plot) dynamické *'P MR
spektroskopie (vybér 4 spekter pfed zahajenim cviceni, 7 spekter
béhem cviceni a 8 spekter z klidové periody po cviceni), nabér
signalu z volné precese
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1.3. Technika méfeni spekter in vivo dynamickou
3P MR spektroskopii

Technika mé&feni in vivo *'P MR spekter na celotélo-
vych tomografech se od technik vysoko rozliSujici NMR
spektroskopie 1i8i predevsim konstrukci snimacich civek
a pouzitim ergometrt, které jsou nezbytné pro dosazeni
metabolickych zmén v métené tkani. Jak jiz bylo feceno
vyse, receptivita °'P je znaén& mensi nez protontl, a proto
se pro invivo °'P MR spektroskopii vyuzivaji povrchové
civky, které mohou méfit signal z dostatec¢né velkého obje-
mu a z minimalni vzdélenosti od vySetfované oblasti. Je-
jich nevyhodou je citlivost zavisla na vzdalenosti tkané¢ od
civky (viz obr. 1) a tento fakt zt€Zuje hlavné kvantitativni
interpretaci®'*">.

Hlavnim instrumentariem dynamické in vivo *'P MR
spektroskopie je MR kompatibilni ergometr s *'P civkou.
Jeho hlavni odli$nosti od béZnych sportovnich nebo klinic-
kych ergometrl je jeho konstrukce z nemagnetickych ma-
terialt. Vzhledem k priméru tunelti celotélovych MR to-
mografii (50-70 cm) musi byt konstrukce ergometru rela-
tivné subtilni, ale pevna a musi umoziovat pohyb vysetfo-
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a) opticka signalizace

seslapovani

uchyceni nohy

N

1H/31P povrchova civka

ergometr

3T magnet

lanko zavazi

Referat

monitorovani
seslapovani pedalu

Obr. 3. a) Schéma zapojeni MR kompatibilniho ergometru; b) konstrukce nosi¢e zivaZi a monitorovani zatéze; ¢) dualni 'H/'P
povrchova civka (Rapid, Némecko); d) pedalovy systém ergometru; e) fotografie umisténi zarizeni a vySetfovaného subjektu pied

magnetem tomografu, (vysetieni probihd uvnitf magnetu)

vané koncetiny. Konstrukce ergometru by méla umoznovat
kvantitativni méfeni vykonané prace, regulaci zatéze
a v neposledni fad¢ zarucovat komfort vySetfovaného sub-
jektu béhem vySetfeni, které by nemélo piesahnout
60 minut. MR kompatibilni ergometry jsou bud’ mechanic-
ké, nebo pneumatické. Jsou dostupné komeréné, ale fada
pracovi§t pouzivd ergometry vlastni konstrukce'*.
V celotélovych MR tomografech se nejcastéji provadi
méfeni lytkovych a stehennich svalt. Celd fada studii vSak
byla provedena i na horizontalnich experimentalnich to-
mografech s primérem tunelu kolem 20 cm, a to zvlasté
pii zat&zi svali predlokti (napk. cviGeni prsty rukou'?).

Prikladem ergometru pro 3T MR tomograf je jeho
konstrukce v IKEM uvedena na obr. 3.

1.4. Zpracovani dynamickych *'P MR spekter

Zpracovani spekter se provadi bézné dostupnym soft-
warem a pro fosforovou MRS je typické pouzivani poméra
intenzit signalu jednotlivych metaboliti a to jak na zakladé
integrace jednotlivych oblasti ve spektru, tak vysek jednot-
livych signali. K tomu slouzi jednak firemni software
pfimo na MR tomografech nebo off line software.
V in vivo MR spektroskopii jsou nejoblibenéjSimi progra-
my jJMRUI (cit.'®), LCModel (cit.'”) a dalsi.

Meéteni absolutnich koncentraci je obtizné vzhledem
k pouzivani povrchovych civek, kde hraje roli napf. zavis-
lost sklapéciho uhlu radiofrekvencéniho pulzu na vzdéle-
nosti vySetfovaného mista od civky, vliv excitacniho profi-
lu civky nebo nehomogenita vySetfované oblasti. Doporu-
covany jsou techniky externiho standardu nebo modelova-
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ni excitaéniho profilu®'*'*. Pro absolutni kvantifikaci lze
také pouzit molarni koncentraci ATP ve svalu zndmou
z biochemickych stanoveni, tj. 8,2 mmol I"". Tato hodnota
je ov7§em jen orientacni a lze ji pouzit jen u zdravych sub-
jekta’.

2. Metabolické dé&je a *'P MR spektroskopie
v klidu a p¥i fyzické zatézi

2.1. Zakladni rovnice pro zpracovani dat dynamické
3P MR spektroskopie

Pii kazdé svalové praci dochazi k hydrolyze ATP,
ktera je popsana sumarni rovnici:

ATP — ADP + Pi + H' + energie ()

Ve svalu je relativné stala zasoba ATP (8,2 mmol 1)
a okamzity ubytek ATP je kompenzovan hydrolyzou fos-
fokreatinu v reakci katalyzované kreatinkinasou (2). Ta
vSak postaci pokryt potiebu ATP jen po dobu 7 az 10
sekund.

PCr+ ADP + H™ &> ATP + kreatin

®)

PCr tak udrzuje stalou koncentraci ATP pro svalové
kontrakce, nez se rozbéhnou dalsi metabolické pochody
poskytujici ATP. Tento mechanismus je také aktivni
v klidovém stavu, kdy je energie spotifebovavana prede-
v§im na udrZeni teploty svalu.
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Syntéza ATP v kosternim svalu je zprostfedkovana
dvéma mechanismy — anaerobni a aerobni glykolyzou.
Prvni mechanismus, ktery dlouhodobé hradi ubytek ATP,
je anaerobni glykolyza. Je to nékolikastupnovy proces,
ktery lze sumarizovat jako tvorbu dvou molekul ATP
z jedné molekuly glukosy, jak ukazuje sumarni rovnice:

C,H,,0,+2 ADP +2 Pig— 2 laktét + 2 ATP +2 H,0 +2H"

)

Vyhodou anaerobni glykolyzy je jeji rychlost. Nevy-
hodou této metabolické drahy je jeji nizka Gcinnost (zisk
pouze 2 molekul ATP z 1 molekuly glukosy) a generovani
piebyte¢ného H' a s tim spojeny nésledny pokles pH sva-
Iu, tedy acidoza.

Druhym hlavnim mechanismem tvorby ATP je oxida-
tivni fosforylace. Tato metabolicka draha funguje jak pfi
zatezi, tak po jejim skonceni, nezptisobuje pokles pH svalu
a je dana mitochondrialnim dychanim. Probiha ve dvou
stupnich — oxidativni glykolyzou a Krebsovym cyklem.
Sumarni rovnice ukazuje, Ze timto zpusobem lze zjedné
molekuly glukosy ziskat o tad vice molekul ATP nez
v anaerobni glykolyze.

C,H,0, +32 ADP+6 0,—32 ATP+6H,0+6CO,  (4)

Rovnice (/) —(4) sumarizuji zakladni biochemické
déje spojené se svalovou Cinnosti. Detailné se jednotlivé
reakéni stupné popisuji metabolickymi toky (metabolic
fluxes). V energetickém metabolismu svalu to jsou nejcas-
téji metabolické toky popisujici vznik ATP z PCr
(ATPgyx pcr), z anaerobni glykolyzy (ATPpy 1) a z oxida-
tivni fosforylace (ATPgyu 0x). Podobné jsou parametrem
Her ux popisovany metabolické toky volnych H™ smérem
z cytosolu svalovych bunék.

5 — . —7,15pH
® , [ Klid zatéz odpocinek
o~
L 17,10
e
)
B 2
47,05
1
0 | L L N 7100
0 200 400 600 800
a) ¢as, s
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2.2. Informace ze spekter ziskanych dynamickou
*'P MR spektroskopif

Obr. 4 predstavuje pribéh zmén intenzit signaltt PCr
a Pi experimentalné ziskanych pfimo ze spekter dynamic-
ké MR spektroskopie. Tyto intenzity signali jsou umérné
koncentracim metaboliti v métené tkani. Kromé téchto
zmén intenzit signall sloucenin PCr, Pi vystupuji-
cich v rovnicich (1) —(5), lze pouzit pro vypocet pH
a koncentrace volného hot¢iku zmény chemickych posunil
v pribéhu fyzické zatéze. Vypocet intracelularniho pH ve
svalu lze provést podle modifikované Hendersonovy-
Hasselbachovy rovnice":

pH = pKp + log [(3pi — 1p)/( Op — Spi)] = 6,77+log [(Spi —
-3,23)/(5,7 — dpi)] (6)]

kde K, je disocia¢ni konstanta pro rovnovahu:

H,PO, «—HPO; +H" @)

Op; je rozdil chemickych posunti Pi a PCr (PCr slouzi jako
interni standard s chemickym posunem = 0 ppm), dyp a Sp
jsou limitni posuny protonizovaného a volného Pi.

Podobné¢ 1ze vyuzit i chemické posuny signali aATP
a BATP pro vypocet koncentrace hoi¢iku ve svalové tkani
pro zpfesnéni popisu reakci katalyzovanych kreatinkinasou
a adenylatkinasou”'>'®.

Experimentalné zjistény pribéh zmén koncentraci
metabolitli a pH na obr. 4 popisuje tii metabolické pocho-
dy, popsané sumarnimi rovnicemi (/) —(4). V klidovém
stavu se koncentrace Pi, PCr a pH neméni. Po zacatku
cviceni klesa intenzita signalu PCr a roste signal Pi podle
rovnice (2). Soucasné po kratkou dobu roste pH, protoze
H" ionty jsou spotfebovavany v reakci katalyzované krea-
tinkinasou. Po nékolika sekundach se zac¢ne uplatnovat
anaerobni glykolyza, ktera produkuje H" a pH mirné klesa
az do ukonceni cviceni jako dasledek vzajemného puisobe-
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Obr. 4 a) Casovy priibéh zmén intenzit signali PCr, Pi a pH pied, p¥i a po cvi¢eni u typického netrénovaného zdravého dobrovol-
nika — popis viz text; b) pribéh zmén PCr u pacienta se zavaznou ischemii dolni koncetiny a dobi'e kompenzovaného pacienta po
Tx jater. U ischemie jsou kvantitativni ukazatele signifikantné odlisné od hodnot kompenzovaného pacienta nebo kontrolnich hodnot
Qmax_app [mmol §77:0,24 < 0,66 = 0,57£0,24; tpc, [s]: 197 > 57 =~ 44+19 ; (vySetieni pacientti a dobrovolniki bylo provedeno v souladu

se schvalenim etickou komisi IKEM a TN)



Chem. Listy 771, 516523 (2017)

ni anaerobni a aerobni glykolyzy. Po ukonceni cviceni se
uplatiiuje pouze aerobni glykolyza, pH stoupd spolecné
s poklesem Pi a ristem PCr podle reverzni rovnice (2).
Zhruba po Sesti minutach klidu jsou hodnoty Pi, PCr a pH
na puvodnich hodnotach. Zmény intenzit BATP demon-
strované grafem na obr. 2 stejné jako intenzity PDE kolisa-
ji a nelze je pouzit pro kvantitativni hodnoceni dat vzhle-
dem k velké experimentalni chybé.

Pro kvantitativni popis dynamického *'P MR experi-
mentu, ktery umoziiuje porovnani riznych subjekti nebo
experimentl, se pouziva n€kolik parametrii. Jak jiz bylo
vySe zminéno, pii vySetifovani kosterniho svalu pti zatézi
je nejvyhodngjii sledovani zmén *'P signali po fyzické
zatézi. Po cviCeni probiha dopliovani koncentrace ATP
aerobni metabolickou drahou. Ptispévek anaerobniho me-
tabolismu se povazuje za zanedbatelny®. Sou¢asné se re-
verzni kinasovou reakci vraci intenzita signalu PCr do
klidovych hodnot a matematickou analyzou prib&hu na-
vratu se ziskaji informace o mitochondridlni syntéze ATP.
Navrat intenzit signalu PCr do rovnovazného stavu je
popséan exponencialni rovnici:

[PCr](t) = [PCr]cichrA[PCr](lfe"/ Tocr) 7)
kde [PCr]. .« je koncentrace PCr na konci cviceni (obvykle
je to koncentrace méfena béhem poslednich 30 s cviceni),
A[PCr] je rozdil koncentraci v klidu a na konci cviceni
[PCr]e ex- Trer je Casova konstanta charakterizujici rychlost
navratu (relaxaci) PCr do klidového stavu, ktera se ziska
fitovanim experimentalnich hodnot.

Pocatecni rychlost resyntézy PCr — Vipc,, ktera cha-
rakterizuje oxidativni fosforyla¢ni tok'® ATPguy per (Vyjma
bazalniho ptispévku), je popsana vztahem:

Virer ® ATPyux per = [PCr] / Tpey

(C))
bolicky stav svalu je mitochondrialni kapacita svalu® —
Qmax (9). Je to maximalni rychlost oxidativni syntézy ATP
v mitochondriich, kterou jsou schopny mitochondrie do-
sahnout. Tento parametr je zavisly jen na po¢tu mitochon-
drii a jejich oxidativnich schopnostech a je nezavisly na
velikosti svalu.

V prvnim zpusobu vypoltu Qu. se vychazi
z linearniho modelu stanoveni maximalni rychlosti oxida-
tivni syntézy ATP, ktery predpoklada linearni vztah mezi
Viper @ velikosti poklesu PCr. Pfi extrapolaci na 100%
pokles PCr by Vipc, mélo odpovidat mitochondrialni kapa-
cité (Qmaxﬁl):

Qmax_l = [Pcr]klid/ TpCr (9)

Tento model ma viak fadu omezeni®*' a jeho vyznam
je pouze orientacni.

Nejcastéji  se ziskava mitochondrialni kapacita
zrychlosti resyntézy PCr pomoci rovnice Michaelise-
Mentenové pro enzymatickou reakci:

QmaxﬁADP :ViPCr(lJer/ [ADP ]cicx )=

= ATPﬂuxﬁPCr (1+Km/[ADP]Cicx ) (10)
kde K, = 30 uM je konstanta Michaelise-Mentenové pro
kreatin kinasovou reakci. Hodnoty koncentrace ADP na
konci cviceni [ADP]; . se ziskaji vypoctem z rovnice:
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[ADP]. ox = [CrITATPY/[PCr][H'] Kck (1)
kde rovnovazna konstanta kreatin kinasové reakce Kck je
pfiblizné rovna = 1,66-10° M,

Pii vypoitu ADP se vychazi z predpokladu™, ze
celkova koncentrace kreatinu [tCr] vklidu je pfiblizné
42 mM nebo ze klidovy podil PCr k celkovému obsahu
kreatinu je 85 % pfi konstantni koncentraci ATP 8,2 mM.

Mitochondridlni kapacita a dals$i parametry popsané
rovnicemi (7) — (/1) se nejcastéji pouzivaji pro charakteri-
zaci metabolismu kosterniho svalu v klinickych aplikacich.
Nicméné i pro tento nejjednodussi hyperbolicky model
reakce Michalise-Mentenové plati fada omezeni — napf.
rychlostni konstanta resyntézy ATP se mlze ménit
v pribéhu zatéze a konstanta K,, se li§i pro rdzné typy
bunék.

Pro mitochondrialni syntézu ATP, ktera vykazuje
sigmoidni kinetiku, byl navrzen model vychéazejici
z Hillovy rovnice, ktery upravuje rovnici (//) konstantou n
(Hillova konstanta)®'®. Tato obecnéjsi forma rovnice zahr-
nuje i prispévek bazalni mitochondrialni kapacity Q, tj.
pfispévek oxidativniho metabolismu svalu v klidu:

Qmaxin = (ATPﬂuxiPCr + Qb) {1+ (Km/[ADP]CicX)n}
Hodnota ATPy, pc; se ziska ze vztahu (11).
Odlisny ptistup k vypoctu Qu,y nabizi model zalozeny

na termodynamickém popisu mitochondridlnich funkci

blizko rovnovahy (non equilibrium thermodynamics —

NET). Model vychazi ze vztahu pro volnou energii oxida-

tivni syntézy ATP:

AGatp= AG’,1p+ RTIn ([ADP][Pi]/[ATP])
Pro vypocet Qp.x byl navrzen vztah ve tvaru:

Qmax_G = (ATPﬂuxiPCr + Qb) {A.exp[AGATP - C/(RT)] - 1}/
/{A-exp[AGATP — C/(RT)] + B}A 14
kde A je konstanta = 1 pro nejjednodussi pfeménu substra-
tu na produkt, B je konstanta vztahujici se
k termodynamické reverzibilité a C je volna energiec ATP
pti nulové Vipc;.

Hodnoty parametrt ziskané z rovnic (5) — (/4) tvoii
soubor zakladnich hodnot pro studium metabolismu svalu
pomoci *'P MR spektroskopie. Je nutné poznamenat, e
absolutni hodnoty mitochondridlnich kapacit Quax G,
Qmaxins QmaxﬁADPa Qmaxﬁl VYPOétené pOdle vztahtl (9) - (14)
nejsou porovnatelné. Pro kvantitativni vypocty se pouziva
fada konstant, které byly a jsou ziskavany rdznymi zpiso-
by. Tab. III sumarizuje hodnoty konstant pouzivané pro
vypocet parametri energetického metabolismu svald.

Jak jiz bylo uvedeno vyse, vztahy (5) — (/4) jsou plat-
né pro Cisté nebo prevazujici aerobni syntézu ATP po
ukonceni zatéze a navratu svall do klidového stavu.

Pokud se provadi detailni analyza dat ziskanych po
zacatku cviceni, je nezbytné uvazovat o piispévku tvorby
ATP anaerobnim mechanismem a do tohoto experimental-
niho modelu zahrnout vliv zmény koncentrace H" (zmény
pH). Jak ukazuje obr. 4, zavislost pH v priubéhu cviceni je
dost slozita, protoZe pii kreatin kinasové reakci se H' ionty
spotiebovavaji a anaerobni glykolyza naopak H" produku-
je. Mnozstvi H' zavisi na t¢innosti oxidativni fosforylace

(12)

(I3)
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Tabulka III
Parametry pouzivané pro feSeni rovnic (/0) — (14)
Velicina Hodnota Jednotka Lit.
K Konstanta Michaelise-Mentenové 30 uM 4
n Hillova konstanta ~2 - 19
Qo Bazalni mitochondrialni kapacita 1,5-2,4 mM min! 7
AG 1p Volna energie ATP -32 kIM! 15
Kk Rovnovazna konstanta kreatin kinasové 1,66-10° M 33
reakce

[Cr]+[PCr] Celkova koncentrace kreatinu 42 mM 13
[ATP] Klidova koncentrace ATP 8,2 mM 13
[PCr])/(JCr]+[PCr]) Klidovy pomér fosfokreatinu viici celkové 0,85 - 15

koncentraci kreatinu

a celkové zmény popisuje parametr Hee gux. Kromé toho
mnoZstvi volnych H" reguluje pufra¢ni schopnost bungk
popisovana parametrem Hpugr. Obé& tyto veli¢iny jsou funk-
ci koncentrace PCr a pH a daji se dopogitat™®*,

Rychlost syntézy ATP anaerobni glykolyzou ATPyyy g
za predpokladu, Ze pfi anaerobni glykolyze pfipadd na
jeden mol ATP 2/3 molu H" a kreatinova a oxidativni fos-
forylace produkuji g a m molti H" Ize vypogitat nésledujici
rovnici. Parametry g a m jsou zavislé na pH.

ATPﬂux gl = 32 a—Ief_ flux T Hpufer_ gATPﬂux_PCr - 1’nA‘TPﬂux_Ox) (] -ﬂ

3. Aplikace in vivo *'P MR spektroskopie

Dynamicka *'P MR spektroskopie spole¢n& s méfe-
nim klidovych hodnot koncentraci fosforovych metabolit
nachazi zajimavé uplatnéni v biomediciné. Diky rozsahlé-
mu teoretickému zazemi, které je k dispozici od 90. let
minulého stoleti, lze na riznych modelech sledovat ener-
geticky metabolismus kosterniho svalu. Prace zalozené na
*'P MR spektroskopii vyznamné piispély k popisu metabo-
lickych drah. K tomu pomohly i klinické studie svall riz-
nych pacientl provadéné od druhé poloviny 80. let minulé-
ho stoleti a to hlavné¢ u méné Castych svalovych onemoc-
néni jako napf. Mc Ardleho onemocnéni, Duchennova
a Beckerova dystrofie a dal$i** . Je nutné poznamenat, ze
fada nalezl je nespecifickd, a proto je pro klinické tucely
vyhodné kombinovat vysledky *'P MR spektroskopie
s ostatnimi klinickymi metodami a vysledky ziskanymi
u kontrolnich skupin.

V poslednich nékolika letech se obnovil zajem o pou-
7iti dynamické *'P MR spektroskopie hlavné v souvislosti
se studiem metabolického syndromu™?*, a to piedeviim
diabetu a obezity a pii sledovani vysledkt 1é¢by ischemic-
kych onemocnéni, kdy bézné klinické piistupy neposkytuji
dostatecné vysledky. Z porovnani prib&hu a velikosti zmén
Qumax» Teer @ dalSich parametrli u pacientl a z jejich porov-
nani s kontrolnimi hodnotami lze upfesiiovat diagnostiku
tak, jako je uvedeno na piikladu v obr. 4b.
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4. Zaveér

Dynamické in vivo *'P MR spektroskopie je unikétni
vySetfovaci metoda kosterniho svalstva, kterda umoznuje in
vivo kvantifikovat metabolické pochody fosforovych meta-
bolitii. Pro svoji neinvazivnost se hodi zv1asté pro biome-
dicinské a klinické studie a poskytuje fadu informaci ne-
zbytnych pro pochopeni biochemickych pochodii v zivych
tkanich.

Studie byla podporena MZ CR — RVO (, Institut kli-
nické a experimentalni mediciny — IKEM, IC 00023001 )
a GA UK (projekt ¢. 315), Ceskd republika.
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The constructions of super high (3T) and ultra high
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decade have enabled many MR imaging and spectroscopy
experiments with other nuclei than protons. The paper
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Summary

Introduction

Type | diabetes mellitus (DM1) is a complex disease with adverse effects on organs and
tissues despite compensation by insulin treatment. The goal of our study was to study how
kidney diseases change *P MR parameters of muscle metabolism in DM1 patients with
respect to gender.

Materials and Methods

51 DM1 patients (19m/14f without and 13m/5f with nephropathy) and 26 (14m/12f) healthy
volunteers were successfully examined using *'P magnetic resonance spectroscopy at 3T
tomograph at rest, and during and after a calf muscle exercise. The exercise consisted of a six-
minute plantar flexion using a pedal ergometer followed by a six-minute recovery.

Results

It is reflected by reduced relative B-ATP and increased Pi and phosphodiester signals to
phosphocreatine (PCr) at rest and prolongation of the PCr recovery time after the exercise.
Measurement on healthy volunteers indicated differences between males and females in pH at
the rest and after the exercise only. These differences between patients groups were not
significant.

Conclusions

We have proven that nephropathy affects the metabolism in diabetic patients and our results
confirm significant difference between patients with and without nephropathy. Gender
differences in pH were observed only between male and female healthy volunteers.

Keywords

Magnetic Resonance Spectroscopy, Diabetes Mellitus Type 1, Energy Metabolism



Introduction

Phosphorous magnetic resonance spectroscopy (**P MRS) is a noninvasive method allowing
for in vivo investigation of energy metabolism in muscles based on detecting *!P signals
originated from phosphocreatine (PCr), inorganic phosphate (Pi), adenosine triphosphate
(ATP), phosphodiesters (PDE), phosphomonoesters (PME) and nicotinamide adenine
dinucleotide (NADH) (Valkovi¢ et al. 2017, Argov et al. 2000). In addition, intramyocellular
pH can be determined from chemical shift differences between PCr and Pi (Moon and
Richards 1973). During dynamic **P MRS, physical exercise and measurement of *'P MR
spectra from muscle are combined (Sedivy et al. 2015, Kemp et al. 2015, Kemp and Radda
1994).

During a physical exercise, the muscle uses energy from ATP which is immediately
resynthesized from PCr through creatine-kinase reaction. PCr drop is stopped by two
mechanisms that produce ATP during exercise. The first mechanism is anaerobic glycolysis
that provides ATP during the exercise activity. It generates protons and causes a decrease in
muscle pH (Kemp et al. 2001, Robergs et al. 2004). The second process is oxidative
phosphorylation which continues after the exercise. During exercise and recovery period
changes of PCr, Pi and pH are monitored and other important parameters as mitochondrial
capacity could be calculated (Qmax) (Kemp and Radda 1994). Mitochondrial capacity
expresses the maximal possible extent of mitochondrial aerobic metabolism. A high
mitochondrial capacity calculated from 3P MRS is associated with a good function of
mitochondria and correlates well with oxidative capacity of mitochondria isolated from
muscle biopsies (Lanza et al. 2011).

Patients with type | diabetes mellitus (DM1) suffer from the lack of insulin due to the
autoimmune destruction of the insulin-producing beta cells in the pancreas. Insulin regulates

the uptake of glucose into muscle cells via the GLUT-4 transporter. Insulin also promotes



glycogen, lipid and protein synthesis in muscle cells, while suppressing lipolysis and
gluconeogenesis from muscle amino acids; therefore, it is closely related to energy
metabolism (Wilcox 2005).

Even in the case of insulin substitution therapy, glycemia in DM1 patients often oscillates
between hyper- and hypoglycemic levels. Poorly managed DM1 may lead eventually to
cardiovascular diseases, diabetic neuropathy, retinopathy, nephropathy or a diabetic foot
syndrome (Brownlee 2001). A number of DM1 patients also exhibit insulin resistance
(Bergman et al. 2012, Cree-Green et al. 2015) and higher deposition of intramyocellular
lipids (IMCL) (Perseghin et al. 2003) similarly as in DM2 patients owing to impaired
mitochondrial metabolism (Szendroedi et al. 2008, Petersen et al. 2004).

Changes in mitochondrial metabolism in DM1 were proven by in vitro studies, which
revealed changes in mitochondrial gene expression (Antonetti et al. 1995, Karakelides et al.
2007) with a reduction in ATP production. The change of mitochondrial function in diabetes
mellitus is explained by glucose toxicity (Rossetti et al. 1995, Rabol et al. 2009), lipotoxicity
(Perseghin et al. 2003), the effect of chronic hyperinsulinemia (Karakelides et al. 2007) or by
reduced nutrient delivery due to limited insulin action and glucose transport (Yki-Jarvinen et
al. 1990) or as a result of a reduced muscle blood flow and oxygen supply attributable to
microangiopathy (Cree-Green et al. 2015).

Only a few dynamic in vivo studies were performed on type I diabetes mellitus (Cree-Green et
al. 2015, Crowther et al. 2003, Item et al. 2011). A significantly decreased mitochondrial
capacity was found in DML1 patients (males only) compared to controls (Crowther et al.
2003). Mean mitochondrial capacity in female patients did not change in comparison with
female controls (Item et al. 2011) but a negative correlation between the value of glycosylated
hemoglobin and the individual mitochondrial capacity was noted. Although specific

differences were described separately for males and females (Crowther et al. 2003, Item et al.



2011), these studies did not compare males and females directly and provided somewhat
contradictory results.

One of the most serious complications of diabetes mellitus is nephropathy. It is characterized
as insufficient kidney function; it means that concentrations of several ions, creatine, urea, etc.
are increasing in blood. Also metabolism of amino acids is negatively affected and patients
suffer from the erythropoietin and vitamin D deficiency. In this condition the skeletal muscles
are atrophied (Fahal 2014) and energy metabolism is impaired (Taborsky et al. 1993, Kemp et
al. 1995). Nephropathy patients have bigger drop of PCr and pH during exercise (Kemp et al.
1995) and lower PCr/Pi ratio at rest (Taborsky et al. 1993).

The aim of our study was to answer the following two questions:

1) Can we see gender specific differences in the rest and dynamic 3'P parameters in our DM1
patients and controls?

2) How nephropathy in DM1 patients changes the rest and dynamic *'P parameters?

Methods

Subjects

Overall 59 diabetic patients (38m/21f) were recruited for the study from our Department of
diabetology according to their clinical examinations and laboratory results. In addition 12
healthy females (Cf) and 14 healthy males (Cm) participated in the study as control groups.
Based on questionnaire none of them was an active sportsman and all had predominantly
sedentary jobs.

The subjects were divided into subgroups according the gender (male - m; female - f) and
clinical diagnosis (controls - C; patients without nephropathy - DM1; patients with
nephropathy - DM1N), see Table 1. Subjects with a low workload during the exercise (drop of

PCr lower than 15 %) were excluded (6m/2f patients) from the study. Diabetic patients were



treated by insulin substitution therapy; patients with nephropathy suffered from kidney failure
and were on a waiting list for kidney transplantation. The age, BMI, glycosylated hemoglobin
(HbAZ1c) and creatinine from blood samples (results from clinical reports) of all subgroups are
listed in Table 1.

In addition, ten healthy volunteers were examined to assess the quality measurement of the
1P MR spectroscopy of the calf muscle at rest: five of them were examined three times in
independent sessions and five volunteers once with three measurements. Long-term
reproducibility of the dynamic protocol for the assessment of mitochondrial capacity was
tested on two healthy subjects (25 and 65 years old): 3 and 5 dynamic **P MRS examinations
were performed in three and five subsequent weeks in the same time of the day.

All subjects were informed about the examination protocol and they signed their consent with
the study. The study was approved by the local ethics committee. All subjects also filled out a

questionnaire about their physical condition, sport activities and living habits.

MR examination

MR examinations were performed using a whole-body 3T MR system TRIO (Siemens,
Erlangen, Germany) with a dual-channel *H/*'P surface coil (Rapid Biomedical, Rimpar,
Germany). All subjects were examined in a supine position with the coil fixed under the
musculus gastrocnemius. The positioning of the muscle over the coil was verified using a
localizer sequence. 3P MR spectra at rest were acquired by a non-localized acquisition
sequence FID with the following parameters: acquisition delay TE* = 0.4 ms, TR = 15 s,
number of acquisitions NA = 16, vector size of 1024. Magnetic field homogeneity was
optimized by the localized shimming of the water signal.

Dynamic *'P MR spectra were obtained by the FID sequence with the following parameters:

TE*=0.4ms, TR =25, NA = 1, vector size of 1024; number of measurements = 420. Our



standard exercise examination protocol was divided into three parts: a two-minute rest period,
a six-minute exercise period and a six-minute recovery period. The exercise was performed
with a home-built ergometer by the plantar flexion twice per repetition time (2s) with a
power below 60% of maximal power that had been measured by dynamometer, for more
details see (Sedivy et al. 2015). Acoustic synchronization was used to navigate the subjects

during the exercise period of the experiment.

Spectra evaluation

Spectra were analyzed by the AMARES time domain fitting routine (drawing upon prior
knowledge) (Vanhamme et al. 1997) in the jMRUI 5.0 software package. Lorentzian line
shapes were used for the fitting of singlets of PCr, Pi, PDE (glycerol-3-phosphorylcholine and
glycerol-3-phosphorylethanolamine), PME (phosphorylcholine and phosphorylethanolamine)
and NADH signals. The ATP peaks were fitted as two doublets (a-ATP, and y-ATP) and a
triplet (B-ATP). Integral intensities were related to total integral of the whole spectra.

The relative chemical shift of Pi and PCr (J in ppm) was used to calculate the intracellular pH

according to the Henderson-Hasselbalch equation (Moon and Richards 1973):

pH = 6.75+log [(8P; — 3.27)/(5.63 — &P;)] 1)

The PCr changes during the recovery period were fitted by a mono-exponential function to
evaluate the PCr recovery rate:

[PCr](t) = [PCrle extA[PCr](1 — & “%pcy) )

where t is time, [PCr]e ex is the PCr amount at the end of the exercise, A[PCr] is the difference
in the PCr amount at rest and at the end of the exercise, and tpc, is the time constant of the PCr

recovery rate.



The initial PCr recovery rate (Vipcr) roughly representing the ATP turnover at the end of the

exercise was calculated as follows:

Viecr = [PCrl/tp, (3)

Mitochondrial capacity Qmax Was calculated according to the model of Michaelis & Menten,
taking into account adenosine diphosphate at the end of the exercise activity ([ADP]c ex, Vircr,
and the Michaelis-Menten constant (K,), which was assumed to be 30 uM (Kemp 1994):

Qmax_ADP = ViPCr (l+Km/[ADP]e_ex) (4)

where [ADP]. x was calculated according to the method described by Kemp (Kemp et al.
1993), assuming constant total creatine concentration throughout all measurements and 15%
of total creatine not being phosphorylated in the resting state (Boska 1994)

[ADP]._ex = [CrIIATP/[PCrI[H'] Kek ()

where [H™] is the concentration of proton ions and Kc is the equilibrium constant.
Absolute concentrations of PCr necessary for evaluation were calculated from PCr/B-ATP
ratios assuming constant ATP concentration of 8.2 mM in the muscle tissue (Kemp et al.

2007, Taylor et al. 1986).

Statistical evaluation

For the comparison of individual parameters of the patient and control groups, statistics was
done using the Prism6 software. According to the Shapiro-Wilk normality tests, parametric or
non-parametric multiple comparison (ANOVA Sidak’s multiple comparisons and/or Kruskal-
Wallis) was undertaken (the probability level of p<0.05 was considered as statistically
significant). As some data did not follow normal distribution, Spearman’s correlation analysis

was conducted (the probability level of p<0.005 was considered as statistically significant).
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Results

An initial test on healthy volunteers revealed that the reproducibility of metabolic ratios
measurements at rest are: B-ATP/Piw: - 3%, Pi/Pi - 6%, PDE/Py - 8%, PCr/Pi - 8%, pH -
0.2%. The reproducibility of Qmax and tpcr was found 10%, and 25%, resp.

Groups of patients and controls did not significantly differ in terms of the mean age and BMI
independently of gender (see Table 1). As expected, the creatinine was significantly higher in
patient groups with nephropathy from the others. Similarly, significantly higher values of
HbA1c were found in DM1 and DM1N groups compared to healthy controls.

The results of *'P MR spectroscopy at rest and exercise are summarized in Tables 2 and 3.
Signal intensities of PCr, Pi, B-ATP, and PDE related to the total spectrum integral (Py«:) and
pH were evaluated at rest. Significantly decreased B-ATP/Py: and increased Pi/Py: and
PDE/Py ratios were observed in nephropatic DM1 patients to controls; B-ATP/P; was also
able to distinguish groups of patients with and without nephropathy. When dividing groups
according to gender, only the B-ATP/Py ratio was significantly different between male groups
of nephropatic patients and controls. In addition, we found significantly higher pH in male
control group compared to female healthy controls. These gender effects were not observed in
patients groups.

The six-minute exercise was sufficient to create equilibrium between the consumption and
creation of PCr in most of the subjects, and the six-minute recovery period was also sufficient
to fully restore the PCr signal intensity to the original values in both controls and patients (see
Figure 1). We found prolongation of tpc, in patients in the order of C < DM1 < DM1N.
However, statistical significance was seen only between the control and nephropathy groups.
In addition, a significantly lower pH was found in DM1 patients compared to controls. When

dividing groups according to gender only trends in dynamic parameters were observed due to



a high variance in groups of patients. Measurement on healthy volunteers revealed differences
between males and females only in pH after the exercise, similarly as at rest. The differences

in pH between Cm and DM1m were observed, see Table 3.

Correlation analysis

The length of the disease correlated with the patients’ age (r = 0.46; p = 0.0001, Spearman’s r
coefficients and corresponding p values). An increasing BMI correlated with the age (r =
0.338; p = 0.003) and was coincidental with the length of the disease (r = 0.46; p = 0.0006).
From rest 3P MRS parameters B-ATP/Py positively correlated with PDE/Py; (r = 0.475; p =
0.0001) and B-ATP/Py: negatively correlated with age (r = -0.425; p = 0.0001). From dynamic
%'p MRS parameters pH after exercise negatively correlated with HbAlc (r = -0.376; p =

0.001).

Discussion

1p MR spectroscopy at rest and under exercise is an interesting tool for investigating energy
metabolism in muscles but it has some limitations. A different physical effort of each subject
may influence the results. A low drop of the PCr signal (APCr) may indicate an insufficient
depletion of PCr and also brings an additional error into the calculation. Therefore, only
subjects with APCr > 15% were included in the study. A higher workload helps determine
correct mitochondrial capacity but may provoke anaerobic metabolism and acidosis which can
inhibit oxidative phosphorylation while also affecting the results (Robergs et al. 2004). This
was probably reflected by prolonged time of PCr recovery tpc; in subjects with a lower pH
after the exercise (significant negative correlation between these two parameters was observed
too). Moreover, acidosis may be another marker related to the DM1 disease and probably

depends on sex. We found a significant difference between the pH values of male and female

10



controls. It is in agreement with the findings described for quadriceps muscles (Schunk et al.
1999). Crowther (Crowther et al. 2003) described decreased pH values in DM1 males; on the
other hand, Item (Item et al. 2011) found no change in the DM1 females. Our findings are
similar but without statistical significance.

Although one would expect a substantial impairment of the energy metabolism in relation to
diabetes, we did not find any significant differences in metabolite ratios measured at rest
between controls and diabetic patients without nephropathy (DM1m, DM1f, DM1). The
DMIN group (all patients with nephropathy) had higher Pi/Py; and PDE/Py; while having
lower B-ATP/Py; in comparison to healthy controls. In addition, DM1N group was
distinguished from DML1 group in B-ATP/Py:. However, when we differentiated patients
according to sex, the only B-ATP/Py: was significantly lower in only males (Cm vs.
DM1mN). In females’ groups a similar trend in B-ATP/Py: was visible. Thus we can assume
that the B-ATP/Py: ratio can be the best marker to separate patients with and without
nephropathy.

Decreased ATP and increased Pi can be generally associated with kidney failure and uremia
(Nishida et al. 1991, Taborsky et al. 1993). Similar metabolite changes were also described in
mitochondrial disorders (Mattei et al. 2004) and indicate a reducing phosphorylation
potential. It is in agreement with negative correlation between age and B-ATP/Py:. Positive
correlation between age and PDE/Py, can be considered consistent with an increasing BMI
(Valkovic et al. 2016). In addition, the pH decrease after the exercise and an increase of Pi/Py
negatively influence tpcy.

Similar gender changes as at rest were observed in pH after the exercise between male and
female controls. This difference was not observed in respect of the patients. Pooled data of the
males and females without severe nephropathy (DM1) as well as the DM1m group only had a

decreased pH after the exercise compared with the control group, which is probably related to
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the increased demand for PCr supply reflected also by a higher (but not statistically
significant) drop of the PCr signal.

We should mention that an increased variation of obtained experimental data can also be
explained by the variability of a patient’s physical condition. Although all subjects filled in a
questionnaire concerning their physical conditions, there was difficult to find out an objective
parameter which could help with the explanation of the data variability. Thus, only qualitative
trends have to be discussed. It is the case of e.g. longer recovery time tpc, in all DM1 groups
compared to controls which reflects a decreased mitochondrial capacity. From this qualitative
point of view, our findings of Vipc, and Qmax in the DM1 females are not consistent with the
finding outlined in Item (Item et al. 2011), neither did we find any significant correlation of
glycosylated hemoglobin reported in that paper.

Lower Vipcr and mitochondrial capacity Qmax in the case of the DM1 male patients compared
to DM1 females without kidney failure suggests that male metabolism is influenced by DM1
more than female metabolism. However, the fact that we did not observe a similar difference
in patients with severe nephropathy remains unexplained; we may speculate that severe
metabolic impairment smoothed moderate gender differences.

It is known that females have a lower efficiency in the effective use of ATP for muscle
contraction (Mattei et al. 1999). We hypothesize that the lower efficiency is related to a
different proportion of muscle fibers between males and females which could also cause a
different (smaller) effect of DM1 on the muscle metabolism in females.

Gender differences may also reflect DM1-related changes in levels of several important
hormones and factors affecting skeletal muscle atrophy, growth, and regeneration (Krause et

al. 2011) and hypothetically may differ in males and females.

Conclusion
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We have proven that nephropathy further negatively affects the energy metabolism in diabetic
patients. It is reflected by reduced relative B-ATP and increased Pi and PDE signals to Py at
rest and prolongation of the PCr recovery time after the exercise. Gender specific changes can
be seen in healthy subjects in pH values both at rest and after the exercise. We have not
confirmed any significant gender differences in the DM1 patients by *'P MR spectroscopy in

our groups of patients.
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Tables

Table 1. Age, body mass index (BMI), disease length, and selected biochemical data
(glycosylated hemoglobin - HbAlc, and creatinine evaluated from blood tests) of the

evaluated groups of patients and controls. Mean values + standard deviations are listed.

Length of the

Subject Age BMI _ Creatinine
) disease HbAlc (%)
group (years) (kg/m°) (nmol/L)
(years)
Cm (14) 32+9 26+4 0 -3.1+0.1 T 84+8 A
DM1m (19) 35+11 24+4 12+8 7.2+1.8 7 81+13 W
DM1mN (13) 44+9 27+4 28+6 7.1£1.5 7 4914360~
Cf (12) 40+10 25+4 0 ~3.7£0.3 T 707
DM1f (14) 38+13 27+4 17+13 7.5+1.5 ) 64+11 W
DM1fN (5) 33+7 24+4 22+5 7.4+1.9 5032257
C (26) 36+10 25+4 0 3.4+0.4 T 7711 A
DM1 (33) 36+12 25+4 18+10 7.3+1.7"° 74£15 W
DM1N (18) 4149 26+4 266 7.2+1.6 - 494+321~

Cm — control males, Cf - control females, C - control males and females, DM1m - diabetic males, DM1f -
diabetic females, DM1 - diabetic males and females, DM1mN - diabetic males with nephropathy, DM1fN —
diabetic females with nephropathy, DM1N - diabetic males and females with nephropathy; significant

differences (p<0.05) are labeled
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Table 2. Metabolic concentrations of phosphocreatine (PCr), inorganic phosphate (Pi),

adenosine triphosphate (signal of the second phosphate, 3-ATP), and phosphodiesters (PDE)

related to total integral of the phosphorous spectra (Py:), and pH measured at rest evaluated

for the patients’ groups and controls. Mean values + standard deviations are listed.

Subjectgroup  PCr/Pyt Pi/Pyot B-ATP/Pyot PDE/Pyot pH

Cm 0.49+0.02 0.06+0.02 0.101£0.009 y 0.050+£0.017 7.047+0.032
DM1m 0.50+0.03 0.07+0.02 0.101+0.015 | 0.051£0.019 |7.032+0.022
DM1mN 0.50+0.02 0.08+0.01 0.083+0.004 © 0.069+0.021 |7.032+0.018
Cf 0.5040.02 0.06+0.02 0.093+0.007  0.053+0.020 *7.019+0.026
DM1f 0.49+0.04 0.08+0.03 0.089+0.011  0.056+0.015 7.019+0.019
DMI1fN 0.50+0.03 0.08+0.01 0.083+0.004  0.058+0.023  7.040+0.020
C 0.497+0.0214 0.063+0.0167 0.097+0.009 y 0.052+0.018y 7.03+0.030
DM1 0.494+0.0334 0.071+0.022 O.O96i0.0151 0.053+0.017| 7.03+0.022
DM1N 0.497+0.0248 0.078+0.015° 0.085+0.009~ 0.066+0.022° 7.03+0.019

Cm - control males, Cf - control females, C - control males and females, DM1m - diabetic males, DM1f -

diabetic females, DML - diabetic males and females, DM1mN - diabetic males with nephropathy, DM1fN —

diabetic females with nephropathy, DM1N - diabetic males and females with nephropathy; significant

differences (p<0.05) are labeled
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Table 3. Dynamic parameters — recovery time of phosphocreatine after exercise (tpc;), drop of

phosphocreatine during exercise (APCr), speed of PCr replenishment (Vipcr), mitochondrial

capacity (Qmax), and pH after exercise of the patients’ groups and controls. Mean values =+

standard deviations are listed.

Subject Tpcr (S) APCr (%) Vipcr Qmax pH after
group (mmol/s) (mmol/s) exercise

Cm 53+24 36+18 0.32+0.12 0.58+0.21 7.002i0.169T
DM1m 60+29 42+18 0.25+0.09 0.50+0.17 6.876+0.197)
DM1mN 8770 45+21 0.30+0.14 0.51+0.19 6.895+0.219
Cf 42+11 38+11 0.42+0.18 0.71+0.25 6.945+0.155 -
DM1f 61+23 45+16 0.36+0.12 0.63+0.16 6.826+0.134
DM1fN 80+56 41+17 0.31+0.15 0.52+0.24 6.970+0.174
C 48+19 36+14 0.36+0.16 0.64+0.23 6.976i0.162\‘
DM1 60 £26 43+17 0.300.11 0.550.17  6.855+0.173/
DM1N 85+65 - 44+20 0.30+0.14 0.51+0.20 6.916+£0.206

Cm — control males, Cf - control females, C - control males and females, DM1m - diabetic males, DM1f -

diabetic females, DM1 - diabetic males and females, DM1mN - diabetic males with nephropathy, DM1fN —

diabetic females with nephropathy, DM1N - diabetic males and females with nephropathy; significant

differences (p<0.05) are labeled
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Figure captions

Fig. 1. Typical changes in phosphocreatine (PCr) during the rest — exercise — recovery periods

during the examination of a female control (black), DM1 patient without (blue) and with (red)

nephropathy.
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Abstract
Background

31p MR spectroscopy is a technique for undertaking a comprehensive evaluation of muscle
metabolism. The goal of the study was to compare patients with mild and serious lower limb

ischemia measured by *'P MR spectroscopy at rest and during exercise.
Materials and methods

16 nondiabetic mild peripheral arterial occlusive disease (PAOD) patients, 23 diabetic PAOD
patients with serious ischemia and 19 healthy controls were examined by rest and dynamic *'P
MR spectroscopy at the 3T MR system equipped with an MR-compatible home-made pedal
ergometer. Signal intensity ratios of phosphorous metabolites to the sum of all *'P intensities
(P1t) and pH were obtained at rest. The PCr drop (APCr), time recovery constant of PCr
(tPCr), pH at the end of the exercise (pHeng), and mitochondrial capacity (Qmax) Were

calculated from dynamic MR spectra.
Results

Diabetic PAOD patients with serious ischemia differed from controls in both rest (PCr/Pi,
BATP/Py pH) and dynamic (Qmax, PHend, TPCr) parameters. PAOD patients with mild
ischemia differed from controls only in Qnax and pHeng. Rest parameters of the nondiabetic
PAOD patients did not differ from control values excluding rest pH which was higher in both

patient groups.

Conclusion



A combination of rest and dynamic **P MR spectroscopy can distinguish all three groups of
subjects. On the other hand, examination at rest is sufficient for differentiation between

patiens’ groups and verification of serious ischemia.

Keywords:

Magnetic Resonance Spectroscopy, Peripheral Vascular Diseases, Diabetes Mellitus, Muscle,

Energy Metabolism



Introduction

An increased number of human diseases that affect skeletal muscles are studied using
different techniques and a demand exists to use non-invasive methods to describe metabolism
of muscles in vivo. Magnetic resonance spectroscopy (MRS) in combination with magnetic
resonance imaging (MRI) offers not only noninvasive information about muscle morphology
but also insight into muscular metabolism which covers mitochondrial oxidative
phosphorylation, glycolysis and creatine and adenylate kinase activity. It is predominantly *'P
MR spectroscopy which is a powerful tool for the non-invasive investigation of muscular
oxidative metabolism and its limitations. Dynamic *'P MR spectroscopy data can be used to
calculate mitochondrial capacity Qmax, time constant of PCr recovery (tPCr) or to evaluate pH
changes during workload. Rest P MR spectroscopy provides quantitative parameters that
characterize the basal muscle metabolism. *

The effect of the reduction of blood supply to muscle metabolism has been described in
healthy volunteers in occlusive experiments by P MR spectroscopy in several studies. *~
Reduced blood supply limits the oxidative muscle metabolism and causes acidosis due to

anaerobic glycolysis. Similar results ™

were found in patients with peripheral artery
occlusive disease (PAOD) in which chronic ischemia causes claudication and restricts the
walking distance. With the progression and duration of ischemia the incidence of ulcers
formation, limb gangrene and amputation of lower extremity increases. One of the diseases
which is often involved in forming critical ischemia is diabetes mellitus. *?

It is known that diabetes negatively affects oxidative muscle metabolism since its onset. It
was found that young patients with type 2 diabetes (T2D) had decreased mitochondrial
capacity ** similarly as was observed in uncomplicated patients with type 1 diabetes (T1D). **

Furthermore, prolonged and poorly controlled diabetes leads to microangiopathy, neuropathy

and nephropathy complications. Microangiopathy causes a further reduction of blood flow in
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the muscle and neuropathy leads to muscle weakness, * lower regenerative capacity of
muscle tissue, formation of foot ulcer and gangrene. In diabetic patients it is difficult to find a
suitable, non-invasive and accurate method for assessing ischemia and tissue damage of the
lower limb because several standard methods do not work for diabetic patients. Ankle
brachial index (ABI) or CT angiography could be misleading due to mediocalcinosis that
diabetic patients often suffer from. > On the other hand, exercise stress tests such as
claudication distance on a treadmill can be influenced by neuropathy or the subjective feelings
of the patients. Transcutaneous oxygen tension measurement (TcpO2) which is often used in
diabetic patients indicates only skin perfusion in the position of electrodes and its lower value
can be caused by e.g. edema, excess consumption of oxygen from inflammation, etc. *°

From this perspective, 3P MR spectroscopy is an interesting technique for undertaking a
comprehensive evaluation of PAOD in diabetic patients, although the parameters from rest
and dynamic 3P MR spectroscopy do not always clearly correlate with other commonly used
diagnostic methods (ABI, treadmill test, tissue perfusion). 718

Our study tested two hypotheses: i) the rest and dynamic MR spectroscopy parameters can

distinguish groups of PAOD patients with mild or serious ischemia and healthy controls; ii)

31p MR examination at the rest is sufficient for clinical description of PAOD patient groups.



Materials and Methods

Subjects

a) Control group (CG) - 19 healthy volunteers (moderately physically active without any
signs of diabetes and presence of claudication or other symptoms of PAOD).

b) Nondiabetic mild-to-moderate PAOD patient group (PA) - 16 subjects (selection patients’
criteria: presence of calf muscle claudication; ischemia verified by an angiology specialist;
absence of defects, rest pain and diabetes).

c) Diabetic patients with serious ischemia (DPA) — 23 subjects (selection patients’ criteria:
non-healing trophic skin defects; considerable infrapopliteal stenosis verified
angiographically). Detailed characterization of the subjects is listed in Table 1. All subjects
were informed about the course of the examination and they signed an informed consent with
the study. The study was approved by the local ethical committee in accordance with the

Declaration of Helsinki.

MR examination

MR examinations were performed at the 3T MR system (TRIO, Siemens, Erlangen,
Germany) with a dual-channel *H/*'P surface coil (Rapid Biomedical, Germany). All subjects
were examined in a supine position with the coil fixed under the m. gastrocnemius. The
positioning of the coil was verified using a standard localizer sequence.

'p MR spectra at rest were acquired by the non-localized free induction decay sequence with
the following parameters: acquisition delay TE* = 0.4 ms, repetition time (TR) = 15 s, 16
acquisitions, vector size = 1024, acquisition time = 4 minutes. Magnetic field homogeneity
was optimized manually.

Dynamic *'P MRS examination was performed using a home-made ergometer. *° 3P MR

spectra were obtained by the same sequence as at rest with the following changes of



parameters: TR = 2's, 1 acquisition, 420 measurements. The exercise protocol was divided
into three parts: rest-exercise-recovery = 2-6-6 mins. The total examination time did not
exceed 30 minutes. The maximal voluntary force (MVF) was measured using pedal
dynamometer in healthy controls and PA groups before the exercise. In DPA, MVF was
difficult to measure due to pain in diabetic ulcers and the measurement was not considered
ethical. The exercise was performed by the plantar flexion during TR with a standardized load
of 7.3 kg. This model of exercise examination was used according to the studies described by
Kemp, 2% Conley, % Rossiter. % Optical synchronization was used to navigate the subjects

during the exercise period of the examination.

Spectra evaluation

Spectra were analyzed by the AMARES time domain fitting routine (using prior knowledge)
% in the jMRUI 5.0 software package. Lorentzian line shapes were applied for fitting the
following singlets: phosphocreatine (PCr: O ppm), inorganic phosphate (Pi: 4.94 ppm),
phosphodiesters signals (PDE: glycerol-3-phosphorylcholine and
glycerol-3-phosphorylethanolamine; 2.99 and 3.51 ppm). The adenosine triphosphate (ATP)
peaks were fitted as two doublets (a: -7.35 ppm; v: -2.28 ppm) and a triplet (B: -15.5 ppm).
The relative chemical shift of Pi and PCr (8 in ppm) was used to calculate the intracellular pH
according to the equation 2°> pH = 6.75 + log[(5—3.27)/(5.63-9)].

Spectra obtained during the exercise and recovery periods were used to calculate a drop of
PCr (APCr), time constant of PCr recovery (tPCr), PCr initial recovery rate (Vpcr), pH at the
beginning and at the end of the exercise (pH pHeng). Mitochondrial capacity Qmax Was
calculated according to the model of Michaelis & Menten, for details see. ** The PATP signal

was used as a concentration reference, assuming a stable ATP concentration of 8.2 mM in the



muscle tissue healthy control, %

concentration of ATP in patients was corrected used
BATP/Py ratio.

Spectrum at the rest and PCr values measured during dynamic *P MR examination are shown
in Figures 1. Normalized output was calculated as the overall work done (total lift height of

the weights) divided by the exercise time (6 minutes) and the area of m. gastrocnemius

measured from transversal MR images.

Statistical evaluation
Tukey's honest significance test and ANOVA tests were used for statistical data evaluation.
Normality of data was verified by the Shapiro-Wilk test and variances were tested using an

F-test. Null hypothesis was considered as a statistically significant if p<0.05.

Results

Values of pH and signal intensity ratios of PCr, Pi, BATP, and PDE to the sum of all 3P
intensities (Pit) in the spectra are summarized in Table 2. The most significant changes are
shown in Figure 2. The DPA group differed from the other groups in the parameters PCr/Pi,
Pi/Pt, PCr/Pyt. The DPA group differed only from controls in BATP/Py,; and PDE/Py:. Both
the PA and DPA groups differed from controls in pH but not between them. The PA group
did not differ significantly from controls in signal ratios of phosphorous metabolites.

In six DPA patients we observed the splitting of inorganic phosphate signal (see Fig. 1A) in
the rest spectra which could represent the presence of compartment with increased pH.
Dynamic *'P MR parameters obtained during exercise and recovery periods are summarized
in Table 3 and Figure 3. ANOVA analysis of dynamic parameters showed significant changes
in APCr, tPCr, Vpcr Qmax and pHeng in our groups. Mitochondrial capacity Qmax Was lower in

patient groups PA and DPA compared with the control group without significant differences
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among the patient groups. The same results were found for pHeng and APCr. In the DPA group
serious ischemia also resulted in a significant increase of the PCr recovery time constant after
exercise and decreased Vpc, compared with controls.

Concerning clinical parameters, significant correlation was found between BMI and PDE/Pyt
(r = 0.62, p<0.001, see Fig. 3) for all subjects. In the PA group, MRS results were correlated
only with ABI (significant correlation between BATP/Py; and ABI; Pearson's correlation
coefficient r = 0.70, p = 0.003). In the DPA group, MRS results did not correlate with TcPO,.
We only found significant correlation of Qmax with the duration of diabetes (r = -0.51, p =

0.03) in the DPA group (but not with age in this group).



Discussion

The main results of the present study show that the combination of rest and quantitative
dynamic *'P MR parameters and pH differentiate the groups of PA and DPA from controls
and between themselves.

At rest, we found the most significant changes in increased Pi/P and decreased PCr/Pyt,
Pi/Py: and BATP/Py ratios in the DPA group compared to the other groups (see Table 2). It
reflects increased concentration of inorganic phosphate and decreased concentration of
phosphocreatine and these changes are usually characterized in the PCr/Pi ratio. A decrease of
this parameter shows impaired oxidative metabolism in muscles. 2" Its reduction in the DPA
group is similar to changes observed in many severe muscular diseases, e.g. dystrophies 2
and also in critical ischemic patients. *° Unlike the DPA group there are no significant
differences in the above mentioned parameters in the PA group compared with controls with
the exemption of pH. BATP/Py,: was significantly decreased only in DPA patients compared
to PA.

A significantly increased PDE/Pyy ratio was also observed in the DPA group. The increasing
PDE concentration is consistent with the development of muscular myopathies in the DPA
patients. However, a higher signal of phosphodiesters was also often described * in subjects
with a higher body mass index. It is known that diabetes notably contributes to the
impairment of muscular health. The effects of decreased metabolic capacity, decreased
capillarization, atrophy, switch to glycolytic fiber type due to a chronic low-grade

inflammatory profile, oxidative stress and others are similar in both T1D and T2D types. *

The comparison of PAOD in patients with and without diabetes was only discussed in one

study ° where diabetic patients had a moderately elevated PDE/BATP ratio. In patients with
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diabetic foot syndrom 3%

changes were more pronounced similarly to our results at rest
where we observed significant changes to controls also in PCr/Pi and pH parameters.

Resting alkalosis was a factor characterizing both groups of ischemic patients. Rest alkalosis
could be explained by impaired cell homeostasis or as the result of increased PCr hydrolysis
at rest and consumption of protons. * In six DPA subjects the split of the inorganic phosphate
signal at rest was detected, see Figure 1. In healthy subjects at the ultra-high magnetic field

strength (7T) a similar alkaline signal of Pi was detected, 3*°

and this signal was identified as
a signal of intramitochondrial phosphate and its higher value positively correlated with higher
oxidative capacity. It is probably not the case of our ischemic patients. As such, we prefer the
explanation that these phosphate signals originate from two different muscular compartments
with different pH (more and less damaged/ischemic cells) and/or extracellular space (edema).
Contrary to the rest findings, where we were able to separate DPA from the others, dynamic
examination seems to be more sensitive. There is a well visible trend in the worsening of tPCr
and mitochondrial capacity values in the order CG—>PA—DPA groups which is in agreement
with the synergy effect of diabetes and ischemia and clinical status of patients.

A significant difference between controls and patient groups PA and DPA was found in
mitochondrial capacity, drop of PCr and pH. A significant difference between controls and
only the DPA group was found in the tPCr, and PCr initial recovery rate, see Table 3;
nevertheless, no significant difference between the PA and DPA groups was observed. The
decrease of mitochondrial capacity of about 40%, prolongation of post exercise TPCr recovery
more than twice in both the PA and DPA groups are in agreement with former dynamic *'P

MRS studies of ischemic patients. ' In several of our DPA patients tPCr was extremely

long (> 500 s), which results in rather high standard deviation.
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A significant pHeng decreasing trend was also found in the order of CG—>PA—DPA groups
(see Table 3). This trend, emphasized by an increasing difference in pH before and after the
exercise, reflects the severity of muscular weakness. The pH decrease during the exercise is a
consequence of anaerobic glycolysis. Acidosis can prolong tPCr and reduce mitochondrial
capacity because protons inhibit oxidative phosphorylation. *” For this reason, the pH drop is
a somewhat undesirable phenomenon which can influence the interpretation of results. On the
other hand, pH could be an important diagnostic marker for the PAOD diagnosis. Mean pH
values after the exercise in the PA and DPA groups decreased by about 3%, but we could
observe even a 9% decrease in the case of the most severe patient. Contrary, in controls, no
pH significant change was found. The pH decreasing trend arising from the exercise in the PA
and DPA patients is supported by the fact that their normalized output was the same
compared to the CG. This finding indicates that the severity of the disease is an important
factor influencing pH. In our study small uniform pedal resistance of 7.3 kg was applied
(21£11 % maximal voluntary force in PA and CG) which is usually well below the anaerobic
threshold (50-60 % maximal voluntary force). Precise adjustment of pedal resistance
according to the maximal voluntary force was not possible in the DPA patients; nevertheless,
patient exercise output was a more important parameter characterizing exercise intensity than
the maximal voluntary force (see Table 3 and Figure 3).

We found significant correlation between ankle-brachial index and the rest BATP/Pyy ratio
inside the PA group. It means that rest muscle metabolism is slightly influenced by ischemia
in these patients. We did not find any significant correlation between dynamic 3P MRS
parameters and walking distance in the PA group. On the other hand, walking distance also
depends on an individual subjective feeling to tolerate claudication whereas *'P MRS is an

objective method.
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In the DPA group a significant correlation was found only between duration of diabetes and
mitochondrial capacity as expected. We did not find significant correlations between
transcutaneous oxygen tension measurement and *'P MRS parameters but transcutaneous
oxygen tension is a method that measures perfusion in a thin layer near the body surface

contrary to MR spectroscopy where also deep calf muscles are included.

Conclusion

31p MR parameters of muscles in healthy controls and patients show that PAOD significantly
influences muscle metabolism which is reflected in dynamic parameters of both the PA and
DPA patients. We confirmed the hypothesis that a combination of rest and dynamic *'P MRS
can distinguish all three groups of subjects. On the other hand, rest examination is sufficient

for differentiation between patients’ groups.
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Figures and Tables caption

Figure 1.— A) The comparison of the *'P MR spectrum with inorganic phosphate signal
splitting in the patient from the DPA group with the spectrum of the patient from the PA
group (spectra have been normalized to the same height of PCr signal). B) The comparison of
normalized PCr values during the rest, exercise and recovery period of the patients from the
CG, PA and DPA groups. PA and DPA patients have a bigger drop of PCr and slower

recovery of PCr to rest values.
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Figure 2.— Box plots of the most significant changes of 3'P parameters among control (CG),
nondiabetic mild-to-moderate patients (PA) and diabetic patients with serious ischemia (DPA)
groups at rest: A) PCr/Pi; B) pH (calculated from 3P MRS); C) correlation graph of PDE/Py
vs. BMI. (P — total *'P signal intensity, PCr — phosphocreatine, Pi - inorganic phosphate; for
details see also Table 2).
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Figure 3.— Box plots of differences in dynamic *'P parameters among control (CG),
nondiabetic mild-to-moderate patients (PA) and diabetic patients with serious ischemia (DPA)
groups: A) normalized output [W/cm?] ; B) drop of phosphocreatine during exercise (APCr);
C) time constant of PCr recovery (tPCr) and D) mitochondrial capacity (Qmax). (For details
see also Table 3.).
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Table 1. — Anthropomorphic and main clinical parameters (WD — walking distance to stop,
TcpO, — Transcutaneous oxygen pressure,) healthy controls (CG) and patients in the PA,
DPA groups.

parameters CG PA DPA
number of subject 19 16 23
age [years] 65+9 717 68+8
BMI [kg/m2] 26.5+£3.9 262+4.6 30.4+3.3
male/female 11/8 10/6 21/2
Fountain classification max | la, b v
WD [m] 0 400+310 -
ankle brachial index - 0.58+0.17 -
TcpO, [mmH(g] - - 26+10
duration of DM1 [years] 0 0 19+£14
T1D/T2D* 0/0 0/0 4/19

*The ischemic patients with T1D and T2D were pooled based on the statistical analysis which
confirmed no difference between MR results and other parameters in both groups.

Table 2. — Rest values of signal intensity ratios (means + standard deviations) of
phosphocreatine (PCr), inorganic phosphate (Pi), B-adenosine triphosphate (BATP),
phosphodiesters (PDE) to the sum of all signal intensities (Pt) and pH in healthy controls
(CG) and patients in the PA, DPA groups.

N PCr/Pi PC r/Ptot Pi/Ptot BATP/PtOt PD E/Ptot p H

PA 16 7.9+1.44| 0.52+0.0247| 0.067+0.0124| 0.083+0.009 | 0.071+0.018 | 7.046+0.030

CG 19 8.6i1.6} O.51i0.03} 0.060i0.009i| 0.088i0.014J 0.070ﬂ:0.018j| 7.01910.026]}
DPA 23 5.5i2.0] 0.4510.06] 0.09310.037] 0.077+0.013 - 0.085+0.021- 7.052+0.031

significant difference p<0.05 between marked groups by Tukey test

15



Table 3. — Results of dynamic 3P MRS. Maximal voluntary force (dynamometer values
MVF), mean output normalized to the area gastrocnemius (P), drop of phosphocreatine during
exercise (APCr), time constant of PCr recovery (tPCr), initial recovery rate of PCr (Vpcy),
concentration of adenosine diphosphate (ADP¢nq), mitochondrial capacity (Qmax), and pH in
the end exercise of CG, PA and DPA.

normalized
N [NIZJ/IV?/{EEH] [V\(l);tt’tiljcl:Jr:IZ] A[E/Sr TPCr [s] (m\r/r:(():lr/s) (m?nmglxls) PHend

PA 16 380+170 0.12+0.05 39+17°| 117480 | 0.19£0.07 | 0.37+£0.14-| 6.873+0.187
DPA 23 *na. 0.13£0.07  41£14— 198+173- 0.13+0.09- 0.25+0.11— 6.835+0.238

Significant difference p<0.05 between marked groups by ANOVA (Tukey test); *the
measurement was considered no ethical.

CG 19 450+140 0.16+0.05 22i11]J 44ﬂ:19} 0.27ﬂ:0.17j| 0.57ﬂ:0.24]J 7.034ﬂ:0.036]J
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Metabolicky profil pacientu po transplantaci
jater ve vztahu k rozvoji NAFLD - vysledky
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Metabolic profile of liver transplant recipient with respect
to development of NAFLD - results of a pilot study
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Souhrn: Cil: Nealkoholickd steatdza (NAFLD) jaterniho Stépu se vyskytuje u 31-56 % pacientl po transplantaci jater, jeji vyskyt nardsta
s dobou od transplantace. Cilem nasi prospektivni studie byla analyza metabolického profilu pacientd po transplantaci jater ve vztahu
k rozvoji NAFLD. Metody: Pilotni ¢ast prospektivni studie zahrnula 31 pacientd 1-16 let po transplantaci jater, ktefi podstoupili proto-
kolarni biopsii jater. Provedli jsme laboratorni vysetteni glukézového a lipidového metabolizmu, *H MR spektroskopii a zobrazovanim
jsme stanovili obsah tuku v jatrech a objem podkozniho a visceralniho tuku. Metodou dynamické 3P MR spektroskopie jsme v musculus
gastrocnemius stanovili maximalni mitochondridlni kapacitu. Vysledky: V biopsii jater jsme prokazali steatdzu stupné 2-3 u 12 (38,7 %)
pacienty, steatdzu stupné 1 u 13 (41,9 %) pacientd a Sest (19,4 %) pacientl bylo bez steatdzy. Se stupném steatdzy pozitivné koreloval
body mass index (p = 0,002), obvod pasu (p = 0,004), objem podkozniho (p = 0,023) i visceralniho tuku (p = 0,034), vyskyt metabolického
syndromu (p = 0,006), lacna glykemie (p = 0,043), glykovany hemoglobin (p = 0,048) a C-peptid (p = 0,026). Podil kurakd ve skupiné
se steatozou byl vyznamné mensi (p = 0,001) nez ve skupiné bez steatézy. Vzestup HOMA indexu (p = 0,10) a pokles QUICKI indexu
(p = 0,10) nedosahovaly statistické vyznamnosti. Se vzristajicim stupném steatozy jsme pozorovali trend k poklesu maximalni mito-
chondrialni kapacity kosterniho svalstva mérené 3'P MR spektroskopii, ale rozdily nebyly statisticky signifikantni (p = 0,23). Histologicky
stupen steatdzy dobre koreloval se stupném steatdzy stanovenym *H MR spektroskopii (p = 0,0002). Zavéry: V pilotni studii jsme identi-
fikovali vyznamné klinické, laboratorni a MR parametry, které mohou pfispét k predikci NAFLD u pacientU po transplantaci jater.

Klicova slova: inzulinova rezistence — magneticka rezonance — metabolicky syndrom — mitochondrialni kapacita — NAFLD —
transplantace jater

Summary: Aims: Non-alcoholic fatty liver disease (NAFLD) of the liver graft occurs in 31-56% liver transplant recipients, its preva-
lence increases with time after transplantation. The aim of our prospective study was to analyze metabolic profile of liver transplant
recipients with respect to development of NAFLD. Methods: The pilot part of the prospective study included 31 patients 1-16 years
after liver transplantation who underwent a protocol liver biopsy. We performed laboratory investigation of glucose and lipid meta-
bolism, determined liver fat content and subcutaneous and visceral fat volume by *H MR spectroscopy and imaging. We determined
maximal mitochondrial capacity in musculus gastrocnemius by dynamic *!P MR spectroscopy. Results: In liver biopsy, we found
steatosis grade 2-3 in 12 (38.7%) patients, steatosis grade 1 in 13 (41.9%) patients and six (19.4%) patients were without steatosis.
With increasing steatosis grade, a positive correlation was found in BMI (p = 0.002), waist circumference (p = 0.004), subcutaneous fat
volume (p = 0.023), visceral fat volume (p = 0.034), occurrence of metabolic syndrome (p = 0.006), fasting glucose (p = 0.043), glycated
haemoglobin (p = 0.048) and C-peptide (p = 0.026). The proportion of smokers was lower in patients with steatosis than without stea-
tosis (p = 0.001). The increase in HOMA index (p = 0.10) and decrease in QUICKI index (p = 0.10) did not reach statistical significance.
With increasing steatosis grade we found a trend towards decrease of the maximal mitochondrial capacity of skeletal muscles mea-
sured by 3P MR spectroscopy, but the differences were not statistical significant (p = 0.23). Histological grade of steatosis correlated
well with steatosis grade measured by *H MR spectroscopy (p = 0.0002). Conclusions: In this pilot study, we identified significant
clinical, laboratory and MR parameters which can contribute to prediction of NAFLD in liver transplant recipients.

Key words: insulin resistance —magnetic resonance —metabolic syndrome — mitochondrial capacity - NAFLD —liver transplantation
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Uvod
Prevalence nealkoholické steatozy
jater (NAFLD) se v obecné popu-
laci zapadnich zemi pohybuje mezi
19 a 31 % [1,2]. Pacienti s NAFLD maji
dle rozsahlych studii vyssi celkovou
mortalitu [3,4]. NAFLD je spojena se
znaky metabolického syndromu zahr-
nujicimi abdominalni obezitu, inzulino-
vou rezistenci nebo diabetes mellitus
2. typu (DM2T) a aterogenni dyslipide-
mii, k rozvoji NAFLD vyznamné predis-
ponuji i genetické faktory [5]. Tématu
prevalence, rizikovych faktord a vy-
znamu steatdzy po transplantaci jater
jsme se vénovali v rozsahlé retrospek-
tivni epidemiologické studii hodno-
tici celkem 2 360 potransplantacnich
biopsii u 548 pacientd po ortotopické
transplantaci jater (OLT — orthoto-
pic liver transplantation) [6]. Steatdza
jaterniho Stépu (= 5 %) postihovala
56,4 % pacientl, u 10,4 % pacientd
byla diagnostikovana steatohepati-
tida (NAS = 5). Vyskyt steatdzy nards-
tal s dobou od OLT (30,3 % v jednom
roce, 47,6 % v 10 letech). Nezavislymi
pred-/peritransplantacnimi rizikovymi
faktory steatozy nad 33 % byly alkoho-
licka cirhoza, vysoky body mass index
(BMI) a nizka sérova alkalicka fosfa-
taza, inicialné podavany mykofenolat
mofetil mél protektivni U¢inek. Neza-
vislymi potransplantacnimi rizikovymi
faktory byly vysoky BMI, vysoky obsah
triglycerid0 v séru, konzumace alko-
holu, pfitomnost DM2T a nizky obsah
kreatitinu. Pacienti se steatdzou nad
33 % méli tendenci k horSimu dlouho-
dobému prezivani [6]. Retrospektivni
design studie neumozioval hodnoceni
dalsSich potencialné vyznamnych fak-
torG spojenych s vyskytem NAFLD, ze-
jména stupné inzulinové rezistence.
Zlatym standardem méreni inzuli-
nové rezistence je metoda hyperinzuli-
nického euglykemického clampuy, ktera
je vSak nakladna a ¢asové i organizacné
znacné narocnd. Pro Ucely vétsich epi-
demiologickych studii Ize bazalni inzu-
linovou rezistenci snadno hodnotit po-
moci HOMA (homeostasis assessment

model) indexu nebo QUICKI (quanti-
tative insulin sensitivity check index),
které vychazeji z hodnot lacné inzu-
linemie a la¢né glykemie, nebo z po-
mérd lacnd glykemie/inzulinemie nebo
1/la¢na inzulinemie. Markerem en-
dogenni sekrece inzulinu je C-peptid,
jehoz hladina neni ovlivnéna exogenné
podavanym inzulinem [7,8].

U pacientd s DM2T a inzulinovou re-
zistenci byl popsan pokles v energe-
tickém metabolizmu kosterniho sval-
stva [9,10]. Mitochondrialni oxidativni
fosforylaci Ize in vivo hodnotit meto-
dou 3P MR spektroskopie pfi zatézi, pfi
které se mimo jiné méfi hodnota rych-
losti syntézy fosfokreatinu (V,), a Ize
vypocitat maximalni mitochondrialni
kapacitu (Q,__) [9-11].

Kromé jaterni biopsie Ize stupen ja-
terni steatézy hodnotit i metodou
'H MR spektroskopie [12], jejiz vy-
hodou je neinvazivita a pouzitelnost
i v rozsahlych epidemiologickych stu-
diich. Jak jsme prokazali v nasi pred-
chozi praci, je tato metoda vhodnai pro
hodnoceni obsahu tuku v transplanto-
vanych jatrech [13].

Cilem této pilotni prospektivni stu-
die bylo zhodnotit metabolicky pro-
fil pacientd po transplantaci jater ve
vztahu k pfitomnosti NAFLD hodno-
cené histologicky a identifikovat fak-
tory vhodné pro predikci potransplan-
tacni NAFLD.

Metodika

Do studie byli zahrnuti pacienti, ktefi
podstoupili protokolarni jaterni biopsii
v ramci standardniho sledovani po OLT.
Studie nezahrnovala pacienty s reku-
renci hepatitidy C ve stépu, pacienty
s aktualnim znamym ¢i predpokla-
danym abuzem alkoholu a pacienty
[é¢ené prednisonem v davce nad
5mg/den. Vsichni pacienti podepsali
informovany souhlas se studii a s MR
vySetienim.

Vzorek biopsie jater byl ziskan
Menghiniho technikou a zpracovan
standardnim zpdsobem v nasi labo-
ratofi. Biopsie byly klasifikovany dle

Kleinera [14] a steatoza byla rozdé-
lena dle procenta postizenych hepa-
tocytl na stupen 0 u < 5 %, stupen 1
u 5-33 %, stupen 2 u 33,1-66 % a stu-
pen 3 u> 66 %.

V den biopsie byly pacientdm ode-
brany vzorky krve po celono¢nim la¢-
néni (min. 8 hod) a stanoveny pa-
rametry glukézového a lipidového
metabolizmu.

V den biopsie po kratkodobém lac-
néni (min. 3 hod) jsme technikou MR
ziskali celkovy objem bficha, objem
podkozniho a visceralniho tuku. Me-
todou 'H MR spektroskopie jsme sta-
novili procento objemu tuku v jatrech,
toto méreni bylo provadéno ve tfech
standardizovanych ¢astech jater.

Nasledujiciho dne podstoupili pacienti
po celono¢nim la¢néni (min. 8 hod)
vySetfeni dynamickou 3P MR spektro-
skopii. Pfi ni pacienti provadéli plan-
tarni flexi a extenzi jedné koncetiny
na mechanickém ergometru vlastni
vyroby s pracovni zatézi cca 10kg. Po
6 min cviceni nasledovalo 6 min klidu,
kdy byly opakované méreny intenzity
signall z oblasti musculus gastrocne-
mius odpovidajici signaldm anorga-
nického fosfatu, fosfokreatinu (PCr),
fosfodiesterl a ATP a z nich byla vy-
poctena inicialniV,_ a Q__.VySetfeni
se provadéla na 3T celotélovém tomo-
grafu Trio (Siemens, Némecko).

Statistické hodnoceni

Kategorické proménné jsou udavany
v absolutnich poctech a procentech,
spojité proménné jako prdmér a smé-
rodatna odchylka. Rozdily mezi spo-
jitymi proménnymi byly hodnoceny
pomoci analyzy rozptylu (ANOVA -
analysis of variance) nebo Kruskal-
Wallisova testu, rozdily v procen-
tudlnim zastoupeni byly porovnany
pomoci Pearsonova x? testu. Vsechny
proménné byly porovnavany mezi
tfemi skupinami pacientd, se steato-
zou stupné 2-3, 1 a 0. Vzhledem k ma-
[ému poctu pacientd v jednotlivych
skupinach nebylo mozné provést mul-
tivariantni analyzu. Spearman(v ko-
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Tab. 1. Rozdily klinickych parametr{ a uzivané medikace mezi skupinami pacientd s riznym stupném steatozy

v biopsii jater.

Tab. 1. Differences in clinical parameters and medication between groups of patients with various steatosis grade

on the liver biopsy.

Klinické parametry

muzi
indikace k transplantaci jater
alkoholicka
HBV + HCV
biliarni
ostatni
doba biopsie od transplantace jater (roky)
vék v dobé biopsie (roky)
BMI (kg/m?)
obvod pasu (cm)
konzumace alkoholu
koureni
hypertenze
diabetes mellitus 2. typu

metabolicky syndrom

Medikace

tacrolimus/cyklosporin A

mykofenolat mofetil/sirolimus + everolimus
kortikoidy

statin

inzulin/peroralni antidiabetika

Steatoza stupen 2 + 3

Steatoza stupen 1

Steatoza stupen 0

(n=12) (n=13) (n=6) P
n (%)/ n (%)/ n (%)/
[prdmér £ SD [prdmér £ SD [prdmér £ SD
8 (66,7) 6 (46,2) 3(50,0) 0,57
5(41,7) 4 (30,8) 2(33,3)
2(16,7) 3(23,1) 1(16,7)
4 (33,3) 0(0,0) 1(16,7) 0,09
1(8,3) 6 (46,2) 2(33,3)
5,03 +3,84 6,06 + 4,70 5,91+3,77 0,80
53,9+7,6 59,6+ 8,8 49,7 £13,2 0,11
29,82 + 4,43 29,04 + 5,33 21,46 +2,12 0,002
109,67 +13,44 103,00 + 16,06 81,75+ 9,14 0,004
1(8,3) 1(7,7) 0(0,0) 0,77
1(8,3) 0(0,0) 4 (66,7) 0,001
7 (58,3) 11 (84,6) 1(16,7) 0,018
6 (50,0) 6 (46,2) 1(16,7) 0,45
9 (75,0) 9(69,2) 0(0,0) 0,006
11/0 (91,7/0,0) 11/1 (84,6/7,7) 6/0 (100,0/0) 0,74
9/1 (75,0/8,3) 7/2 (53,9/15,4) 5/1(83,3/16,7) 0,40
3(25,0) 6 (46,2) 0(0,0) 0,11
1(8,3) 3(23,1) 1(16,7) 0,61
3/2 (25,0/16,7) 3/0 (23,1/0,0) 1/0 (16,7/0,0) 0,44

BMI — body mass index, HBV —virova hepatitida B, HCV — virova hepatitida C, SD — smérodatna odchylka

relacni koeficient byl pouzit k méreni
zavislosti dvou spojitych veli¢in. Za
statisticky vyznamnou byla pouzita
hodnota p < 0,05. Pro statistické hod-
noceni jsme pouzili JMP 10.0.0 sta-
tisticky software, SAS Institute Inc.
2012.

Vysledky

V pilotni studii bylo hodnoceno
31 pacientd, 17 (54,8 %) muzd, pro-
mérného véku 55,5 + 9,6 let, v pri-
méru 5,7 £ 4,0 let (rozmezi 1-16 let)
po OLT. Indikaci k transplantaci jater
byla alkoholicka cirhdza u 11 (35,5 %)

pacientd, virova hepatitida B nebo C
U 6 (19,4 %) pacientd, bilidrni cirh6za
u 5 (16,1 %) pacientd, jinad diagndza
u 9 (29,0 %) pacientld. Primérny BMI
v dobé biopsie byl 27,9 + 5,4.V dobé
biopsie mélo 19 (61,3 %) pacientd hy-
pertenzi a 13 pacientU (41,9 %) DM2T.
Zakladnim imunosupresivem byl ta-
crolimus u 28 (90,3 %) pacientd, cyklo-
sporin u 1 (3,2 %) pacienta a sirolimus
U 2 (6,5 %) pacientd. Devét (29,0 %)
pacientd bylo léceno prednisonem
v davce 1,25-5,0 mg/den.
Histologickym zhodnocenim vzorku
jaterni biopsie byla u jednoho (3,2 %)

pacienta pfitomna steatdza stupné 3,
u 11 (35,5 %) steatdza stupné 2,
u 13 (41,9 %) pacientl steatdza stupné
1 a Sest pacient0 (19,4 %) bylo bez
steatozy (stupen 0). Klinicka (tab. 1),
laboratorni (tab. 2), histologicka
(tab. 2) a MR data (tab. 3) jsme porov-
navali mezi tremi skupinami pacientd,
pacienty se steatézou stupné 2-3,
stupné 1 a stupné 0.

S rostoucim stupném steatdzy po-
zitivné koreloval BMI (p = 0,002),
obvod pasu (p = 0,004), objem pod-
kozniho (p = 0,023) i visceralniho tuku
(p = 0,034), vyskyt metabolického syn-
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Tab. 2. Rozdily laboratornich a histologickych parametrd mezi skupinami pacienty s rdznym stupném steatozy
v biopsii jater.

Tab. 2. Differences in laboratory and histological parameters between groups of patients with various steatosis grade
on the liver biopsy.

Steatoza stupen 2 + 3 Steatoza stupen 1 Steatoéza stupen 0
(n=12) (n=13) (n=6) P

Laboratorni parametry n (%)/promér + SD n (%)/promér + SD n (%)/prdmér + SD
celkovy bilirubin (pmol/l) 17,51 +13,47 14,48 + 4,46 22,95+ 14,51 0,48
AST (ukat/l) 0,59 + 0,58 0,50 + 0,31 0,44 + 0,18 0,91
ALT (ukat/l) 0,73+0,51 0,61+0,33 0,66 + 0,60 0,54
ALP (ukat/l) 1,43 + 0,53 1,44 + 0,58 1,41 + 0,45 0,97
GGT (ukat/l) 1,18 + 1,46 0,77 + 0,51 0,51+ 0,36 0,29
celkovy cholesterol (mmol/l) 5,07 +1,60 5,07 £0,92 4,77 +0,84 0,80
HDL cholesterol (mmol/l) 1,06+0,32 1,29+0,35 1,33+0,26 0,17
triglyceridy (mmol/l) 2,20+ 2,09 1,44 +0,57 1,07 +0,38 0,09
neesterifikované mastné kyseliny (mmol/l) 0,56 £ 0,26 0,42+0,17 0,47 £0,17 0,31
glykemie nala¢no (mmol/l) 8,30+ 4,41 598+1,16 5,35+0,79 0,043
HbA, (mmol/mol) 44,50 £ 9,39 40,23 £7,65 34,83 + 3,97 0,048
C-peptid (nmol/l) 1,34 + 0,60 1,00 0,50 0,64 + 0,25 0,026
inzulinemie nalacno (mIU/l) 15,18 + 9,44 15,86 + 28,35 6,08 +3,51 0,13
1/inzulinemie nala¢no (mIU/I) 0,15+0,19 0,14 +0,06 0,21+0,11 0,13
glukdza (mg/dl)/inzulinemie nalacno (puIU/ml) 29,24 + 60,56 15,22 + 8,42 19,59 +9,33 0,30
HOMA 5,46 + 5,01 4,82+9,77 1,43 0,88 0,10
QUICKI 0,32+ 0,04 0,34 + 0,03 0,37 + 0,04 0,10
Histologické znaky jaterni biopsie
zénét stupefi 0/ 1/ 2 0/6/5(0,0/ 54,6/ 45,4)  1/8/2(9,1/72,7/18,2) 1/3/1(20,0/60,0/20,0) 0,43
balonova degenerace stupen 0/ 1/2 2/7/2(18,2/64,6/18,2) 7/4/0(63,6/36,4/0,0) 5/0/0(100,0/0,0/0,0) 0,023
fibroza stupeni 1/2/ 3/ 4 27,3/ 2{3,55//21/81,2/ 9,1) 9,1/ §/2?7//19/,1/ 9,1) (20,0/ }.ﬁ),zé/i/o(,)w 00 U
ALP — alkalicka fosfataza, ALT — alaninaminotransferaza, AST — aspartataminotransferaza, GGT — gamaglutamyltransferaza,
HbA, - glykovany hemoglobin, HDL — high density lipoprotein, SD — smérodatna odchylka, HOMA — homeostasis assessment
model, QUICKI - quantitative insulin sensitivity check index
Tab. 3. Rozdily MR parametrd mezi skupinami pacientl s riznym stupném steatdzy v biopsii jater.
Tab. 3. Differences in MR parameters between groups of patients with various steatosis grade on the liver biopsy.

Steatodza stupen 2 + 3 Steatoza stupen 1 Steatoza stupen 0

(n=12) (n=13) (n=6) P

Klidové MR parametry promér + SD promér + SD promér + SD
celkovy objem bficha (l) 21,80 + 4,84 19,61 + 4,61 14,31 +3,10 0,022
objem podkozniho tuku (I) 7,71 2,29 6,49 +2,19 3,61+2,34 0,033
objem visceralniho tuku (I) 7,04 £2,01 6,06 + 2,70 3,58+1,27 0,030
objem tuku jater dle *H MR spektroskopie (%) 8,46 +4,70 2,61+142 0,78+0,37 0,0002
Dynamicka 3P MR spektroskopie svald
V,, (MMJs) 0,32+0,17 0,39 + 0,20 0,45 + 0,16 0,33
Q__(mM/s) 0,61+ 0,21 0,70 + 0,25 0,80 + 0,17 0,23

max

MR - magneticka rezonance, Q__ —maximalni mitochondrialni kapacita, SD — smérodatna odchylka, V, - ¢asova konstanta
regenerace fosfokreatinu po zatézi
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dromu (p = 0,006), la¢nad glykemie
(p = 0,043), glykovany hemoglobin
(p = 0,048) a C-peptid (p = 0,026). Ve
skupiné se steatozou byl mensi podil
kurakd (p = 0,001). Mezi skupinami ne-
byly rozdily v uzivané imunosupresi
a v hodnotéch jaternich test0.

Vzestup HOMA indexu (p = 0,10),
pokles QUICKI (p = 0,10) a vzestup ob-
sahu triglyceridd v séru (p = 0,09) nedo-
sahovaly statistické vyznamnosti.

Se vzrQstajicim stupném steatozy
jsme pozorovali trend k poklesu maxi-
malni mitochondrialni kapacity (Q, )
lytkovych svald mérené 3P MR spekt-
roskopii, ale rozdily nebyly statisticky
signifikantni (p = 0,23). Histologicky
stupen steatdzy dobre koreloval se
stupném steatdzy stanovenym H MR
spektroskopii (p = 0,0002).

Z histologickych parametrd s rostou-
cim stupném steatozy stoupal stupen
balonové degenerace (p = 0,023), neli-
Sil se stupen zanétu nebo fibrdzy.

V tab. 4 jsou uvedeny Spearmanovy
korelacni koeficienty zavislosti mezi
objemem jaterniho tuku stanoveného
'H MR spektroskopii a parametry obe-
zity, glukézového metabolizmu/inzu-
linoveé resistence a dynamické 3P MR
spektroskopie. Z parametr0 obezity
nejlépe s objemem jaterniho tuku kore-
loval objem visceralniho tuku a obvod
pasu, dale BMI a celkovy objem bficha.
Z parametrd glukézového metaboli-
zmu/inzulinové rezistence objem jater-
niho tuku koreloval s la¢nou glykemii,
glykovanym hemoglobinem a C-pep-
tidem. Korelace mezi objemem jater-
niho tuku a maximalni mitochondrialni
kapacitou hodnocenou dynamickou
3P MR spektroskopii nebyla statisticky
vyznamna.

Diskuze a zavér

V nasi predchozi retrospektivni stu-
dii [6] jsme prokazali, Ze steatdza ja-
terniho Stépu se tyka velkého poctu
pacientd po transplantaci jater
(56,4 %) a jeji vyskyt narlstad s dobou
od transplantace (30,3 % v jednom
roce; 47,6 % v 10 letech). Prospek-

tivni studii navazujeme na predchozi
vysledky s cilem zpresnit metabolicky
profil pacientd ve vztahu k vyskytu
NAFLD, vysledky pilotni ¢asti zahrnu-
jici 31 pacientd po OLT predkladame
v této praci.

Vyskyt NAFLD jaterniho Stépu sta-
noveny histologicky koreloval dle oce-
kavani s abdominalni obezitou, mnoz-
stvim visceralniho tuku a vyskytem
metabolického syndromu. Z labora-
tornich parametrd nejlépe se stupném
steatozy korelovaly la¢nd glykemie,
glykovany hemoglobin a C-peptid.
C-peptid je markerem endogenni se-
krece inzulinu, ktery neni ovlivnén exo-
genné podavanym inzulinem, takze ve
skupiné pacientl s ¢astym diabetem
|é¢enym inzulinem dava presnéjsi vy-
sledky nez inzulinemie [7].

Z indexd inzulinové resistence/sen-
zitivity mély v naSem souboru hrani¢ni
vyznamnost HOMA a QUICKI, ostatni
indexy inzulinové rezistence (la¢na gly-
kemie/inzulinemie nebo 1/la¢na inzuli-
nemie) nebyly v nasem souboru statis-
ticky vyznamné. Na rozdil od literatury
jsme nepozorovali vliv stupné steatozy
na hladinu neesterifikovanych mast-
nych kyselin [15,16].

S rostoucim stupném steatozy kle-
sala maximalni mitochondridlni ka-
pacita kosterniho svalstva méfena
3P MR spektroskopii, nicméné tento
rozdil nebyl v naS8em malém souboru
statisticky signifikantni. Nékteré stu-
die vSak naznacuji, ze zmény v ener-
getickém metabolizmu kosterniho
svalstva se mohou vyskytovat v ¢asné
fazi patofyziologie DM2T a inzulinové
rezistence [9,10].

V souladu s literaturou dobre ko-
reloval histologicky stupen steatozy
s objemem jaterniho tuku stanove-
nym *H MR spektroskopii, coz dale po-
tvrzuje, Ze je tato metoda vhodna ke
stanoveni stupné steatoézy jaterniho
§tépu [12,13].

Stupen steatdzy v nasi studii nekore-
loval s hodnotou jaternich testl a do-
konce i vétsina pacientd se steatdzou
nad 33 % méla hodnoty jaternich testd

Tab. 4. Korelace mezi objemem ja-
terniho tuku stanovenym *H MR
spektroskopii a parametry obezity,
insulinové resistence a dynamické
31P MR spektroskopie.

Tab. 4. Correlation between li-

ver fat volume measured by *H MR
spectroscopy and parameters of obe-
sity, insulin resistance and dynamic
1P MR spectroscopy.

Parametr Spearman p p
BMI 0,4249 0,034
obvod pasu 0,496 0,012
glykemie 0,5506 0,004
nalacno

HbA 0,3528 0,08
C-peptid 0,4045 0,045
mzulvlnemle 0,2936 015
nalacno

HOMA 0,3013 0,14
QUICKI -0,3013 0,14
MR

@2 15a) G 0,4152 0,039
bficha

objem

podkozniho tuku 0,3158 0,12
objem 0,5342 0,006
visceralniho tuku

V.. -0,2035 0,35
Q -0,1728 0,43

max

BMI —body mass index, HbA, —glyko-
vany hemoglobin, HOMA — homeo-
stasis assessment model,

QUICKI — quantitative insulin sensitivity
check index, MR —magneticka rezonance,
Q, ., —maximalni mitochondrialni kapa-

cita, V., — Casova konstanta regenerace

fosfokreatinu po zatézi

v ramci normy, coz zdUraznuje nut-
nost hledani jinych parametrd, které
mohou steatdzu predikovat.

Byt ma vétsina imunosupresiv poda-
vanych po organovych transplantacich
nezadouci metabolické Ucinky na vy-
skyt hyperlipoproteinemie a DM2T [17],
v nasi pilotni studii jsme nepozorovali
vliv jednotlivych imunosupresiv na stu-
pen steatdzy jaterniho Stépu. PFidi-
nou mUze byt delsi ¢asovy odstup od
transplantace u vétSiny nemocnych

Gastroent Hepatol 2016; 70(4): 1-6 _
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(v prdméru 5,7 let), kdy je snaha davky
imunosupresiv minimalizovat vzdy,
je-lito mozné.

V nasi pilotni prospektivni studii
jsme prokazali, ze histologicky stu-
pen steatozy koreluje s BMI, obvodem
pasu, objemem podkozniho i visceral-
niho tuku, vyskytem metabolického
syndromu, lac¢nou glykemii, glykova-
nym hemoglobinem a C-peptidem. Ve
skupiné se steatdzou byl mensi podil
kurakd. Vzestup HOMA indexu a po-
kles QUICKI nedosahovaly statistické
vyznamnosti. Se vzrlstajicim stup-
ném steatdzy jsme pozorovali trend
k poklesu maximalni mitochondrialni
kapacity kosterniho svalstva mérené
3P MR spektroskopii, ale rozdily ne-
byly statisticky signifikantni. Histolo-
gicky stuperi steatézy dobfre koreloval
se stupném steatozy stanovenym 'H
MR spektroskopii. V dalsim vyzkumu
je tfeba pokracovat prospektivni studii
na vétsim souboru pacientd.
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Syndrom diabetické nohy: vyznam MR
spektroskopie lytkovych svali pro hodnoceni
koncetinoveé ischemie a efektu revaskularizace

Andrea Némcova', Michal Dubsky', Alexandra Jirkovska', Petr Sedivy?, Miloslav Drobny? Milan Hajek?,
Monika Dezortova? Robert Bém', Vladimira Fejfarova', Anna Py3na'

'Centrum diabetologie IKEM, Praha
2Oddéleni vypocetni tomografie, magnetické rezonance a klinické a experimentdini spektroskopie Pracovisté radiodiagnostiky
aintervencni radiologie IKEM, Praha

Souhrn

Uvod: Standardni metodou pro posouzeni efektu revaskularizace u pacientl se syndromem diabetické nohy (SDN)
a kritickou koncetinovou ischemii (critical limb ischemia - CLI) je méfeni transkutanni tenze kysliku (TcPO,). 3P MR
spektroskopie (MRS) je metoda umozniujici hodnotit energeticky metabolizmus svalu, ktery mlze byt u pacientt
s diabetem a jeho komplikacemi poruseny. Cilem nasi studie bylo porovnat MRS lytkovych svald u pacient(i se SDN
a CLI se zdravymi dobrovolniky a posoudit ptinos této metody pfi hodnoceni efektu revaskularizace. Metodika:
Do studie bylo zafazeno 34 pacientl se SDN a CLI, z nichz 27 podstoupilo v obdobi let 2013-2016 na nasem praco-
visti revaskularizacni vykon. Autologni bunécnou terapii (autologous cell therapy — ACT) bylo Ié¢eno 15 pacientd,
perkutanni translumindlni angioplastika (PTA) byla provedena u 12 pacientl. Do kontrolni skupiny bylo zafazeno
19 zdravych osob. Referenc¢ni metodou pro posouzeni koncetinové ischemie a efektu revaskularizace bylo méreni
TcPO,. MRS byla provedena za poutziti celotélového 3T MRS systému 1 den pfed a 3 mésice po revaskularizaci. Pa-
cienti byli vysetteni v poloze na zadech s civkou fixovanou pod m. gastrocnemius. MRS parametry byly stanoveny
béhem klidové a zatézové faze. Klidové MRS parametry oxidativniho metabolizmu (fosfokreatin — PCr, anorganicky
fosfat — Pi, fosfodiestery - PDE a adenozintrifosfat - ATP), zatéZzové MRS parametry (recovery time PCr — tPCr a mi-
tochondridlni kapacita - Q, _ ) a pH byly porovnany mezi pacienty a zdravymi kontrolami. Tytéz parametry byly po-
rovnany u pacientl pred revaskularizaci a 3 mésice po revaskularizaci. Vysledky: Pacienti se SDN a CLI méli signi-
fikantné nizsi PCr/Pi (p < 0,001), signifikantné vy33i Pi a pH (p < 0,01), signifikantné nizsi Q__ a prodlouzeny tPCr
(p < 0,001) ve srovnani se zdravymi kontrolami. Efekt revaskularizace byl potvrzen signifikantnim zlepsenim hodnot
TcPO, po 3 mésicich (z 26,4 + 11,7 na 39,7 £ 17,7 mm Hg, p < 0,005), aviak klidové MRS parametry se po revaskulari-
zaci signifikantné nezménily, pouze v individuélnich pfipadech doslo ke zlep3eni zatéZzovych MRS parametrd. Ne-
pozorovali jsme korelaci mezi zménami MRS parametr(i a vzestupem TcPO, po revaskularizaci. Zavér: Vysledky nasi
pilotni studie ukazuji poruseny energeticky metabolizmus lytkovych sval(l u pacientl se SDN a CLI ve srovnani se
zdravymi kontrolami. V individudlnich pfipadech jsme po revaskularizaci pozorovali zlep3eni zatézovych MRS para-
metr. Pfinos MRS lytkovych svald pro hodnoceni efektu revaskularizace je nutno ovéfit na vétsim poctu pacientd
béhem dlouhodobéjsiho sledovani.

Klicova slova: bunécna terapie - kritickd koncetinova ischemie — MR spektroskopie — syndrom diabetické nohy

Diabetic foot syndrome: importance of calf muscles MR spectroscopy in
the assessment of limb ischemia and effect of revascularization

Summary

Aim: The standard method for assessment of effect of revascularization in patients with diabetic foot (DF) and crit-
ical limb ischemia (CLI) is transcutaneous oxygen pressure (TcPO,). Phosphorus magnetic resonance spectroscopy
(3'P MRS) enables to evaluate oxidative muscle metabolism that could be impaired in patients with diabetes and
its complications. The aim of our study was to compare MRS of calf muscle between patients with DF and CLI and
healthy controls and to evaluate the contribution of MRS in the assessment of the effect of revascularization. Meth-
ods: Thirty-four diabetic patients with DF and CLI treated either by autologous cell therapy (ACT; 15 patients) or per-
cutaneous transluminal angioplasty (PTA; 12 patients) in our foot clinic during 2013-2016 and 19 healthy controls
were included into the study. TcPO, measurement was used as a standard method of non-invasive evaluation of
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limb ischemia. MRS examinations were performed using the whole-body 3T MR system 1 day before and 3 months
after the procedure. Subjects were examined in a supine position with the coil fixed under the m. gastrocnemius.
MRS parameters were obtained at rest and during the exercise period. Rest MRS parameters of oxidative muscle
metabolism such as phosphocreatine (PCr), inorganic phosphate (Pi), phosphodiesters (PDE), adenosine triphos-
phate (ATP), dynamic MRS parameters such as recovery constant PCr (tPCr) and mitochondrial capacity Q.. and
pH were compared between patients and healthy controls, and also before and 3 months after revascularization.
Results: Patients with CLI had significantly lower PCr/Pi (p < 0.001), significantly higher Pi and pH (both p < 0.01),
significantly lower Q__ and prolonged tPCr (both p < 0.001) in comparison with healthy controls. We observed
a significant improvement in TcPO, at 3 months after revascularization (from 26.4 + 11.7 to 39.7 + 17.7 mm Hg,
p < 0.005). However, the rest MRS parameters did not change significantly after revascularization. In individual
cases we observed improvement of dynamic MRS parameters. There was no correlation between MRS parameters
and TcPO, values. Conclusion: Results of our study show impaired oxidative metabolism of calf muscles in patients
with CLI in comparison with healthy controls. We observed an improvement in dynamic MRS parameters in individ-

ual cases; this finding should be verified in a large number of patients during longer follow-up.

Key words: autologous cell therapy - critical limb ischemia - diabetic foot — MR spectroscopy

Uvod

Kriticka koncetinova ischemie (critical limb ischemia — CLI)
je definovana jako pretrvavajici klidova bolest s pfitom-
nosti ulcerace nebo gangrény v disledku objektivné pro-
kazané okluze tepen dolnich koncetin [1]. CLI je spojena
s vysokym rizikem amputace koncetiny i celkové morta-
lity [2]. Diagnostika a terapie CLI u pacientU s diabetem je
obtiznd, protoze casto chybéji typické symptomy, jako je
klidova bolest nebo klaudikace v dusledku periferni neu-
ropatie a lokalizace postizeni cév, které je u diabetikl pre-
véazné infrapoplitedini [3]. Standardnimi Ié¢ebnymi meto-
dami CLI jsou chirurgicka revaskularizace bypassem nebo
perkutdnni transluminalni angioplastika (PTA) [4]. Pacienti
stzv. no-option CLI, ktefi nejsou vhodni k standardnilécbé
kvUli zavaznému, technicky nefesitelnému cévnimu posti-
Zeni nebo kvuli vysokému opera¢nimu riziku, mohou pro-
fitovat z lé¢by autolognimi kmenovymi burikami (auto-
logous cell therapy — ACT) [5].

Graf 1. Kinetika fosfokreatinu béhem klidu, zatéze
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Standardni metodou pro hodnoceni zavaznosti is-
chemie a efektu revaskularizace je méreni transkutanni
tenze kysliku (TcPO,), coz je neinvazivni vysetfeni od-
razejici tkanovou perfuzi a oxygenaci [4,6]. Perspek-
tivni metodou pfi hodnoceni efektu revaskularizace je
3P MR spektroskopie (MRS) lytkovych sval(, kterd po-
skytuje informaci o zménach energetického svalového
metabolizmu zahrnujiciho mitochondrialni oxidativni
fosforylaci, anaerobni glykolyzu a kreatinkindzovou ak-
tivitu (graf 1).

Principem 3'P MRS je méreni koncentrace metabolit(
- fosfokreatinu (PCr), anorganického fosfatu (Pi), fos-
fodiester( (PDE) a adenozintrifosfatu (ATP), které cha-
rakterizuji svalovy metabolizmus predevsim v klidu,
a stanoveni zatézovych MRS parametrd (poklesu PCr,
mitochondrialni kapacity - Q__, recovery time PCr -
TPCr a zmény pH), které popisuji zmény v energetickém
metabolizmu pfi svalové ¢innosti [7].

Tab. 1. Zakladni charakteristika pacientti se SDN

aCLI

pacienti se SDN

parametry aCLI
(n=34)
vék (roky) 66,8 +6,9
pohlavi (% muzt) 91,2
typ diabetu (% pacienti s DM2T) 853
trvani diabetu (roky) 22,7+15,2
glykovany hemoglobin (mmol/mol) 58,1+ 16,6
vstupni hodnota TcPO, (mm Hg) 264+11,7
angiograficky nalez (klasifikace dle Grazianiho) 41+1,5
ischemicka choroba srdeé¢ni (%) 441
renalni selhani - dialyza (%) 17,6
hypertenze (%) 97,1
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Metabolické parametry ziskané z 3'P MRS lytkovych
svald zavisi na dodévce kysliku do svalu, na celkové ve-
likosti zatéZe, na poc¢tu mitochondrii a rychlosti enzyma-
tickych pochodl v nich probihajicich. Porusené cévni
zésobeni dolnich koncetin limituje oxidativni svalovy
metabolizmus a vede k acidéze v dasledku anaerobni
glykolyzy. U pacientli se symptomatickou ischemickou
chorobou dolnich koncetin (ICHDK) byl pozorovan pro-
dlouzeny recovery time PCr, ktery je znamkou zpozdé-
ného obnoveni zdsob energeticky bohatého fosfokrea-
tinu [8,9]. Je zndmo, Ze rovnéz diabetes a jeho komplikace
(zejména neuropatie, mikroangiopatie a makroangiopa-
tie) negativné ovliviuji svalovy metabolizmus; pacienti
s diabetem maji napt. snizenou mitochondridlni kapa-
citu [10,11]. Pfitomnost diabetu a aterosklerézy je také
spojena s vyssim vyskytem poskozeni mitochondridlni
DNA[12].

Cilem nasi studie bylo porovnat parametry MRS lytko-
vych svalCi mezi pacienty se syndromem diabetické nohy
(SDN) a CLI a zdravymi kontrolami a posoudit pfinos této
metody pii hodnoceni efektu revaskularizace.

Metody

Do studie bylo konsekutivné zafazeno 34 pacientl
se SDN a CLI, z nichZz 27 podstoupilo revaskulariza¢ni
vykon na nasem pracovisti (ACT bylo lé¢eno 15 paci-
entl, u 12 bylo provedeno PTA) v obdobi od ledna roku
2013 do ledna toku 2017 (tab. 1). Do kontrolni skupiny
bylo zafazeno 19 zdravych dobrovolnikd bez diabetu
(prdmérny vék 57,6 £ 9,9 let).

CLI byla definovana hodnotou TcPO, < 30 mm Hg,
angiograficky prokazanou vyznamnou infrapoplite-
alni stenézou, pfitomnosti nehojicich se defektd nebo
ischemické bolesti v souladu s kritérii pro CLI TASC I
[13]. Zavaznost angiografickych nalez( byla hodnocena
pomoci Grazianiho klasifikace [14]. Pacienti lIéceni ACT
podstoupili vysetfovaci protokol zahrnujici podrobné
onkologické a hematologické vysetfeni popsané v nasi
pfedchozi studii [15]. Vyfazovacimi kritérii pro bunéc-
nou lé¢bu byla pfitomnost zhoubného néadoru, tézké
hematologické abnormality, hlubokd zilni trombdza
v poslednich 6 mésicich, nelécena proliferativni retino-
patie, vyrazny otok koncetiny nebo zavaznd infekce nohy
s vysokym rizikem amputace.
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Studie byla schvélena lokalni etickou komisi (Eticka
komise IKEM a Thomayerovy nemocnice) a vsichni pacien-
ti podepsali informovany souhlas se zafazenim do studie.

MR spektroskopie

MRS vysetteni byla provedena 1 den pred revaskularizaci
a 3 mésice po ni za pouziti celotélového 3T MR systému
(TRIO, Siemens, Erlangen, Némecko) vybaveného pe-
dalnim ergometrem, s 'H/?'P civkou (Rapid Biomedical,
Némecko). Pacienti i zdravi dobrovolnici byli vysetfeni
v poloze na zadech s civkou fixovanou pod m. gastro-
cnemius. MRS vysetfeni bylo rozdéleno na fazi klido-
vou (2 min), fazi zatéZovou (6 min) a recovery fazi (6 min).
Béhem zatézové faze vysetiovany subjekt provadél plan-
tarni flexi 1krat za 2 s se standardizovanou zatézi 7,3 kg.

Analyza *'P MR spekter
Metodika je podrobné popsana v predchozi studii [16].
Ve stru¢nosti, MRS parametry charakterizujici meta-
bolizmus lytkového svalu v klidu byly definovany jako
poméry intenzity signalu PCr, Pi, PDE a ATP k celkové
sumé intenzit signdlu fosforovych metabolitd ve 3'P MR
spektru. Dale byla stanovena hodnota pH na zakladé
chemického posunu PCr a Pi. Zatézové MRS parame-
try (pokles PCr, mitochondrialni kapacita Q__, recovery
time PCr) a pH na konci zatéze byly vypocitany ze spek-
ter zmérenych na konci zatéze a v recovery fazi.
Klinicky efekt revaskularizace byl ovéfen méfenim
TcPO, standardizovanou metodou na pfistroji TCM400
(Radiometer Medical ApS, Aarhus, Dansko).

Statisticka analyza

Pro statistickou analyzu byly pouzity Student(iv t-test,
Mann(v-Whitneyho U test a ANOVA test. Za statisticky
signifikantni byly povazovany hodnoty p < 0,05.

Vysledky

Hodnoty klidovych MRS parametr(i u pacientd se SDN
a CLI pfed revaskularizaci ve srovnani se zdravymi kon-
trolami zndzornuje tab. 2. Pacienti se SDN a CLI méli
v klidu pfed lé¢bou zejména signifikantné nizsi pomér
PCr/Pi (p < 0,001) ve srovnani se zdravymi dobrovol-
niky; tento vysledek ukazuje na vyznamné poskozeni
klidového metabolizmu svalovych bunék u pacientt se

Tab. 2. Porovnani parametri MRS lytkovych svali mezi pacienty se SDN a CLI a zdravymi dobrovolniky -

v klidu

klidové MRS parametry EELLIEE L E

(n=34)
PCr/Pi 55+2,1
PCr/celkovy signal P metabolitt 0,44 +0,07
Pi/celkovy signal P metabolit( 0,089 + 0,033
PDE/celkovy signal P metabolitt 0,077 + 0,022
ATP/celkovy signal P metabolitt 0,075 + 0,020
klidové pH 7,079 £ 0,081

zdravé kontroly

(h=19) P

84+18 <0,001
0,51 +0,020 <0,001
0,062 +0,012 0,002
0,067 0,019 0,118
0,089 +0,014 0,012
7,022 +0,026 0,005



Némcova A. et al. Syndrom diabetické nohy: vyznam MR spektroskopie lytkovych svaltl pro hodnoceni koncetinové ischemie

SDN a CLI. Déle jsme u téchto pacientl pozorovali sig-
nifikantné vyssi pH (p = 0,005) v porovnani se zdravymi
kontrolami.

Pocet pacientl s hodnotitelnym zatéZzovym MRS vy-
Setfenim byl redukovan z diivodu obtizi pfi cvi¢eni kvili
pfitomnosti rozsahlych defektd, nizkych amputaci nebo
rychlé unavé. U podskupiny pacientd, ktefi byli schopni
cvicit, jsme pozorovali signifikantné mensi mitochon-
dridIni kapacitu a prolongovany navrat PCr k vychozim
klidovym hodnotdm (tab. 3) ve srovnani se zdravymi
kontrolami.

Klidové MRS parametry se vsak u pacientl se SDN
a CLI pfed a po revaskularizaci signifikantné nezménily
(tab. 4). V individualnich ptipadech doslo po revasku-
larizaci ke zlepseni zatézovych MRS parametrd (Q
TPCr), jak je zfejmé z grafu 2.

Efekt revaskularizace byl potvrzen signifikantnim
vzestupem hodnot TcPO, 3 mésice po revaskularizaci
(z26,4£11,7na 39,7 £ 17,7 mm Hg, p < 0,005), nepozo-
rovali jsme v3ak korelaci mezi MRS parametry a hodno-
tami TcPO,.

max’

Diskuse

Vysledky nasi pilotni studie ukazuji poruseny energe-
ticky metabolizmus lytkovych svalli u pacientt se SDN
a CLIve srovnani se zdravymi kontrolami jiz v klidové fazi.
Pacienti se SDN a CLI méli signifikantné nizsi pomér fos-
fokreatinu k anorganickému fosfatu ve srovnani se zdra-
vymi kontrolami. Tyto zmény v parametrech klidového
metabolizmu u pacient( s diabetem jsou obdobné jako
u nalezl pacienti s onemocnénimi sval(, napf. myopa-
tiemi nebo dystrofiemi; u chlapcli s Duchenneovou sva-
lovou dystrofii byl rovnéz pozorovén nizsi pomér PCr/Pi
ve srovnani se zdravymi kontrolami [17]. Diabetes mize

vést ke snizeni mitochondridlni kapacity, snizené kapila-
rizaci, svalové atrofii, chronickému prozanétlivému stavu
a vyssimu oxidativnimu stresu [18]. Navic se muze uplat-
novat i negativni vliv dlouhodobého odlehéeni konce-
tiny, které je soucasti |é¢by syndromu diabetické nohy.
Pacienti s dlouhodobé se nehojicim defektem mini-
malné zatézuji koncetinu, coz muze vést ke svalové atro-
fii a zménéné aktivité mitochondrii.

Chronicka hypoperfuze koncetin u ICHDK se také podili
na ziskané svalové myopatii, kterd je charakterizovana ne-
dostate¢nou funkci mitochondridlnich enzymd, vyssim
vyskytem mutaci mitochondridlni DNA, zvy3enym oxida-
tivnim stresem a porusenou regulaci mitochondridini re-
spirace [19,20].

Na zacatku zatéZe neni pocatecni rychlost oxidativ-
niho ani anaerobniho metabolizmu schopna pokryt
zvysené energetické ndroky svalu vzniklé v disledku
Ubytku adenozintrifosfatu (ATP), ktery je Stépen AT-
Pazou v myofibrildch a jenz slouZi jako zdroj energie
pro svalovou kontrakci. Proto dochazi k hydrolyze fos-
fokreatinu (PCr), ktery predstavuje bezprostiedné vy-
uzitelnou energetickou rezervu svalu. Tato pocatecni
faze je na zacatku cviceni charakterizovana progresiv-
nim poklesem zasob PCr. Svalova zatéz zaroven vede
ke zvyseni krevniho pratoku na drovni mikrocirkulace
za Ucelem dostatecného zasobeni svalu kyslikem a do-
chazi k nahrazeni anaerobni glykolyzy, kterd v mezi-
dobi vyrovnavala pokles PCr. Jakmile zasobeni kyslikem
stoupne, nastava aerobni faze charakterizovana tvor-
bou ATP oxidativni fosforylaci, ktera probiha v mito-
chondriich. V této fazi hydrolyza PCr dospéje do ustale-
ného stavu graf 1 [21,22].

Rychlost a mira poklesu PCr je zavisla na velikosti
zatéze, ekonomice kontrakci (efektivité spotieby ATP)

Tab. 3. Porovnani parametri MRS lytkovych svalii mezi pacienty se SDN a CLI a zdravymi dobrovolniky -

pii zatézi

zatézové MRS parametry IR R A

(n=15)
pokles PCr (%) 37+14
recovery time PCr (s) 170 £ 140
Q. (mmol/s) 0,29+0,14
pH na konci zétéze 6,85+0,23

zdravé kontroly

(n=19) R

26+13 0,021

45+18 < 0,001
0,60 = 0,25 < 0,001
7,02 0,06 0,003

Tab. 4. Porovnani parametri MRS lytkovych svalt u pacient se SDN a CLI pred a po revaskularizaci

pacienti se SDN a CLI (n = 15)

klidové MRS parametry
pred revaskularizaci

PCr/Pi 59+26
PCr/celkovy signal P metabolitt 0,44 +0,09
Pi/celkovy signal P metabolitt 0,089 + 0,04
PDE/celkovy signal P metabolitt 0,077 + 0,025
ATP/celkovy signal P metabolitt 0,074 + 0,023
klidové pH 7,078 £ 0,023

3 mésice po revaskularizaci P
5719 NS

0,44 +0,07 NS

0,084 + 0,028 NS

0,070 £ 0,024 NS

0,078 £ 0,021 NS

7,060 + 0,020 NS
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a odrazi uvodni cast kyslikového deficitu. Pro hodno-
ceni oxidativnich moznosti svalu je vsak nejdulezitéjsi
vyvoj PCr po skonceni zatéze, protoze v této fazi tvofi
sval ATP pouze pomoci oxidativni fosforylace. Recovery
time PCr charakterizuje cas, ktery je potfeba k obnové
plvodnich klidovych zasob fosfokreatinu (resyntéza
PCr je odrazem refosforylace PCr, respektive tvorby
ATP).

Pfi hodnoceni zatézovych MRS parametrud jsme u pa-
cientl se SDN a CLI pozorovali prodlouzeny recovery
time PCr a vyznamné snizenou mitochondridlni kapa-
citu ve srovnani se zdravymi kontrolami. Produkce ATP
v burikdch je nedostatecna a ndvrat PCr k vychozimu
stavu je u pacientl se SDN a CLI prodlouzen. Snizena
mitochondrialni kapacita je odrazem porusené funkce
mitochondrii, resp. aktivity jejich enzymu a nedostatec-
ného zasobeni svalu kyslikem, které se pii zatézi jesté
zdUrazni. Pfedchozi studie MRS lytkovych svald proka-
zaly, ze obnoveni zdsob PCr u pacientl s ICHDK je po
svalovém cviceni prodlouzeno ve srovnani se zdravymi
kontrolami [8,23], coZ je v souladu s nasimi vysledky.
Greiner et al studovali energeticky metabolizmus lytko-
vych svall u zdravych dobrovolnikl a jeho zménu pfi si-
mulaci sten6zy za pouziti manzety béhem cviceni s po-
stupné se zvysujici zatézi. Vysledky jeho studie ukézaly,
ze omezeny krevni pratok v disledku periferni stendzy
ved| béhem cviceni k prodlouzeni recovery time PCr,
poklesu PCr a pH a vzestupu Pi [21]. Jednim z moznych
vysvétleni je mitochondridlni dysfunkce u pacientt
s ICHDK v dusledku chronické ischemie a nedostatec-
ného zasobeni kyslikem z dlivodu snizeného prokrveni
koncetin.

Efekt revaskularizace byl v nasi studii potvrzen signi-
fikantnim zvy3enim hodnot TcPO,, se kterymi v3ak sle-
dované MRS parametry nekorelovaly. Nepozorovali jsme

Graf 2. Zmény zatézovych parametrii MRS lytkovych
svali u pacienta po revaskularizaci. Po
revaskularizaci doslo u pacienta k rychlejSimu

navratu PCr k vychozim hodnotam (recovery
faze je proloZena exponencialni kfivkou, ze
které se urtuje recovery time PCr)
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signifikantni rozdily klidovych MRS parametrd pred
a po revaskularizaci, a to ani ve skupiné lé¢ené ACT, ani
v PTA skupiné. Pouze v individualnich pfipadech jsme
zaznamenali zlepseni zatézovych MRS parametrd po
revaskularizaci podobné jako v predchozi studii [24],
oviem pouze nékolik pacientd bylo schopno cviceni;
tento ndlez je tfreba ovéfit na vétsim poctu pacienta.
Tyto vysledky svéd¢i pro pretrvavajici poruseny sva-
lovy energeticky metabolizmus v disledku pfitomnosti
myopatie u diabetikl, ktery pomérné casné po revas-
kularizaci nereflektuje aktudlni zmény mikrocirkulace
a makrocirkulace.

Diskutabilnim nalezem je vyssi klidové pH u pacientt
se SDN a CLI ve srovnani se zdravymi kontrolami. In-
tracelularni pH odrazi mnozstvi hydrolyzovaného ATP
v myofibrildch béhem svalové zatéZe a stuper ATP syn-
tézy v mitochondriich. MoZznym vysvétlenim pro nalez
paradoxné vyssiho klidového pH u pacientl se SDN
a CLI je adaptacni mechanizmus, kterym se sval ,brani”
proti vétsimu okyseleni pfi zatézi. DalSi moznou pfi-
¢inou vedouci k vy$simu klidovému pH je poskozeni
bunék - intraceluldrni pH je niz3i nez pH extraceluldr-
niho prostiedi, pfi destrukci bunék u pacient se SDN
a CLI maGze byt tedy pH méfené v celém objemu tkéné
vyssi. Pfitomnost edému se rovnéz muze podilet na
vyssim pH v dusledku méfeni vyssiho fosforového sig-
ndlu z intersticidlniho prostfedi, v némz je fyziologicky
vy$si pH nez intraceluldrné. Na konci cviceni viak méli
pacienti se SDN a CLI signifikantné nizsi pH nez zdravé
kontroly, coz odpovida nasemu pfedpokladu vlivu isch-
emie a diabetu na zatéz u téchto pacientd [25]. Pokles
pH béhem cviceni je disledkem hydrolyzy fosfokrea-
tinu, vzestupu anorganického fosfatu a nedostate¢né
tvorby ATP béhem glykolyzy. Acidéza muize navic pro-
dluzovat recovery time PCr, ktery je odrazem refosfory-
lace PCr, a také miZe redukovat mitochondridlni kapa-
citu(Q, ), protoZe vodikové ionty pfi nizsim pH inhibuji
oxidativni fosforylaci [26].

Hlavni limitaci nasi studie byl relativné maly soubor
pacientl a kratka doba sledovani. Vyraznou limitaci je
rovnéz omezend schopnost cvi¢eni pacientll se SDN
a CLI a obtizna standardizace zatéze ovliviujici inter-
pretaci zatézovych MRS parametrd. Je mozné, ze efekt
revaskularizace by se projevil v MRS parametrech az
v delsim ¢asovém odstupu od vykonu, kdy muze dojit
k reparaci funkce mitochondrii [24].

Zaveér

V nasi studii jsme prokazali vyznam MRS lytkovych
svall pfi hodnoceni koncetinové ischemie a svalového
energetického metabolizmu u pacient se SDN a CLI ve
srovnani se zdravymi kontrolami. V této pilotni studii
jsme viak nezaznamenali signifikantni zménu MRS
parametrd po revaskularizaci. Pfinos MRS v hodnoceni
efektu revaskularizace je nutné ovérit v dlouhodobéj-
Sich studiich vzhledem k moznosti pfetrvavani myopa-
tickych zmén ovliviujicich svalovy energeticky meta-
bolizmus.
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uvoD

Hlavni stanovisko prace

Clanek popisuje vyvoj a hlavni sméry v rozvoji in
vivo MR spektroskopie a zobrazovani pomoci X-ja-
der, a to predevsim jader *'P a '°F a uplatnéni téchto
technik v IKEM za poslednich 30 let.

SOUHRN

§edivy’r P, Herynek V, Dezortova M, Drob-
ny M, Galisova A, Hajek M. *'P a F MR
spektroskopie a zobrazovani v IKEM

Clanek popisuje zékladni moznosti pouziti
MR spektroskopie X-jader a soustfeduje se
na *'P a “F in vivo MR experimenty. Jsou
popsany zakladni postupy klidové a dyna-
mické *'P MR spektroskopie na ptikladech
vySetfeni provadénych v IKEM. *'P a “F in
vitro a in vivo experimenty jsou demonstro-
vany na vysetfenich pfi 1,5 T, 3 T a 4,7 T
organti a laboratornich zvifat. Vyvoj metod
v IKEM je dokladovan uvedenymi publiko-
vanymi pracemi.

Kli¢ova slova: spektroskopie X-jader, kli-
dova a dynamickd *'P MR spektroskopie, "F
MRS.

Major statement

The paper describes the development of in vivo
X-nuclei MR spectroscopy and imaging with
X-nuclei, namely *'P and "°F, and application of
these techniques in IKEM over the last 30 years.

SUMMARY

Sedivy'f P, Herynek V, Dezortova M, Drob-
ny M, Galisova A, Hajek M. *'P and “F MR
spectroscopy and imaging in IKEM

The paper describes the possibility of the ap-
plication of MR spectroscopy with X-nuclei
and is focused to *'P and *°F in vivo MR ex-
periments. Basic procedures of the rest and
dynamic *'P MRS are shown on examples of
examinations performed in IKEM. *'P and
YF in vivo and in vitro experiments with
organs and small animals are demonstrated
at 1.5T, 3T and 4.7 T magnetic fields. The
development of these methods in IKEM is
supported by published papers.

Key words: X-nuclei MR spectroscopy,
dynamic and rest *'P MR spectroscopy, “°F
MRS.

'"H MR zobrazovani (MRI) i '"H MR spektroskopie (MRS) se
staly v poslednich 30 letech béznou souéasti standardniho
klinického vySetfeni pacientti s onemocnénim CNS i jinych
organtl. MRI a MRS tzv. X-jader (v literatufe oznac¢ovano jako
»X-nuclei MR spectroscopy” nebo ,,spektroskopie dalsich ja-
der®), zahrnuje vyuziti nevodikovych izotopti pro MRS a MRI
v biomediciné a klinickém vyzkumu a praxi (tab. 1). Vyvoj
a aplikace téchto metod se uspésné rozviji hlavné ve specia-
lizovanych centrech, ktera jsou vybavena tomografy a dal$im
technickym pfislusenstvim pro méteni X-jader.

strana 312

V prazském IKEM byla v roce 1987 spolu s prvnim 1,5T
tomografem (Magnetom Siemens) v CR dodana i multinuk-
learni jednotka umoznujici provadét fosforovou (*'P MRS)
a sodikovou MR spektroskopii (*Na MRS). Na tomto misté
je vhodné pfipomenout, Ze protonova in vivo spektroskopie
byla v té dobé jesté bézné nedostupnd. Na klinickych tomo-
grafech byla prvni 'H MR spektra naméfena teprve v roce
1985 (1).

Experimentalni a klinické studie s vyuzitim *'P MRS probi-
haly vIKEM i po vyméné tomografu Magnetom za novy 1,5T
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MR tomograf Magnetom Vision (Siemens). Pozdéji, po pre-
chodu na 3T tomograf (Trio TIM, Siemens) byla multinuk-
learni jednotka pofizena koncem roku 2010 pro *P MRS
a vroce 2014 pak i civky umoznujici detekovat izotop °E

Multinuklearni jednotka je nedilnou soucasti experimen-
talniho MR spektrometru Bruker pracujiciho s magnetickym
polem 4,7 T, ktery byl instalovan v roce 1999 a na kterém pro-
bihaly a dosud probihaji rtizné experimenty vcetné zvifecich
modelt s pouzitim fady zobrazovacich a spektroskopickych
P, ¥F a *C MR postupt.

FOSFOROVA MR SPEKTROSKOPIE

Méfeni fosforovych (*'P) MR spekter ma mezi X-jadry vy-
sadni postaveni, protoze jeho izotop *P ma 100% piirodni
zastoupeni a spektra jsou jednoducha. Obsahuji jen nékolik
malo in vivo méfitelnych metabolitid (fosforové metaboli-
ty v lidské tkani maji fadové témét stejné koncentrace - cca
od 5 do 40 mmol/l). Ve spektrech nenf zadny signdl, ktery by
bylo nutné eliminovat, tak jako je tomu v ptipadé protonové
MR spektroskopie, kde je signal vody hlavnim omezujicim
faktorem ziskani kvalitnich in vivo spekter. Neni tedy nutné
z4dné dodate¢né potlacovani rusivého signalu a to také stoji
za velkym prvotnim zdjmem o pouziti fosforové MR spektro-
skopie pro experimentalni i klinické aplikace jiz na prvnich
celotélovych tomografech. Oproti 'H ma vsak *P MRS ne-
vyhodu v mensi citlivosti. Ta je dana mens$im gyromagnetic-
kym pomérem (tab. 1), ktery sniZuje receptivitu, tj. relativni
velikost fosforového signalu vzhledem k signélu 'H (2). Tento
nedostatek se fe$i mérenim z vét$ich objemit VOI (volume of
interest) a zvy$enym poctem akumulaci spekter. Rezonan¢ni
frekvence *'P se vyznamné lisi od 'H, a proto fosforova spekt-
roskopie vyzaduje specialni civky, které jsou naladény na pii-
slusnou rezonanéni frekvenci. Casto se pouzivaji dualni civky,
tj. civky, které umoznuji kromé méfeni *'P spekter také ziskat
'"H MR obraz vy$etfovaného mista, avSak konstrukce s kom-
binaci nékolika civek mtize zhor$ovat citlivost méfeni.

Tab. 1. MR rezonancni frekvence (f) a receptivita klinicky nejzajimavéj-
Sich nuklidi

Table 1. MR resonance frequency (f ) and receptivity of the most clinically
interesting nuclides

Nuklid | Spin z:s’t';:‘;:'ni Y [51_,(’;_:? 9| Receptivita* ’('«;vm
H 1/2 ~100% 267 1 128
3C 1/2 1,20% 67 1,8x10* 32
F 1/2 ~ 100% 252 0,83 120
“Na | 322 | ~100% 7 0,092 34
3p 1/2 ~100% 108 0,066 52

*receptivita =v,*/y1,’ X Z,/Z,, 7 - piirodni zastoupeni daného izotopu

Pro méfeni se tedy pouzivaji spektroskopické techniky (na-
bér signalu z volné precese — FID, single voxel spektroskopie —
SVS, spektroskopické zobrazovani — CSI) bez pouziti selektiv-
niho potlacovani konkrétniho signalu, nej¢astéji v kombinaci
s povrchovymi civkami, které mohou byt také samostatné
pouzity pro lokalizaci.

V zivé tkani probihd rozsahly metabolicky cyklus fosfo-
rovych sloucenin a v in vivo 3P MR spektrech tkani jsou sig-
naly hlavnich fosforovych metaboliti pozorovany v rozmezi
kolem 25 ppm. Jedna se predev$§im o tyto slouceniny: fosfo-
kreatin (PCr), adenosintrifosfat (ATP): 3 multipletni signaly —
a (dublet), B (dublet), y (triplet) - od kazdého atomu fosforu
v této molekule, anorganicky fosfat (Pi), fosfodiestery (PDE:
zejména glycerolfosfoetanolamin (GPE) a glycerolfosfocholin
(GPQ)) a fosfomonoestery (PME: zejména fosfocholin (PC)
a fosfoetanolamin (PE)). VSechny tyto signaly je mozné iden-
tifikovat v in vivo a in vitro spektrech kosternich svald, srdce,
jater, ledvin aj. (obr. 1 az 7). Jednotlivé piky nejsou vzdy tak ostré
a §tépené jako v pripadé kosterniho svalu (obr. 1). Kvalita spek-
ter zavisi na splnéni fady technickych podminek, predevsim
na dobrém nastaveni homogenity magnetického pole v misté
VOL tj. shimovani. Metabolity PCr, ATP a Pi jsou zapojeny pre-
devsim do energetického metabolismu. PDE a PME se vztahuji
spise k membranovému metabolismu. Jednotlivé organy maji
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4 0Obr 1
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Obr. 1. 3P MR spektrum z lytkového svalu, spek-
o trum méreno povrchovou civkou a sekvenci FID

Intenzita signalu
o

0.0 w

(3 T, 16 akvizic, TR = 15 s). Signdly ve spektru: PME -
fosfomonoestery, Pi — anorganicky fosfdt, PDE - fos-
fodiestery, PCr — fosfokreatin, ATP — adenosintrifosfdt
(signdly a, B, y, pfi dobrém shimu je pozorovatelné sté-
peni signdlt J-couplingem), NADH - nikotinamidade-
nindinukleotid (signdl se prekryvd se signdlem aATP)

Fig. 1. 3P MR spectrum of calf muscles measu-
red using a surface coil and FID sequence (3T, 16
acquisitions, TR = 15 s). Signals in the spectrum:
PME - phosphomonoesters, Pi — inorganic phospha-
te, PDE - phosphodiesters, PCr — phosphocreatine,

Chemicky posun [ppm]

ATP - adenosintriphosphate (a, B, y signals, J-coupling
is visible if the shim is good enough), NADH - nicoti-
namide adenine dinucleotide (its signal is overlapped
with aATP signal)
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4 Obr.2

Obr. 2. Kumulovany graf priibéhu vysetieni dynamic-
kou *'P MRS lytkového svalu pri 3 T. Vysetrovaci protokol
pouzivany v IKEM: akumulace spekter v klidu — 2 minuty
(TR = 2 s); akumulace spekter pfi cviceni uvniti magnetu
po dobu 6 minut s frekvenci 1 sesldpnuti za 2 s; akumulace
spekter v klidu po dobu 6 minut, vyhodnocuje se rychlost
exponencidlniho ndvratu PCr do klidové hodnoty (v grafu
modrou carou zduraznén pokles a cervenou krivkou ndvrat
ke klidovym hodnotdm). Vyhodnoceni vysledku se provddi
semi-automaticky programem SEIP1, ktery vyuzivd pro-
gram jMRUI a dalsi funkce MATLAB pro zpracovdni dat.

Fig. 2. A stacked plot of dynamic *'P MRS examination
of calf muscles at 3T. The examination protocol used in
IKEM: 2-minute acquisition of spectra at rest (TR = 2 s);
acquisition of spectra during 6 minutes of exercise inside
the magnet, frequency of pedaling is once per 2 s; 6-minute
data acquisition at rest to obtain recovery data for the cal-
culation of dynamic parameters. The evaluation is perfor-
med via semi-automatic software SEIP1 which includes the
JMRUI and MATLAB functions.

Inbenzita signilu

zhvati

3T tomograf
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PP civka ——  $lapadio
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StimSys MR konzola fafne): | | WiInATS

A Obr.3

Obr. 3. Schematické uspordddni pro dynamickou *'P MR spektroskopii v IKEM. Pro fizeni a zpracovdni dat se pouzivd software: StimSYS - domdci soft-
ware pro spousténi méici sekvence a signalizace (Rydlo J, Tintéra J, IKEM); SEIP1 — domdci vyhodnocovaci software pro zpracovdni a interpretaci dat (Sedivy
P, IKEM); WinATS - komercni software pro sledovdni vykonané prdce (SYSMA, Francie).

Fig. 3. Set-up of equipment for dynamic 3'P MR spectroscopy in IKEM. Experiments and data processing are controlled by software: StimSYS - home-made
software for data acquisition control (Rydlo J, Tintera J, IKEM); SEIP1 - home-made software for data evaluation (Sedivy P, IKEM); WinATS - commercial software
(SYSMA, France).
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specifické zastoupenti fosforovych sloucenin, jak Ize vidét pti po-
rovnani spekter na obrazcich 1 az 7. Ve svalu je u zdravych osob
signal fosfomonoestertl témér neznatelny, na rozdil od jater, kde
je tento signdl vyznamny (obr. 6). V jatrech a ledvinach naopak
chybi signal fosfokreatinu, ktery ma ve svalu nejvétsi intenzitu
(obr. 1). ATP slouzi v burice jako zakladni energeticky zdroj,
ve svalu je jeho hydrolyza spojena s uvolnénim energie a svalo-
vou kontrakci. PCr udrzuje ptes kreatin-kindzovou reakci stalou
hladinu ATP, ¢im? jeho hodnota vypovida o aktudlni energetic-
ké rezervé bunky. PME se davaji do souvislosti s tvorbou a ob-
novou bunéénych membréan, PDE se maji naopak zvy$ovat pii
nadmérné degradaci buné¢nych membran (3).

Kromé stanoveni koncentraci zminénych metabolitti 1ze
z chemickych posunt mezi PCr, Pi a ATP urcit pH a koncen-
traci hofe¢natych kationtd (Mg?*) (4).

KLINICKA *'P MRS

Vysetiovani kosternich svalti

Pouziti fosforové MR spektroskopie se od druhé poloviny
osmdesatych let 20. stoleti zaméfilo predev$im na studium

metabolismu kosternich svali u ¢lovéka. Tyto studie predlo-
ketnich, Iytkovych a stehennich svalt ptispély k pochopeni
aerobniho a anaerobniho metabolismu ve svalech a umozni-
ly tyto pochody popsat nejen kvalitativné, ale i kvantitativné.
Na zékladé praci Argova, Kempa, Raddy a fady dal$ich autort
(5-7) tak vznikl uceleny prehled teoretickych vztaht, které je
mozné uplatnit v klinickych studiich i diagnostice na zakladé
vysledku klidové a dynamické *'P MR spektroskopie.

Interpretace spekter kombinuje stanoveni klidového zastou-
peni fosforovych metabolitii (nejéastéji ve formé pomért inten-
zit signalt1) s vySetfenim pii fyzické zatézi, kdy se sleduje dyna-
mika poklesu a nasledného navratu PCr do piivodnich hodnot
a obdobné zmény Pi a dalsich metabolitd (zmény ve spektrech
jsou viditelné na kumulovaném grafu na obrazku 2). Z velikosti
zmén zastoupeni metabolitll a jejich dynamiky béhem a po za-
tézi 1ze pak vypocitavat metabolické parametry, jako je maxi-
malni oxidativni kapacita svalu (tzv. mitochondridlni kapacita),
¢i jednotlivé metabolické toky ATP prislusnymi biochemicky-
mi drahami - anaerobni glykolyzou nebo oxidativni fosforyla-
ci. Z rozdilu chemickych posunt lze vypocitat napt. pH. Bio-
chemii a metodice dynamické *'P MR spektroskopie je vénovan
nas$ prehledny ¢lanek v Chemickych listech (8).

Z experimentdlniho hlediska je MR vysetfovani svali fos-
forovou spektroskopii velmi vyhodné hned z nékolika divo-
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7] | MRS - ndvrat PCr do klidové hodnoty je
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E f 'y | Fig. 4. *'P MRS spectra of calf muscles
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(1] et N ettt e 0 e Wﬁﬂ“ﬂﬁw ."--thw' ference in energy metabolism is pronoun-
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rest values after PTA is three times faster
Chemickﬁr posun [ppm] than before PTA; B - the difference in rest
intensities PCr is about 34%.
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da: a) vySetfované misto na koncetinich je vétsinou velmi
dobre pristupné a umoznuje ziskat dobrou zobrazovaci do-
kumentaci; b) pro lokalizaci vy$etfovaného mista lze pouzivat
povrchové civky a ziskany signal metabolitii je dostate¢ny pro
kvantitativni interpretaci; ¢) vySetfovani je mozné provadét
v klidu nebo pti fyzické zatézi; d) vnittni pohyb svalovych
bunék pri cvieni neovliviiuje kvalitu spekter pohybovymi
artefakty.

Prvni publikované vysledky fosforové MR spektroskopie
z IKEM se datuji do roku 1990 (9). Tato uplné prvni publikace
meéla za cil seznamit $irsi odbornou vefejnost s touto novou
vySetfovaci metodou. Zaroven ale také jiz prinasela konkrét-
ni srovnani klidového svalového metabolismu u pacientt
s chronickym renalnim selhanim nebo neuromuskuldrnim
onemocnénim. Obé dvé vysetfené skupiny pacientd mély
signifikantni snizeni poméru PCr/Pi. Téma rendlniho selhani
(10, 11) i neuromuskuladrnich onemocnéni (12, 13) bylo dale
studovano klidovou fosforovou spektroskopii a publikovano
pracovniky IKEM v separétnich ¢lancich, které se podrobnéji
vénovaly dané problematice. U neuromuskuldrnich onemoc-
néni byly jednotlivé diagnézy (Duchennova dystrofie, Bec-
kerova dystrofie, spindlni svalova atrofie, centralni porucha
hybnosti aj.) ¢lenény do vétsich skupin podle vysledkd mul-
tiparametrické analyzy provedené na pomérech integralnich

hodnot fosforovych metabolitd zméfenych z lytkového sva-
lu. U chronického rendlniho selhdni byl zkouman syndrom
uremické myopatie, navic byl hodnocen i efekt aktualné pro-
vedené dialyzy na svalovy metabolismus. Pacienti méli vys-
$1 pomér PCr/Pi po pravé probéhlé dialyze, coz je i obdobi,
kdy udévali i nejmensi svalové problémy. To dokazuje vyso-
kou citlivost fosforové spektroskopie ke sledovani svalového
metabolismu pfi 1é¢bé a progresi onemocnéni. O nékolik let
pozdéji bylo v IKEM zahdjeno vysetfovani svalového meta-
bolismu u pacientt s hypertenzi (4, 14). VySetfeni fosforovou
spektroskopii u této skupiny pacientti mélo zejména slouzit
k uréeni koncentrace Mg*, ponévadz nékteré védecké prace
jeho porusenou hladinu dévaly do souvislosti s hypertenzi
(15). Pacienti s hypertenzi oproti zdravym kontroldm ptekva-
pivé neméli zménénou koncentraci Mg*, ale méli vyssi po-
méry PCr/Pi, PCr/BATP, PDE/PATP a nizsi poméry Pi/PDE,
Pi/BATP.

Druhym podstatnym smérem, kterym se fosforova spekt-
roskopie v IKEM ubirala, bylo vysetieni svalového metabolis-
mu pti fyzické zatézi. K tomu uéelu bylo nutné zhotovit MR
kompatibilni ergometr. Z hlediska omezeného prostoru k vy-
konavani cviceni uvnitf tunelu tomografu je nejvyhodnéjsi
konstrukce chodidlovych ergometri pro zatézové vysetieni
lytkového svalu. Béhem uplynulych 30 let bylo v IKEM zkon-

tPi

c
SR -

[ 8O R

b (e S g

Intenzita signalu

1 i 1 i L

00 -0 20
Chemicky posun [ppm)]

A Obr. 5A

A Obr. 5B

Obr. 5. Testovdni a pouziti sekvence 1D ISIS s povrchovou civkou pro méreni 3'P spekter myokardu: A - ovéreni lokalizace vrstvy sekvenci 1D ISIS s po-
vrchovou civkou a fantomy pfi 1,5T: a - civka pro *'P MRS, primér 10cm, b — fantom s roztokem fosforecnanu (Pi), ¢ - fantom s roztokem trimetafosforec-
nanu (tPi), vybrand vrstva o tloustce 20 mm je Srafovand, d - nelokalizované spektrum z obou fantomt namérené FID sekvenci obsahuje oba signdly Pi+tPi,
e - lokalizované 1D ISIS spektrum z vrstvy o Sifce 20 mm obsahuje jen signdl tPi; B — 3'P MR spektra myokardu namérend sekvenci 1D ISIS pri 1,5T; tloustka
vrstvy 20 mm: a - zdravy dobrovolnik, b - pacient s transplantovanym srdcem s mirnou rejekci. Signdly ve spektru: DPG, Pi, PDE — prekryvaijici se signdly 2,3
difosfoglycerdtu + anorganického fosfdtu + fosfodiesterd; PCr - fosfokreatin; ATP —adenosintrifosfdt (signdly a, B, y), NADH - nikotinamidadenindinukleotid
(signdl se prekryvd se signdlem aATP) (IKEM 1993)

Fig. 5. Test and the application of 1D ISIS sequence with an surface coil for the measurement of *'P spectra of myocardium: A — scheme of phantom
experiment for the verification of the position of spectroscopic slice in the 1D ISIS sequence with a surface coil at 1.5T: a - the coil (10cm) for 3'P MRS, b -
phantom with phosphate solution, c - phantom with the solution of trimetaphosphate solution, the slice in the distance of 45 mm from the coil is hatched,
d - nonlocalized spectrum from phantoms measured by FID sequence with two signals (Pi+tPi), e — localized 1D ISIS spectrum of a 20 mm slice with the tPi
signal only; B - 3'P MR spectra of myocardium measured by sequence 1D ISIS at 1.5T, 20 mm slice: a - healthy volunteer, b — patient with transplanted heart
with mild rejection. Signals in the spectrum: DPG, Pi, PDE - 2,3 diphosphoglycerate + inorganic phosphate +phosphodiesters overlap; PCr - phosphocreatine;
ATP - adenosintriphosphate (a, B, y signals), NADH - nicotinamide adenine dinucleotide (its signal is overlapped with aATP signal) (IKEM 1993)
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struovano nékolik chodidlovych ergometrt, které byly v pri-
béhu ¢asu postupné upravovany a vylepsovany. Na obrazku 3
je popsano experimentalni usporadani pro dynamickou MR
spektroskopii pro soucasny 3 T tomograf.

Prvni publikovana studie, ve které byla mimo klidovou *'P
MRS také pouzita i zatézova MR spektroskopie, se zabyvala
vlivem prisné nizkokalorické diety na svalovy metabolismus
u morbidné obéznich osob (16). S vétsim casovym odstupem
byla pak publikovdna metodicka prace srovnavajici vliv ex-
perimentalntho vybaveni na vysledné parametry zatézové
fosforové spektroskopie. V této multicentrické studii (17) se
hodnotil vliv konstrukce ergometru a velikosti magnetického
pole na hodnoty *P dynamickych MR parametrt. Studie na-
vazovala na jiz dfive zapocatou Gspé$nou spolupraci s ,The
Center of Excellence for MR Research® ve Vidni, kde maji
k dispozici 3T a 7T tomografy vybavené komerénim peda-
lovym ergometrem. Vysledkem porovnani byly zavéry, ze pti
pouziti dostate¢né velké zatéze (odpovidajici cca 25 % maxi-
malni vynutitelné sily) jsou vysledné metabolické parametry
(mitochondrialni kapacita) navzajem dobfe srovnatelné jak
mezi 3T a 77T, tak i mezi jinymi typy ergometri.. V ramci
této tspésné spoluprace vznikla o 2 roky dfive jind metodic-
ka studie prezentujici na fosforovych datech nové vyvinutou
techniku pro kvantifikaci sklapécich uhli (18). Fosforové
civky jsou obvykle povrchové, aby byly co nejblize k de-
tekované oblasti a ziskal se tim dostate¢ny pomér signalu
vaci Sumu (SNR). Pro vyhodnoceni pomérového zastoupeni
fosforovych metabolitti neni nehomogenni profil sklapécich
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Obr. 6.%'P MR spektrum jater zdravého dobrovolnika. Méreno povrcho-
vou civkou a sekvenci 1D ISIS pii 3T (VOI ~ 100ml, 128 akvizic, TR = 2 s).
Signdly ve spektru: PME - fosfomonoestery, Pi — anorganicky fosfdt, PDE -
fosfodiestery, PCr — fosfokreatin (kontaminace z okolni svalové tkdné),
ATP - adenosintrifosfdt (signdly a, 3, y; pfi dobrém shimu je pozorovatel-
né Stépeni signdli J-couplingem), NADH - nikotinamidadenindinukleotid
(signdl se prekryvd se signdlem aATP) (IKEM 2017)

Fig. 6. 3'P MR spectrum of the liver of a healthy volunteer. Spectrum
obtained with surface coil and 3D ISIS sequence at 3T (VOI ~ 100mI ml, 128
acquisitions, TR 2s). Signals in the spectrum: PME — phosphomonoesters,
Pi - inorganic phosphate, PDE - phosphodiesters, PCr — phosphocreatine
(contamination from surrounding tissue), ATP - adenosintriphosphate
(a, B, y signals; J-coupling is visible if the shim is good enough), NADH - ni-
cotinamide adenine dinucleotide (its signal is overlapped with aATP signal)
(IKEM 2017)

uhli az tak dualezity, avSak pro absolutni kvantifikaci signa-
181, respektive koncentraci fosforovych sloudenin, je potfeba
znat mapu sklapécich uhlu.

Vzhledem k tomu, ze IKEM je diabetologické a kardiolo-
gické centrum, je v souc¢asné dobé soustfedovana pozornost
na vyzkum svalového metabolismu u diabetikii a hodnoceni
efektu revaskularizace na svalovy metabolismus pomoci 1é¢by
perkutdnni transluminalni angioplastikou (PTA) nebo expe-
rimentalni transplantaci mezenchymalnich kmenovych bu-
nék (19) u osob s kritickou koncetinovou ischemii. Obrazek
4 znazornuje efekt provedené PTA na hodnoty PCr béhem
zatézové *'P MRS (dulezita je zejména ¢ast béhem odpocinku,
kdy sval tvoti ATP pouze oxidativni fosforylaci).

Velka skupina osob byla vy$etfena i v rimci standardni dia-
gnostické péce. Nejcastéji se jednalo o pacienty s podeztenim
na neuromuskularni onemocnéni. V soucasné dobé jsou pa-
cienti zejména indikovani k *'P MRS vysetfeni pro vylouceni
ischemické etiologie pri klaudikac¢nich bolestech.

Vysetrovani srdce

Vysetteni myokardu *'P MR spektroskopii patfilo a stile pa-
tfi k nejobtiznéj$im spektroskopickym vySetfenim. V nasich
prvnich in vivo experimentech to bylo zvyraznéno skute¢nos-
ti, Ze nebyly k dispozici rychlé zobrazovaci sekvence nezbytné
pro lokalizaci vhodného VOI pro spektroskopicka vysetteni.
Na zac¢atku devadesatych let jsme testovali sekvence DRESS,
FROGS a 1D ISIS pro *P MRS. Jako optimalni se ukdzala
technika 1D ISIS v kombinaci s povrchovou civkou. Obrazek
5 ukazuje schéma usporadani experimentu pro ovéfeni sek-
vence 1D ISIS na fantomu a vysledek in vivo vysetfeni myo-
kardu zdravého dobrovolnika a pacienta s transplantovanym
srdcem (20). Ziskand in vivo spektra kromé signalti metaboli-
t myokardu obsahuyji silny signdl 2,3-difosfoglyceratu z krve
a také mohou byt kontaminovana signaly z okolnich svali.
Tyto signaly lze eliminovat pouze matematicky a pro tento
ucel byl vytvoren software SOFIS (21). Na obrazku 5B je ty-
pické spektrum dobrovolnika a pacienta s transplantovanym
srdcem, ve kterém je vidét silny signal jiz zminéného 2,3-di-
fosfoglyceratu. U pacienta po transplantaci s mirnou rejekci je
také patrné zmenseni signalu PCr charakteristické pro ische-
mické procesy. V in vivo studiich bylo u srdce nalezeno, Ze jak
hypertroficka, tak i dilata¢ni kardiomyopatie snizuji pomér
PCr/ATP (22). Zajimavd je také korelace pomérti PCr/ATP
naméfend pfi 1,5T s nartistem hmotnosti levé komory u pa-
cientti s Fabryho nemoci (23).

Vysetrovani jater a ledvin

Od roku 2014 se na MR oddéleni v IKEM vyuziva *'P MR spek-
troskopie pro studium energetického metabolismu jater na 3 T
MR tomografu. Tyto studie se provadéji v ramci sledovani pa-
cientl pred a po transplantaci jater v dlouhém ¢asovém tseku.
Rutinni *'P MR spektrum pti 3 T namétené povrchovou civkou
je zobrazeno na obrazku 6. Ve spektru Ize identifikovat vech-
ny jiz zminéné metabolity, ale pritomnost signélu fosfokreatinu
znamena pouze primés z okolni svalové tkané.

V soucasnych studiich se vyuzivd zkuSenosti, které jsme
ziskali pti vySetfovani jater na 1,5 T MR tomografu. Dva gran-
tové projekty na 1,5T MR tomografu byly zaméfeny na ener-
geticky metabolismus jater pfi riizném stupni jejich poskoze-
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*P MRS Jater - zavislost na stupni postizeni jater

Koncentrace [mM]

Obr. 7. Graf zdvislosti koncentrace (mM) vybranych *'P metabolitii
na funkénim stupni postiZeni jater pacienti s chronickou hepatitidou
C. HepC - pacienti v precirhotickém stadiu, CPS-A, CPS-B, CPS-C - pacienti
s cirhézou jater definovanou stupném Childova-Pughova skére

Fig. 7. Concentrations of *'P MR metabolites (mM) according to the de-
gree of liver injury in patients with chronic hepatitis C. Kontroly - heal-
thy volunteers; HepC - precirrhotic patients, CPS-A, CPS-B, CPS-C - patients
with liver cirrhosis defined by the Child-Pugh score

ni. K vy$etfovani nemocnych byla pouZita sekvence 2D-CSI
a dudlni *'P/'H povrchova civka. Pro vyhodnoceni byla zave-
dena metodika absolutni kvantifikace vybranych fosforovych
metabolitt (24). U pacientt s potvrzenou cirhdzou jater bylo

priuzdny kgand

M triflucmetanal
komplox m Mi

A Obr. 9

Obr. 9. '°F MR spektrum fantomu se tfemi rozdilnymi slouceninami.
Nejvyssi signdl (uprostied) odpovidd fluorovanému ligandu na bdzi tetra-
azacyklotetradekanu, signdl vlevo tézZe slouceniné s navdzanym iontem
niklu, ktery zplisobuje vyrazny chemicky posun. Jako reference byl pouzit
trifluoroetanol (pravy signdl). VSechny tii slouceniny maji vsechny své flu-
orové ionty magneticky ekvivalentni, proto kazdou slouceninu ve spektru
reprezentuje jeden signdl.

Fig. 9. "°F MR spectrum of a phantom containing three different com-
pounds. The highest signal (middle) corresponds to a fluorinated ligand
based on tetraazacyclotetradecane, the left signal corresponds to the com-
plex of the same compound with nickel ion, which causes a distinct che-
mical shift. Trifluoroethanol (right signal) was used as a reference. All the
three compounds have their fluorine ions magnetically equivalent; therefo-
re, each of them is represented by a single signal.

mozné pozorovat odli$ny metabolicky profil skupin pacientt
s alkoholickou, virovou (hepatitida B a C) a biliarni etiologii.
Navic byla nalezena velmi dobra korelace koncentraci jednot-
livych metabolitti se stupném dysfunkce jater popsané Chil-

N _~C A ?
5 | T\ SRR AUt B MER gl o
; |
o 2t
2 © Q :
S e ] ¢ 5[
= | g
L.L m E i
10 5 0 -5. -1b -'1.5 -20
Chemicky posun [ppm]
A Obr. 84 A Obr. 8B

Obr. 8. In vitro *'P MR spektrum ischemického psiho myokardu v St. Thomas kardioplegickém roztoku, spektra mérena povrchovou civkou a nelo-
kalizovanou sekvenci FID (512 akvizic, TR=2s, 1,5 T). A - spektrum na pocdtku ischemie po vyjmuti orgdnu; B - spektrum po 8 hodindch ischemie. Signdly
ve spektru: PME — fosfomonoestery, Pi — anorganicky fosfdt, PDE — fosfodiestery, PCr — fosfokreatin, ATP — adenosintrifosfdt (signdly a, B, y) (IKEM 1991)

Fig. 8. In vitro *'P MR spectrum of ischemic dog heart in St. Thomas cardioplegic solution, spectra measured with the surface coil and nonlocalized
FID sequence (512 acquisitions, TR=2s, 1.5T). A - spectrum at the beginning of ischemia; B - spectrum 8 hours later. Signals in the spectra: PME — phospho-
monoesters, Pi — inorganic phosphate, PDE — phosphodiesters, PCr — phosphocreatine, ATP — adenosintriphosphate (a, 3, y signals) (IKEM 1991)
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A Obr. 10A A Obr. 10B

dovym-Pughovym skore jak nezavisle na etiologii, tak i v jed-
notlivych etiologickych skupinach (3). Vysledky lze shrnout
ve zjisténi, ze zatimco fosforovy metabolismus jater s bilidrnim
puvodem cirhézy se prili§ nelidil od jater zdravych, alkohol
vedl ke snizenym koncentracim ATP, Pi i PDE a virové etio-
logie ukazala signifikantni zmény pouze v ATP a PDE, zato
s poklesem PDE u pokrodilejsich stupnt cirhdézy mnohem
vyraznéj$im. Priklad rozdila v koncentracich metaboliti pfi
rtiznych stadiich funkéniho poskozeni jater je na obrazku 7.

Dalsi krok vedl k precirhotickym stadiim poskozeni jater.
Pro analyzu byla vybrana skupina pacientti s chronickou he-
patitidou C s riznym stupném fibrézy. V tomto pripadé vsak
nebyla *'P MR spektroskopie dostate¢né citliva, aby prokazala
signifikantni rozdily ve spektrech od zdravych dobrovolnika
nebo pacientd s nekomplikovanou jaterni cirhézou (obr. 7).
Rozdily také nebyly nalezeny v souvislosti s uspésnosti anti-
virové 1é¢by.

Obdobna technika jako technika vy$etfovani jater byla po-
uzita i u vySetfovani ledvin po transplantaci (25) k odliSeni
typu jejich selhavani.

EXPERIMENTALNI 3'P MRS

Velky pramér otvoru celotélového magnetu umoziuje kon-
strukci potfebnych zafizeni pro provadéni rtiznych in vitro
experimentd, napt. s perfundovanymi organy. Na konci osm-
desétych a pocatku devadesatych let 20. stoleti byly provadény
3P MR experimenty se zvifecimi srdci a ledvinami. Pozdéji
k tomu ptistoupilo i hodnoceni viability kadaverdznich led-
vin ur¢enych pro transplantaci (26). Byl proto zkonstruovan
specialni box (27, 28), ktery umoznoval méfeni *'P a '"H MR
spekter spole¢né s MR zobrazovanim pti rtiznych teplotach,
a tak byl sledovan prabéh ischemie in vitro na psich srdcich
(29). Tyto studie se zabyvaly vlastnostmi ruznych kardiople-
gickych roztokd na uchovani metabolickych funkci bunék
srdce. Na zménach intenzit signalti ve spektrech psiho myo-
kardu (obr. 8) je velmi dobfte vidét, jak se méni koncentrace
zdkladnich energetickych metabolitd v prubéhu ischemie,
kdy s ¢asem klesa koncentrace PCr a zvétSuje se signal Pi.

Obr. 10. "F MR zobrazeni pomoci komplexu
DOTPtfe (1,4,7,10-tetraazacyklododekan-1,4,7,10-
-tetrakis[methyl(trifluorethyl)fosfinové  kyseliny]).
A - struktura komplexu s kationtem lanthanoidu
(X*) md 12 magneticky ekvivalentnich fluorovych
jader; B - fluorové zobrazeni (Cervend oblast, sek-
vence turbospinového echa) po injekéni aplika-
ci kontrastni Ildtky DOTPtfe-Yb do lytka potkana
na pozadi standardniho 'H MR obrazu (T2-vdzend
turbospinovd sekvence). '°F MR obraz byl interpolo-
vdn na velikost matice 'H MR obrazu.

Fig. 10. "F MR imaging using a complex DOTPt-
fe (1,4,7,10-tetraazacyclododecane-1,4,7,10-
-tetrakis[methyl(trifluoroethyl)fosfin acid]). A -
complex structure with a lanthanoid cation (X*) has
12 magnetically equivalent fluorine nuclei. B - fluo-
rine imaging (red scale, turbospin echo sequence)
after application of the contrast agent DOTPtfe-Yb
into the calf muscle of a rat overlaid over the bac-
kground of a standard 'H MR image (T2-weighted
turbospin echo sequence). The ’F MR image was
interpolated to match the size of the 'H MR image.

Tento experiment, stejné jako prvni experimenty provedené
Houltem (30) a mnoha dal$imi, ukazuje na mozZnosti studia
ischemie, které se mimo jiné vyuzivaji ve vy$e popsané dyna-
mické in vivo MR spektroskopii.

A Obr. 11B

Obr. 11. 'F MR zobrazeni pomoci komplexu na bdzi tetraazacyklo-
tetradekanu s niklem. A - struktura komplexu s Sesti magneticky ekvi-
valentnimi fluorovymi jddry; B - '°F MR obraz (Cervend oblast, sekvence
gradientniho echa) po injekcni aplikaci kontrastni ldtky na bdzi komplexu
niklu do lytka potkana na pozadi standardniho 'H MR obrazu (T2-vdzend
turbospinovd sekvence). Kontrastni Idtka je presné lokalizovatelnd jako hy-
pointenzni oblast ina 'H MR obrazu.

Fig. 11. F MR imaging with nickel complex of tetraazacyclotetrade-
cane. A - the structure of the complex with six magnetic equivalent fluo-
rine cores; B — '°F MR image (red area, gradient echo sequence) after the
injection of the complex in to the rat calf; '°F image is on the background
of 'H MR image (T2 turbo-spine sequence). Contrast agent is localized as
hypointensive area in 'H MR image too.
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Obr. 12. Transverzdlni zobrazeni brisni dutiny potkana. '°F MR obraz
(Cervend oblast, sekvence turbospinového echa) po injekéni aplikaci fluo-
rovanych nanocdstic do podkoZi potkana na brise je zobrazen na pozadi
standardniho "H MR obrazu (T2-vdzZend turbospinovd sekvence).

Fig. 12. A transversal image of the rat abdominal cavity. '°F MR image
(red scale, turbospin echo sequence) after subcutaneous application of flu-
orinated nanopatrticles is overlaid over a standard 'H MR image (gray scale,
T2-weighted turbospin echo sequence).

Kromé rtiznych in vitro testl pti 3 T byly provadény i dal-
$i experimenty na zvifecich modelech, napt. miniprasatech.
3P MRS studie (31) Huntingtonovy nemoci byly vénovany ne
zcela bézné vysetfovanému organu - a to kanéim varlattim.
Byly tim doplnény 'H MRS studie kan¢tho mozku (32).

EXPERIMENTALNI FLUOROVA
MAGNETICKA REZONANCE

Vybaveni MR oddéleni IKEM experimentalnim MR pfistro-
jem v roce 1999 pracujicim s magnetickym polem 4,7 T urce-
nym predev$im pro vySetfovani drobnych hlodavct umozni-
lo rozsitit klinicky vyzkum i o vyzkum experimentalni, kam
patti v posledni dobé i fluorova (F) MR spektroskopie a *F
MR zobrazovani. °F je jediny stabilni izotop fluoru, jehoz za-
stoupeni v prirodé je 100%. “F ma vzhledem k téméf srov-
natelnému gyromagnetickému poméru rezonan¢ni frekvenci
blizkou vodiku 'H a vykazuje i srovnatelnou citlivost (tab. 1).
Pro “F zobrazovani (ptipadné spektroskopii) lze proto vyu-
zit standardni protonovy kanal a fluorova vysokofrekvenéni
civka predstavuje jedinou nezbytnou specialni ¢ast hardwaru.

Koncentrace fluoru v zivych organismech je prakticky nu-
lové, pro zobrazovani je nutné pouzivat fluorové kontrastni
latky. Protoze bézna tkan v '°F MR obrazech neposkytuje zad-
ny signal, zobrazovani se provadi jako tzv. ,hot spot“ imaging,
kdy se specificky fluorovy signél kontrastni latky zobrazi v ba-
revné $kéle proti standardnimu anatomickému protonovému
MR obrazu.

Prestoze citlivost detekce jader fluoru a vodiku je srovna-
telna, citlivost ’F MR zobrazeni je nesrovnatelné nizsi kvili
velmi nizké koncentraci fluorové kontrastni latky, kterd se in
vivo pohybuje v fadu jednotek mM (tj. zhruba o ¢étyfi fady
niz$i nez koncentrace vodikovych jader). Pro zvyseni citli-
vosti se F MR obrazy mérti s niz$i matici, s del$imi akvizi¢-
nimi ¢asy a pro zptesnéni lokalizace se pouzivaji anatomické
'"H MR obrazy zmétené s vysokym prostorovym rozliSenim.
Koncentraci fluorovych jader v kontrastnich latkach lze zvysit
vazbou vétsiho mnozstvi jader fluoru na molekulu kontras-
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tu nebo tvorbou nanocastic. Obé metody lze téz kombino-
vat. V idealnim ptipadé jsou vSechna fluorova jadra magne-
ticky ekvivalentni (jsou navazana na molekulu symetricky)
a ve spektru kontrastni latky je jediny signal, jehoZ chemicky
posun je dan chemickou strukturou, v ptipadé fluorovanych
chelatt pak chelatovanym iontem (obr. 9). Pak lze latku bez
problémt vyuzit pro zobrazovani. V opa¢ném pripadé se
ve spektru objevi vice signald, které maji za nasledek vznik
artefaktti zptisobenych chemickym posunem. Pro prostoro-
vou lokalizaci kontrastni latky s vice signaly je proto nezbytné
vyuzit spise spektroskopického zobrazovani.

Na nasem pracovisti jsme testovali kontrastni latky na bazi
fluorovanych cyklickych chelat nesoucich 12 nebo 6 magne-
ticky ekvivalentnich fluorovych iontt (33) ptipravené na Pfi-
rodovédecké fakulté UK. Vzhledem k velikosti a charakteru
molekul by se mohly tyto latky uplatnit pro zobrazovani pii
primé aplikaci latky do vySetfované oblasti nebo pfi systémo-
vém podani.

Chelaty mohou navic vazat paramagneticky kation (obr.
10A); vyslednykomplex pak mé vyraznékratsi relaxa¢niéasy, coz
umoznuje podstatné zkratit akvizi¢ni ¢as a po optimalizaci mé-
Fici sekvence zlepéit citlivost detekce zvy$enym poétem akvizic
(34). Testovany byly napt. komplexy DOTPtfe (1,4,7,10-tetra-
azacyklododekan-1,4,7,10-tetrakis[methyl(trifluorethyl)fosfi-
nové kyseliny]) s ionty lanthanoidi Dy, Tm, Ho, Yb, Ce. Ta-
bulka 2 ndzorné ukazuje, jak ionty lantanoidt vyrazné zkracuji
relaxa¢ni ¢asy fluoru vazanych na chelaty. Na obrazku 10B je “F
MR zobrazeni kontrastni latky po pfimé aplikaci do lytkového
svalu potkana.

Komplex s niklem zaloZeny na tetraazacyklotetradekanu
se $esti magneticky ekvivalentnimi fluorovymi jadry (obr.
11A) md relaxa¢ni ¢asy v fadu milisekund (T1 = 4,2 ms, T2 =
1,8 ms, T2* = 1,1 ms) (33), coz umoznuje extrémni zkraceni
méfici sekvence a zvy$eni poméru signal/Sum vice akvizicemi.
Plny potencial této kontrastni latky vsak bude mozné vyuzit
az v kombinaci se sekvenci ultrakratkého echa, kterd bohuzel
neni na experimentalnim pristroji nyni dostupna. Zajimavosti
je 1 pomérné vysoka protonova relaxivita komplexu s niklem
(r,= 0,12 s7//mM, r,= 0,15 s”'/mM), kterd umoznuje detekci
kontrastni latky i na vodikovych obrazech. Fluorové zobraze-
ni tak poskytne specificitu pfesné lokalizovanému protonové-
mu signalu na 'H MR obrazech (obr. 11B) (35).

Zajimavé moznosti nabizeji kontrastni latky na bazi nano-
Castic. Ve spolupraci s univerzitou v Nijmegenu jsme testo-
vali nanocastice tvofené kopolymerem kyseliny polymlééné
a polyglykolové (PLGA), ve kterych je uzavten perfluoro-15-
-crown-5-ether (PFCE) a optickd znac¢ka indocyanine green
(ICG) pro fluorescenéni zobrazovani (36). Nanocastice lze
vyuzit pro zobrazeni po ptimé aplikaci (obr. 12), ale zejmé-

Tab. 2. "F relaxacni casy komplexii DOTPtfe s lanthanoidy Ce, Yb, Tm, Dy
aHo

Table 2. '°F relaxation times of DOTPtfe complexes with lanthanides Ce,
Yb, Tm, Dy and Ho

T1 (ms) T2 (ms) T2* (ms)
DOTP-TFE-Ce 290 + 24 1244+0,9 31+03
DOTP-TFE-Yb 113+3 72,1+1,0 1,44+ 0,07
DOTP-TFE-Tm 76+0,6 53+1,3 1,36 £ 0,06
DOTP-TFE-Dy 91106 6,0+0,2 1,14+ 0,04
DOTP-TFE-Ho 10,0+ 0,6 79+04 1,10 £ 0,04
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Obr. 13. Transplantace a zobrazeni Langerhansovych ostriivkii (LO)
znacenych nanoddsticemi pro multimodadlni zobrazeni. A - fotografie
bricha potkana, v podkoZi se rysuji implantované komdrky. Do levé komdirky
(na fotografii vpravo) bylo transplantovdno 1000 ostrivkd, do pravé 3000
ostriivku. B — fluorescence ostrivkd in vivo. Vyssi signdl pochdzi z komdirky
s vyssim poctem ostrivkd. C — transverzdlini '°F MR zobrazeni transplantova-
nych Langerhansovych ostrivku (Cervend) na pozadi anatomického 'H MR
obrazu brisni dutiny potkana s implantovanymi komurkami

Fig. 13. Transplantation and imaging of pancreatic (Langerhans) is-
lets (LO) labeled by nanoparticles for multimodal imaging. A - a pho-
tograph of the abdominal area of the rat, the implanted scaffolds for islet
transplantation are outlined under the skin. 1,000 and 3,000 pancreatic
islets were transplanted into the left (on the right side of the photograph)
or into the right scaffold respectively. B — fluorescence imaging of the islets
in vivo. The scaffold containing a higher number of islets provides a higher
optical signal. C - transversal '°F MR image of the transplanted pancreatic
islets (red scale) overlaid over the anatomical "H MR image of the abdomi-
nal cavity of the rat with implanted scaffolds
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na pro znaceni a naslednou detekci transplantovanych bunék
a malych buné¢nych utvart.

Na naem pracovisti jsme nanocastice vyuzili pro znace-
ni izolovanych Langerhansovych ostravki potkana urc¢enych
pro transplantaci. Ostrtivky byly znadeny prostou inkubaci
(endocytickym procesem) s nanocasticemi v médiu, nebo po-
moci mikroporace; elektrickym polem se naru$i membrana
mikroporovanych bunék, coz usnadni prichod nanocastic
dovnitf bunék, a nasledné se nechd membrana opét zacelit.
Takto znacené ostrivky byly transplantovany do umeélych ko-
murek implantovanych do podkozi na bti$e potkana. ’F MR
zobrazeni doplnéné fluorescen¢nim optickym zobrazovanim
(obr. 13) prokazalo viabilitu ostriivka po transplantaci a per-
spektivu umélych struktur pro transplantaci ostravka (37).

Potencialné velmi zajimavou aplikaci F MRI je sledovani
lokalné aplikovanych polymernich nosicii 1é¢iv. Ve spolupra-
ci s Ustavem makromolekuldrni chemie Akademie véd CR
byly testovany také termoresponzivni a pH-senzitivni latky,
které pti teplotach nad 20 °C zméni fazi z tekuté na pevnou.
Po aplikaci do zivého systému nosi¢ diky teplotou indukova-
nému zesitovani vytvori v misté podani pevny depozit. Che-
mickd struktura téchto latek umoznuje snadné navazani léciv
a pevnd polymerni struktura zaroven zajisti stabilni lokalizaci.
Diky navazanému fluoru je mozné nosi¢ dlouhodobé sledovat
pomoci YF MR (obr. 14), a proto maji tyto latky velky po-
tencidl pro teranostické (terapie + diagnostika) vyuZiti napft.
v lokalni 1é¢bé nadori (38).

ZAVER

In vivo MR spektroskopie X-jader zahrnuje v souc¢asné dobé
fadu experimentti s riiznymi izotopy. Z nich, v sou¢asné dobé,
pouze fosforovda MR spektroskopie nachazi uplatnéni v kli-
nické diagnostice. Ostatni jadra, jako jsou “’E, *C, #*Na a dalsi,
nachdazeji uplatnéni v klinickych experimentech a v oblasti
molekuldrniho a bunééného zobrazovani. Da se vSak oceka-
vat, Ze s pfichodem 7T MR tomograft do klinické praxe se
okruh vyuziti téchto jader rozsifi.

Obr. 14. Aplikace polymerniho nosice potka-
novi in vivo. A — chemickd struktura polymerniho
termoresponzivniho a pH-senzitivniho nosice; B —
F MR obraz (Cervend oblast, sekvence turbospi-
nového echa) prelozeny pres anatomicky 'H MR
obraz potkana s aplikovanymi polymernimi nosici
do podkozi (vlevo) a do lytkového svalu (vpravo)
Fig. 14. Application of a polymer delivery system
to the ratin vivo. A - chemical structure of the ther-
moresponsive and pH-sensitive polymer system; B —
°F MR image (red scale, turbospin echo sequence)
overlaid over the anatomical 'H MR image of the rat
with the applied polymer delivery system subcuta-
neously (left) and into the calf muscle (right)
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Summary

The myocardium examination by MR spectroscopy is very
challenging due to movements caused by the cardiac rhythm and
breathing. The aim of the study was to investigate the influence
of breathing on the quantitative measurement of lipid/water
ratios in different groups of volunteers and different measuring
protocols. We examined the lipid content of myocardium at 3T
using the proton single voxel spectroscopy. Three protocols (free
breathing, breath hold and the use of respiratory navigator)
controlled by ECG were used for the examination of 42 adult
volunteers including 14 free divers. Spectra were evaluated using
jMRUI software. An average content of lipids in the healthy
interventricular septum, gained by all protocols was equal to
0.6 %, which is in agreement with other published data. Based
on the quality of examinations and the highest technical success,
the best protocol seems to be the one containing a respiratory
navigator since it is more acceptable by patients. Based on our
results and the literature data we can conclude that MR
spectroscopy is able to distinguish patients from controls only if
their myocardial lipid content is higher than 1.6 % (mean value
of lipids plus two standard deviations).
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Introduction

The first 'HMR
myocardium were measured in the early 1990s (Kreis et
al. 1998) and so far the majority of data have been
obtained at magnetic field 1.5T (Table 1). A typical
spectrum of the myocardium shows signals of lipids in

in  vivo spectra of the

the area of aliphatic protons (0.7-2.5 ppm) and water
(4.7 ppm) which is used as a standard for the calculation
of fat content in the myocardium. Some authors also
describe a signal of the methyl group of creatine/
phosphocreatine with the chemical shift of 3.0 ppm and
signal at 3.2 ppm corresponding to the protons of the
betaine group of water soluble choline-containing
compounds (Kreis et al. 1998).

In the heart of adults, 60-80 % of adenosine
triphosphate (ATP) comes from beta-oxidation of fatty
acids (FA). Esterified FAs are a major source of lipids for
human heart. All tissues obtain lipids from free FAs
associated with albumin, lipoproteins, and de novo
synthesis, which is supposed to play a minor role in heart
lipid metabolism. An imbalance between FA uptake and
oxidation leads to accumulation of long chain FAs in
form of triglycerides (TG) and phospholipids. Redundant
lipids, especially TG, are stored in lipid droplets and can
cause lipotoxic myopathy. These droplets were found in
hearts e.g. of patients suffering from diabetes mellitus
and metabolic syndrome (Goldberg et al. 2012).

'H MR spectra of the myocardium may be used
to determine the lipid concentration in the cardiac tissue.
Fat in myocytes is an early manifestation of the type 2
diabetes mellitus and it is also typical for population
suffering from obesity (Rijzewijk et al. 2008, McGavock
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et al. 2006). Previous research has shown that heart
failure may be associated with excessive lipolysis and
2004).
Measurement of fat distribution in the myocardium

lipotoxic myocytes damage (Sharma et al

provides useful information about the degree of its
loading and damage.

In most cases, the single voxel spectroscopy
(SVS) has been used to acquire 'H MR spectra from the
myocardium. The measured volume of interest (VOI) is
typically placed on the septum separating the right and
left ventricles with the VOI size of several cubic
centimeters. The ratio of signal intensity of lipids (Lip,

triglycerides) to the unsuppressed water signal is usually
used for the quantification. Table 1 summarizes these
ratios together with measurement parameters obtained for
healthy controls by several authors. Recently, the use of
new scanners with a higher magnetic field (3T) and new
sequences has had the ability to increase sensitivity and to
partly eliminate the influence of some artifacts;
nevertheless, the obtained results are very similar to the
results obtained at 1.5T (Table 1). Similar examinations
can also be implemented using the MR imaging methods

(Liu et al. 2010).

Table 1. Studies concerned the measurement of lipid content in myocardium. According Pubmed up to April 2015.

Relaxation L.
. By . TR TE VYOI R Lipids/water
First Author Method Sequence Technique time
] [ms] [ms]  [ml] . [%6]
correction
Dual-ech 2.46 .
Liu 2010 3 MRl RO gy 6.3 T, 1.04+0.40
SPGR (3.69)
Liu 2010 3 MRS PRESS BH R-R wave 30 Tz* 0.7£0.5
Rial 2011 3 MRS STEAM BH 4000 10 8-16 None 0.46+0.20
0.5+0.4*
Winhofer 2012 3 MRS PRESS BH 700-1250 30 6 T,.T
fotet 2 (0.2040.17)
Al di 1.0+£0.5%
Krssak 2011 3 MRS PRESS RN coorame 30 6 T,.T,
breathing (0.4+0.2)
van der Meer
1.5 MRS PRESS RN >3000 26 8 None 0.38+0.02
2007a
Hammer 2008b 1.5 MRS RN 3000 26 8 None 0.35+0.14
h -
Sehrawwen- 1, & VRS PRESS RN 4000 26 6  None 0.99+0.15
Hinderling 2010
van der Meer
1.5 MRS PRESS RN >3000 26 8 None 0.38+0.05
2007b
Bilet 2011 1.5 MRS PRESS RN 4000 26 None 0.26+0.04
Hammer 20082 1.5 MRS RN 3000 10 8 None 0.66+0.09
Rijzewijk 2008 1.5 MRS RN >3000 26 8 None 0.65+0.05
McG k
20;7”“ 15 MRS PRESS RN 4000 6 None 0.46+0.30
Sai 2013 1.5 MRS PRESS FB >4000 30 2 None 0.9+0.4
2x (3
Wu 2012 15 MRS  PRESS BH x (3%) 35 50 None 6.7%%
R-R wave
Graner 2014 1.5 MRS PRESS RN >3000 35 None 0.86 (0.31-2.24)
Petrisch 2012 1.5 MRS RN 2x R-R wave 30 6 None 0.524+0.11

TR, repetition time; TE, echo time; VOI, volume of interest; BH, breath hold; RN, respiratory navigator; FB, free breathing; * data
without relaxation correction (Krssak et a/ 2004), ** data were not used for comparison, the average value gained on 3T (1.5T)

scanner is 0.7 % (0.6 %).
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The aim of our study was to describe the
influence of breath holding, controlled breathing and
cardiac cycle and some other parameters on the
calculation of lipid content in the cardiac tissue and to
compare these data with the ones available in the
literature. These three different modes of breathing
during signal acquisition were tested with volunteers who
were able to hold their breath up to several minutes.

Methods

Subjects

42 healthy subjects were examined and divided
into three groups. In groups A (pilot group of 16 subjects:
14m/2f, mean age of 30+11 years) and B (12 subjects:
9m/3f, mean age of 29+12 years) there were volunteers
without any special training and they were able to hold
their breathing for 30s. Group C consisted of 14 free
divers (13m/1f, mean age of 37+8 years) who were able
to hold their breathing up to several minutes. All the
examined subjects were informed about the examination
obtained

protocol, and their written consent was

according to the local Ethical Committee rules.

MR imaging and spectroscopy

The examinations were performed in the supine
position at the Siemens Trio 3T system equipped with the
eight channels surface array coil.

The turbo FLASH (Fast Low Angle Shot)
sequence with repetition time/echo time (TR/TE) = R-R
wave/1.32 ms in long and short axes of the heart was
used for the positioning of spectroscopic VOI in the
interventricular septum (Fig. 1). The localized '"H MR
PRESS (Point
sequence (Work In Progress (WIP)

spectroscopy  with  the Resolved
Spectroscopy)
sequence kindly provided by Siemens) was used with the
following parameters: 64 acquisitions with water
suppression, 4 without water suppression (spectra were
summed during measurements), TE = 35 ms (the shortest
possible TE). TR was controlled by ECG (electro-
cardiography) and navigator sequences and was given as
TR = n'bp + ABH,, — ABH, where bp is the period of
breathing and ABH is the difference between the start of
the acquisition controlled by ECG and the navigator
respectively (Fig. 1d). TR equal to double of the heartbeat
period was applied in case of protocols without
a navigator. Acquisition time depends on breathing and
cardiac cycle. In case of free breathing the acquisition
takes two minutes and with

time approximately

respiratory navigator it’s over five minutes.

The VOI size was set at 6 ml. The homogeneity
of the static magnetic field was set by the GREshim
shimming method (WIP sequence) and the fine-tuning
was done manually. The full width at half maximum
(FWHM) of the water signal less than 50 Hz (magnitude
spectra) was considered to be acceptable for the
measurement of the Lip/water ratio; spectra with
a broader signal of water were excluded from the study.

Three different examination protocols were
applied and compared (all protocols included ECG
triggering): 1) free breathing (FB); 2) breath-holding
(BH); and 3) application of respiratory navigator (RN).

Spectra evaluation

Two evaluation procedures were applied:

a) Spectra were evaluated using jJMRUI with the
AMARES module.
applied with maxima at 4.7 ppm for water signal and

Gaussian-Lorenzian peaks were

three peaks for lipids signals (at 0.9, 1.2 and 2.0 ppm).
Integral of water was gained from the spectrum with
water suppression (Fig. 2a). Signal of lipids was
calculated as a summation of individual integrals;
however, in most cases only one component with
maximum at 1.2 ppm was detected due to the quality of
spectra (there was no detailed structure to recognize)
(Fig. 2a).

b) Another subroutine of jJMRUI was used for
the calculation of magnitude spectra (Fig. 2b). Signal
intensities of water and lipids were calculated from the
FWHM and height (de Graaf 2007) assuming the
Lorentzian shape of the peaks. Application of magnitude
spectra solves the problem of signal phasing, which is not
easy in some cases of real spectra, especially in the case
of spectra where water suppression pulses are used, due
to the different phase of the residual signal of water

(Fig. 3).
Results

A summary of results of all measurements is
shown as ratios of lipid signals to the water signal
(Table 2). No corrections to T and T, were applied. Data
in Table 2 also compare results obtained from real and
magnitude spectra. The quality of magnitude spectra was
sufficient only for group C; in the other cases, the signal
of lipids was too broad for the processing (Fig. 2b).
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Fig. 1. Orientation of VOI (size 6 ml) in cardiac axes — long axes
(a) and (b) and short axis (c) — measured by turbo FLASH
sequence. Screenshot with a record of diaphragm’s position in
time by respiratory navigator is shown in part d of the picture.
Sequence waits for the moment when the position of diaphragm
(green line) reaches the yellow rectangle and the sequence starts
when the first ECG signal (red triangular) comes. Letters A in the
figure mean that condition of double-triggered sequence is
fulfilled and acquisition starts. In case B condition is not fulfilled.

The technical success of the measurement is
primarily given by the experience of the operator and
motion artifacts which can be eliminated or even
dismissed by using ECG. Our technical success of the
examination was 56 % in group A, 100 % in case of
group B and 79 % and 71 % in group C. We can see that
also respiratory navigator triggering can significantly
improve the quality of the spectra.

One subject was examined repeatedly by the
with  the The
reproducibility measured from the subject was found to

protocol respiratory  navigator.
be approximately 13 % (ratio of standard deviation and

mean value).

18 184 Fig. 2. In vivo spectrum (lipids area at
1 water a water b 0-3ppm is highlighted) with water
1 -CH.=0 suppression (a) and comparison of real (red
15 S 154 line) and magnitude (black line) MR
) _CHzC‘C spectrum (b).
124 124
| |
94 9+
. CH,
6 - 6+
3] J Ls 2 1/0 34 lipids
O T T T j\“l T 0 T 1 L T T T
9 6 3 0 -3 9 6 3 0 -3
Frequency (ppm) Frequency (ppm)
1000- 50004
a b
8004 40004
600+ 30001
400
2000
2004
1000
04
0
-200 T T T T ) T T T T )
8 6 4 2 0 8 6 4 2 0
Frequency (ppm) Frequency (ppm)

Fig. 3. Comparison of spectra with water suppression measured by free breathing (@) and by respiratory navigator (b) protocol (same

person).
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Table 2. Lipid content (mean + SD) obtained by different 'H MR spectroscopy examination protocols.

Group A Group B Group C Total
Examination protocol FB FB RN BH RN
N/n 16/9 12/12 12/12 14/11 14/10 68/54
Technical success % 56 100 100 79 71 79
Mean + SD 0.6+0.4 0.5+0.3 0.6+0.4 0.6+0.5 0.7+0.3

Absolute spectra

N/n 14/11 14/9 28/20
Technical success % 79 64 71
Mean £ SD 1.0+0.7 1.1+0.7

FB, free breathing with the ECG signal triggering; BH, breath-holding with the ECG; RN, application the respiratory navigator and the
ECG; N, total examined subjects; n, successfully examined subjects. There are no significant differences among groups and protocol

according to ANOVA (p=0.73 or 0.85 with group A, resp.).

Discussion

To the best of our knowledge, we have found only
15 papers focused on the measurement of fat content in the
myocardial tissue with healthy control values. Published
data (without relaxation times correction) for the 1.5T
examination show the mean value of the Lip/water ratio to
be 0.6 %; the results of the 3T examinations indicate
0.7 %. These values are not significantly different because
of high data variation. In our experience, two main factors
influence the final value of the ratio. The first one is
motion artifact due to heartbeat and breathing which
significantly changes local shim, the second factor is the
saturation effect due to T, and T, relaxation times.

The technical design of our protocol is similar to
protocols described in other papers (Rial et al 2011,
Winhofer et al. 2012, Schrauwen-Hinderling et al. 2010);
nevertheless, the authors do not describe the influence of
breathing in detail.

Our comparison of protocols shows that spectra
with the double triggering sequence (ECG and respiratory
navigator) provide the best quality and can be used as
a routine protocol of myocardium examination because the
position of the myocardium is more stable and exactly
defined during the examination (Fig. 3). It corresponds to
the fact that water suppression procedure is more effective
with regard to this protocol due to better phasing. A very
important part of such measurement is the shimming
Using the GREshim
improvement to the quality of the obtained spectra
according to reached FWHM.

procedure. sequence brought

It is in agreement with other authors who used
double triggered sequences (Krssak ef al. 2011, Hammer e?
al. 2008a, McGavock et al. 2007) and obtained similar
results and accuracy as in our case (Table 1). However,
still demand for further
minimizing the movement artifacts and improvement of

there is improvement in
the magnetic field homogeneity in the investigated area
which is influenced by blood stream in the vicinity.

Reduction of the T, saturation effect is possible
by using at least a doubled cardiac period for triggering
which increases TR. Another effect that can influence the
result of the measurement is echo time which should be
used as short as possible (TE=10 to 35 ms in the published
studies). Correction for relaxation times T, and T; is not
considered in most of these studies because the direct
measurement of the relaxation times is difficult to perform.
Up to now, T, and T, corrections in myocardium spectra
were only done with relaxation times obtained in skeletal
muscles (Krssak ef al. 2004) in studies by Winhofer ef al.
(2012) and Krssak et al. (2011). This correction reduces
the Lip/water ratio by a factor of approximately 2.5.

We have not used corrections for T; and T, and
our results summarized in Table 2 are in the range of the
published data for healthy subjects examined at 3T (Liu et
al. 2010, Rial et al. 2011, Winhofer et al. 2012, Krssak et
al. 2011). ANOVA statistical tests (Analysis Of Variance)
with Bonferroni correction show no differences in the lipid
content between groups of volunteers A, B and C and
examination protocols.

It is known that some pathologies (mostly
connected with diabetes mellitus) are associated with
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a higher cardiac lipid content (McGavock ef al. 2007). As
the results are affected by a rather high standard deviation,
the practical use of the method in clinical practice must
take this fact into consideration. Our data show that the
content of fat to be considered out of controls must be
higher than 1.6 %, i.e. mean value of the lipid content in
healthy controls (i.e. 0.6 %) plus adoubled standard
deviation (probability of 95 %). On a pilot group of six
patients diagnosed with cardiomyopathy and diabetes
mellitus type 2 were gained values over our set limit.

Nowadays, even with very high level technical
facilities, measurement of myocardial lipid content at 3T
still remains challenging. The use of respiratory navigator
improves the spectra quality, but it does not affect the final
lipid value determination. Nevertheless, based on our
results and the literature it can be concluded that useful
clinical data can be obtained for subjects with a lipid
content higher than 1.6 %, which represents the mean
value of lipid content plus two standard deviations.
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Hlavni stanovisko prace

Stanoven{ obsahu tukd ve svalech a dalsich
orgadnech se vyuZiva pro stanoveni stupné steatdzy
a studium metabolického syndromu. Editacni spekt-
roskopické techniky byly pouZity pro stanovenf
omega nenasycenych mastnych kyselin a pro
studium vékovych zmeén koncentraci metabolitd

Vv prostateé.

SOUHRN

Hajek M, Drobny M, Sedivy’r P, Dezorto-
va M. 'H MR spektroskopie - II. stanoveni
tukd a citratu

'"H MR spektroskopie je vhodnou metodou
pro sledovani zastoupeni tukd v lidskych
tkanich. Umoziiuje stanovit stupen steatozy
v jatrech méfenim poméru intenzit signalt
vody a signaltt mastnych kyselin. Spektro-
skopické stanoveni obsahu tuku dobte ko-
reluje s histologickymi vySetfenimi a vzhle-
dem k neinvazivnosti je to metoda vhodna
pro dlouhodobé sledovani obsahu tuku
v jatrech. Obdobnym zptisobem lze stanovit
obsah tuku v myokardu. V kosternich sva-
lech je moZzné stanovovat intra- a extrace-
lularni tuk a pro toto stanoveni se vyuzivaji
edita¢ni "H MRS techniky, které méri spekt-
ra s riznym echo ¢asem. Pokro¢ilé editaéni
techniky jako je oMEGA PRESS umoziuji
neinvazivni stanoveni omega mastnych ky-
selin. Do skupiny vySetfovani, které vyuzi-
vaji edita¢ni techniky, patfi i stanoveni kon-
centrace metaboliti v prostaté. Koncentrace
citratu roste vyznamné s vékem zdravych
muzd. Pro dlouhodobé sledovani anebo pii
vy$etfovani pacientt je nezbytné tyto vékové
zavislosti brat do uvahy.

Kli¢ova slova: "H MR spektroskopie, lipi-
dy, citrat, jatra, srdce, sval, prostata.

Major statement

The measurement of fat content in muscles and
other organs is used for the determination of
steatosis and for the study of metabolic syndrome.
Editing spectroscopic procedures were used to
measure the content of omega unsaturated fatty
acids and to study metabolite concentrations in
prostate with aging.

SUMMARY

Hajek M, Drobny M, Sedivy" P, Dezorto-
va M. 'H MR spectroscopy - II. lipids and
citrate

'"H MR spectroscopy is a suitable method of
fat evaluation in human body. It is possible
to determine the level of liver steatosis using
the measurement of water and fatty acids
signal intensities. The results from spectro-
scopy correlate well with the results of his-
tology. The method is useful for long-term
studies due to its non-invasive character.
A similar examination procedure can be
used for fat measurement in myocardium.
Editing 'H MRS techniques with different
echo times are used to measure intra- and
extracellular fat in muscles. Advanced edi-
ting techniques such as oMEGA PRESS
enable measuring the content of omega fatty
acids. Editing techniques are also applied for
the measurement of metabolite concentrati-
ons in prostate. The concentration of citrate
significantly increases with the age of heal-
thy males. The age dependency of metabo-
lite concentrations has to be considered in
long-term studies as well as in the case of
patients’ examinations.

Key words: '"H MR spectroscopy, lipids,
citrate, liver, heart, muscle, prostate.
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V souvislosti se studiem metabolického syndromu se ukézalo,
ze in vivo '"H MR spektroskopicka analyza tkani obsahujicich
tuk umoznuje stanovit jeho mnozstvi a sloZeni. To bylo uz
od devadesatych let 20. stoleti vyuzivano pro stanoveni kon-
centrace tukil v jatrech a pozdéji i v myokardu. S rozvojem
novych pulznich MR technik byly navrzeny postupy stanovo-
vani intra- a extracelularniho tuku ve svalech anebo stanovo-
vani omega mastnych kyselin v tukové tkani.

Na obrazcich 1 a 2 jsou 'H MR spektra jater a srdce ziskana
méfenim bez potlaceni signalu vody. Edita¢ni techniky s po-
tla¢enim vody umoznuji stanoveni intra- a extracelularniho
tuku v lytkovych svalech anebo stanoveni koncentrace omega
mastnych kyselin v tukové tkani tak, jak je demonstrovano
na obrazcich 3 a 4.

Tukova tkan predstavuje podstatnou energetickou zasobu
lidského organismu. Tato zasoba je uloZena v tukovych bun-
kach s tukovymi kapénkami, které tvori polotekutd smés slou-
¢enin dlouhych mastnych kyselin (C15-C20) s glycerolem
a cholesterolem. Z hlediska in vivo MR spektroskopie jsou to
pravé jen signaly téchto sloucenin, které jsou pozorovatelné
v '"H MR spektrech spole¢né se signalem vody o riizné inten-
zité v zavislosti na sledovaném kompartmentu. Dalsi dtlezité
slouceniny produkované a obsazené v tucich, jako jsou adipo-
kiny, hormony aj., nejsou vzhledem k nizké koncentraci v in
vivo MR spektrech viditelné.

Charakteristickym znakem in vivo MR spekter tukové tka-
né jsou pomérné $iroké signaly v disledku kratkych T2 re-
laxa¢nich ¢ast a velkého mnozstvi skupin s podobnym che-
mickym sloZzenim. Z chromatografickych analyz se ukazuje,
ze tuky jsou kombinaci esterti nejméné 20 mastnych kyselin.
Ve spektrech proto mtizeme identifikovat jen omezenou sku-
pinu nékolika typti vodikovych skupin, jejichz chemické po-
suny jsou uvedeny v tabulce 1. Dominantnimi signaly (kromé
signélu vody) v 'H MR spektrech téchto ltek jsou signaly CH,
a CH, alifatickych skupin. Pro popis struktury mastnych kyse-
lin se dale vyuzivaji intenzity signalti dvojnych vazeb, signaly
CH, skupin sousedicich s dvojnou, karbonylovou nebo este-
rovou vazbou. Jejich intenzity se obvykle vztahuji k intenzité
signalu vody. Tak se vypocitava tzv. index nenasycenosti nebo
obsah hepatocelularnich lipidt pro stanoveni stupné steatozy.
Pokrocilymi edita¢nimi technikami lze identifikovat omega-3
mastné kyseliny.

Vsechny tyto metody byly v IKEM ovéfeny, v nékterych
pripadech doplnény a zavedeny pro vyzkumné i klinické po-
uziti.

STANOVENI STUPNE
JATERNI STEATOZY

V piipadé jaternich onemocnéni se metabolicky syndrom
projevuje jaterni steatdzou, tzn. zvy$enym mnoZstvim tuku
v jatrech. Zvy$ovani mnozstvi tuku v jatrech od bézné neal-
koholické jaterni choroby (NAFLD) k nealkoholické steato-
hepatitidé (NASH) muze vést pres fibrozu a cirhdzu nékdy az
k hepatoceluldarnimu karcinomu. Samotné zjisténi steatdzy
nepfedstavuje pro moderni radiologické zobrazovaci metody,
jako je ultrasonografie, vypocetni tomografie (CT) nebo mag-
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netickd rezonance (MR), velky problém. Problémem vsak je
kvantifikace tuku v jtrech a jeho prubézné sledovani v pri-
béhu 1é¢by. Jaterni biopsie, kterd je povaZovana za nejlepsi
zptisob zjisténi tuku v jatrech, je invazivni metoda a neda se
opakovat prili§ casto. Jejim omezenim je také relativné velmi
maly vzorek tkané, ktery nemusi byt reprezentativni pro cela
jatra. Proto je lokalizovana in vivo MR spektroskopie jater
dobrou alternativni metodou stanoveni tuku v jatrech a také
standardem pro kalibraci MR zobrazovacich technik stanove-
ni steatozy.

Zakladnim postupem pti stanoveni obsahu tuku je na-
méfeni spektra v malém objemu jater - kolem 27 ml (single
voxel technikou PRESS nebo STEAM) s co nejdel$im repe-
ti¢nim a co nejkrat$im echo ¢asem bez potlaceni vody a pii
zadrzeném dechu (obr. 1). Obvykle se vySetfeni provadi z né-
kolika mist jater — na naSem pracovisti nejéastéji vySetfujeme
z jaternich segmentti V, VI, VII. Timto zptisobem se ziskaji
spektra, ve kterych jsou dvé skupiny signalti — alifatické sig-
nély v rozmezi 0,5-3 ppm a signal vody prekryvajici nékteré
CH, a CH skupiny lipid v rozmezi 4,5-5,4 ppm. Intenzity
signalii v téchto oblastech se stanovuji integraci nebo jiny-
mi zptisoby, napt. programy LCModel nebo jMRUI. Ziskané
hodnoty intenzit potom slouzi pro vypocet obsahu tuku (obr.
1B). Kvantitativni vypocet obsahu tuku v jatrech publikovala
jako prvni Longo (1) a dal$imi autory byl vypocet zpfesnovan,
ale na podstaté vypoctu se nic neméni. Relativni pomér inten-
zit signalti prislusejicich alifatickym protontim tukd a signélu
vody (FTSA) je vyjadfen jednoduchym vztahem:

FTSA = SY(S8* + ) = §9/S, (1]

kde §* a S*jsou celkové intenzity signdl v oblasti alifatic-
kych protont a (0,5-3 ppm; signély piktl s maximy 0,9 ppm,
1,2 ppm, 2 ppm), a b (4,5-5,4 ppm; signaly pikl s maximy
4,7 a 5,3 ppm) (obr. 1). Objemové zastoupeni tuku se vypocte
rovnici:
[FTsaqn, - Frsa)]
[FTsA/(N, - FTsA)] +1,339

=100FTSA/(1,138 — 0,339FTSA) (2]

@, =100

kde N, (0,85) je pomér lipidovych protont v oblasti 0,5 az
3,5 ppm k celkovému poctu protoni v oblasti 0,5 do 5,5 ppm.

Pro vypocet spravnych intenzit signaldi je tfeba provést
korekce na saturaci, tzn. vynasobit ziskanou experimentdalni
intenzitu signalti korek¢nim faktorem na T2 relaxace:

Sa, =8 [exp(TE/TZ“)]
Sh, =8 [exp(TE/sz)] (3]

Pro korekce intenzit signalt v jatrech se nejcastéji po-
uzivaji pramérné relaxa¢ni Casy vody T2 = 27 ms a T2 =
60 ms pro lipidy (2, 3); druhou moznosti je vyuzit relaxa¢ni
¢asy namérené primo pro kazdy vySetfovany subjekt, coz je
spravnéjsi.

Jaterni steatdza je charakterizovana zvy$enou akumulaci tri-
glyceridi v cytoplazmé hepatocytu. V cytoplazmé jsou triglyce-
ridy soustfedény ve vakuolach. Pokud je vakuol velké mnozstvi
nebo jsou prili§ velké, mohou hepatocyty poskodit nebo i zni-
¢it. Na sledovani poctu poskozenych hepatocytu jsou zaloZeny
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Obr. 1. Stanoveni stupné steatozy 'H MR spektroskopii. A — umisténi jednotlivych analyzovanych objemu (VOI) v jdtrech pro 'H MR spektroskopické vyset-
reni. MR obraz je ziskdn sekvenci HASTE se zadrzenim dechu. Objem VOl je obvykle 27-30 ml, umistuje se mimo velké cévy, nejcastéji do V., VI. a VIl. segmentu
jater."H MR spektra z objemu 27 ml v Sestém segmentu jater (3 T, sekvence PRESS s TR/TE = 4500/30 ms, bez potlaceni signdlu vody, jedna akvizice pfi zadrzeni
dechu). % hepatického tuku byla vypoctena podle Longo z intenzit signdlti ve dvou oblastech spektra — S° ~ 0,5-3,5 ppm; S ~ 4,0-5,5 ppm. B - spektrum pa-
cienta s nizkym obsahem tuku - 3,3 % (stupen steatézy 1); C — spektrum pacienta s obsahem tuku 29,6 % (stuperi steatozy 3).

Fig. 1. Determination of liver steatosis by 'H MR spectroscopy. A - position of volumes of interest (VOI) for 'H MRS examination on an MR image obtai-
ned by the HASTE sequence with breath-hold. The volume of VOl is usually 27-30 ml; VOI should be positioned outside veins and arteries; most frequently in
the V, VI and VIl segment of the liver. 'H MR spectra were measured from the volume of 27 ml in the sixth segment of the liver (3 T, sequence PRESS, TR/TE =
4500/30 ms, without water suppression, one acquisition with breath-hold. % of hepatic fat was calculated according to Longo from signal intensities in two
ranges of spectra—S° ~ 0.5-3.5 ppm; S® ~ 4.0-5.5 ppm. B - the spectrum of the patient with a low hepatic fat content of 3.3% (steatosis level 1); C— the spectrum

of the patient with a high hepatic fat content of 29.6% (steatosis level 3).

histologické metody (4). Podle poc¢tu poskozenych hepatocytu

jsou steat6za a fibroza déleny do ¢tyt stupniu (5):

— stupen SO - bez steatézy (do 5 % poskozenych hepatocyti)

- stupen S1 - mirnd steatdza (5-33 % poskozenych hepato-
cyta)

— stupen S2 - zvySena steatéza (33-66 % poskozenych he-
patocytir)

- stupen S3 - tézkd steatdza (vice nez 66 % poskozenych he-
patocytir)

Korelace mezi spektroskopickymi a histologickymi nalezy
je velmi silnd, a to zvlasté pri nizkych koncentracich (nejvi-
ce do stupné S2). Je to dano tim, ze '"H MR spektroskopie je
schopna zjistit velmi malé koncentrace lipidt v celém rozsahu
stupnice s presnosti kolem 1 %. V celém rozsahu histologic-
ké stupnice pak zavislost nemusi byt zcela linearni (6). Pro
klinické zarazeni pacientti do ¢tyfstupnové steatotické skaly
je pouziti 'H MR stanoveni mnozstvi tuku vice nez dostacu-
jici. Vysokou presnost MR spektroskopie je mozné vyuzit pro
detailni sledovani obsahu tuku v klinickych experimentech.
Vyuzili jsme toho v celé fadé studii (7-9).

Pokud jde o fibrozu, korelace mezi '"H MR nélezy a histo-
logii neni prili$ silnd a v soucasné dobé jsou k dispozici dalsi
metody, jako je MR elastografie (10), které popisuji fibrozu
1épe.

STANOVENI LIPIDU V MYOKARDU

"H MR spektroskopie srdce, podobné jako jeho MR zobrazo-
vani, patfi k nejobtiznéj$im tkoliim magnetické rezonance
vzhledem k jeho pohybu - proudéni krve a pohybovym arte-
faktim. V pripadé MR spektroskopie ptistupuje k témto obti-
zim navic i lokdlni nastaveni homogenity magnetického pole
(tzv. shim) a méfeni z malého objemu tkdné, mnohem mensi-

ho, nez je tomu v pripadé jaterni steatdzy. Vlastnimu spektro-
skopickému vySetfeni, stejné jako u vySetfeni jater, predchazi
MR zobrazeni srdce a vybér VOI, o jehoz velikosti rozhoduje
predevsim $ifka komorového septa (obr. 2A). Spektroskopic-
ké vysetteni sekvenci s kratkym TE je synchronizovano se
srdeénim cyklem (EKG synchronizace) a dychaci pohyby se
eliminuji bud méfenim pfi zadrzeném dechu, nebo pouzitim
navigatoru dechu, jeZ monitoruje pohyb branice. Vzhledem
k nizké koncentraci lipidt v srde¢ni tkani a malému VOI je
potteba akumulovat vice akvizic. Aplikace navigatoru dechu
vSak zna¢né prodluzuje celkové méfeni, nebot zacatek nébé-
ru kazdé akvizice ¢ekd na priinik signélti z EKG a navigatoru.
Na druhou stranu, méfeni pfi zadrzeném dechu mize byt pro
pacienta obtizné, protoze vyzaduje del$i dobu zadrzeni dechu
nez napriklad pfi vySetfeni jater. Nicméné, se¢tenim spekter

Tab. 1. Chemické posuny signdlii funkénich skupin v in vivo 'H MR spek-
trech tukové tkdné

Table 1. Chemical shifts of proton groups in in vivo 'H MR spectra of fat
tissue

Sloucenina/ Typ m Sloucenina /| Typ pro- m
vazba protonu PP vazba tonu PP
olefinicka _ . =CH-CH,
vazha -CH=CH-| 531 diacyl CH- 2,77
voda HO 4,7 alfa methylen | O=C-CH - 2,24
kreatin -CH_- 39d |acetylkarnitin | CH,-COO- 21
. alfa olefinicky | -CH=CH-
taurin -CH,- [3,40-3,45 methylen CH,- 2,02-2,1
-CH,-OH alfa olefinicky |
glyceryl -CH-OH 3638 methyl C=C-CH, 1,7
. methylen 1,30
IaMrﬁitci:d'”y' -CH), | 322 EMCL (CH) | 1,49
IMCL 1,20
methyl 0,90
kreatin -CH, 3,2 EMCL -CH, 1,07
IMCL 0,89
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Obr. 2. "H MRS myokardu zdravého dobrovolnika, 3 T tomo-
graf. A - umisténi mériciho objemu (VOI) v myokardu. MR obraz
je naméren sekvenci FLASH (Fast Low Angle Shot) se zadrZenim
dechu a EKG rizenim. Objem VOI = 5ml; B — 'H MR spektrum
z VOl o objemu 5 ml pri 3 T, sekvence PRESS s TE/TR = 35/~ 5000
ms bez potlaceni signdlu vody se ctyfmi akvizicemi pri zadrZeni
dechu. Pro vypocet zastoupeni tuku je namérena integrdini inten-
zita signdlii ve dvou oblastech spektra (obr. 1) - S® ~ 0,5-3,5 ppm,
Sb~4,0-5,5 ppm.

Fig. 2. "H MRS of myocardium of a healthy volunteer, 3 T sys-
tem. A - position of voxel of interest (VOI) in myocardium. The MR
images are obtained by FLASH (Fast Low Angle Shot) sequence
with breath-hold and ECG control. VOI = 5 ml; B—"H MR spectrum
from VOI =5 ml at 3 T, sequence PRESS with TE/TR = 35/~5000 ms

75 5.0 2.5 0,0

25 without water suppression and with 4 acquisitions. The calcu-
' lation of fat content is based on signal intensities in two parts of
spectra - S° ~ 0.5-3.5 ppm, S° ~ 4.0-5.5 ppm.
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Obr. 3. 'H MR spektrum z m. tibialis mérené p¥i 3 T. Objem VOI 8 ml, sekvence PRESS. A - spektrum mérené s dlouhym TE (TR/TE = 5000/270 ms); B - spekt-

rum mérené sekvenci's krdatkym TE (TR/TE = 5000/30 ms)

Fig. 3.’"H MR spectrum from m. tibialis measured at 3T. The VOl volume of 8 ml, PRESS sequence. A — spectrum measured with long TE (TR/TE = 5000/270 ms);

B - spectrum measured with short TE (TR/TE = 5000/30 ms)

pti opakovaném zadrzeni dechu Ize doséhnout naméreni kva-
litnich spekter (obr. 2B). Tyto technické obtize s MRS vySet-
fovanim myokardu jsou také hlavni pri¢inou necelé dvacitky
praci vénovanych tomuto tématu.

Na nasem MR pracovisti jsme provedli testovani riznych
vySetfovacich postupt se skupinou dobrovolnikt ,,free-dive-
rt, ktefi jsou schopni zadrzet dech po del$i dobu - az néko-
lik minut. Mohli jsme porovnat rtizné vysettovaci protokoly
(vySetfeni pfi zadrzeném dechu, pouziti navigitoru dechu
a méfeni pfi volném dychani). Vysledky z téchto experimentt
jsou shrnuty v publikaci (11) a namérené koncentrace tuku
v myokardu odpovidaji literarnim hodnotdm udavajicim, Ze
zastoupeni tuku vypoctené podle vztahu 1 je v myokardu ko-
lem 0,6 %.
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STANOVENI INTRA-
A EXTRAMYOCELULARNIHO TUKU
VE SVALU

Pouziti 'H MR spektroskopie pro analyzu tukd ve svalech
bylo publikovano v pionyrské studii tiibingenské MR sku-
piny (12) jiz v roce 1993, ktera popsala v 'H MR spektrech
kosterniho svalu dva signaly. Tyto signély byly identifikova-
ny jako signdly lipidi uvnitf svalové bunky (intramyocelu-
larni tuk - IMCL) a signaly lipida ve svalovych septech (ex-
tramyoceluldrni tuk — EMCL). Rozdil chemickych posunt
IMCL a EMCL neni dén odli$nou chemickou strukturou,
ale je zpusoben rozdilnou susceptibilitou tukovych kapének
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v burice a septu. Teoreticky byl tento rozdil chemickych po-
suntl vypocten podle modelu ,,bulk magnetic susceptibility“
a ¢ini 0,21 ppm. Je to ve velmi dobré shodé s experimental-
nimi vysledky z m. tibialis.

Pozdéji fada pracovist pouzila a zdokonalovala tuto tech-
niku vySetfovani zvlasté pro studium koncentraci IMCL
a EMCL tuku v souvislosti s metabolickym syndromem
a ve sportovni mediciné. Dva zakladni poznatky z téchto stu-
dii fikaji:

1. Vzhled a kvalita spektra zavisi na orientaci svalovych vla-
ken vzhledem k externimu magnetickému poli a na pouzi-
tém echo ¢ase; nejvyhodnéjsi je méreni spekter z m. tibialis,
kde jsou svalova vldkna rovnobézna s vnéj$im magnetic-
kym polem, a provadéni vysetfovani sekvencemi s dlou-
hym TE (270 ms).

2. Intracelularni tuk (IMCL) je vyznamnym energetickym
zdrojem pro aerobni metabolismus; jeho koncentrace se
zvy$uje s trénovanosti subjektu a je umérna inzulinové
senzitivite.

V prubéhu poslednich let byla publikovana cela fada pra-
ci vénovanych jak metodickym zalezitostem méfeni 'H MR
spekter, tak vlivu rtznych fyziologickych a metabolickych
faktort na koncentraci IMCL. Stanoveni koncentrace IMCL
vychazi z interpretace 'H MR spekter namétenych s dlou-
hym a kratkym TE, jak je uvedeno na obrazku 3. V téchto
spektrech jsou signdly CH, a CH, skupin IMCL a EMCL tuku
dobfe oddéleny a ve spektrech je mozné identifikovat fadu
dalsich funkénich skupin tukt a metaboliti. Pro kvantifikaci
IMCL a EMCL tuku se nejéastéji pouzivaji poméry intenzit
signalu CH, a CH, skupin k signalu kreatinu.

Tento smér sledoval i nd$ vyzkum (13), ktery byl zaméfen
na automatické vyhodnocovani spekter kosterniho svalu na-
méfenych pfi 1,5T a 3 T technikou LCModel. Metoda byla
ovérovana na skupiné zdravych dobrovolniki a skupiné DM2
pacientd.

Metodika byla pouzita napt. ve studii (14), kde se hodnotil
vliv pravidelné fyzické zatéZe u pacientti po prvni kadaverézni
transplantaci ledvin na lipidovy metabolismus ve svalu. Dalsi
studie, kde byla tato metoda s uspéchem pouzita, se zabyvala
vlivem latky telmisartan u pacientt s naru$enou rovnovahou
glukdzy nala¢no na koncentraci IMCL (15).

STANOVENI KONCENTRACE OMEGA-3
MASTNYCH KYSELIN

Omega-3 mastné kyseliny jsou nezbytné pro lidsky metabo-
lismus. Jejich pouziti v dopliicich stravy bylo a je studovano
v mnoha smérech a neinvazivni stanoveni obsahu omega-3
mastnych kyselin (0-3M) je zajimavé jak z metodického, tak
i metabolického hlediska. 0-3M jsou nenasycené mastné ky-
seliny, jejichZ spole¢nym znakem je dvojna vazba mezi uhliky
na tfetim a ¢tvrtém misté od koncového methylu mastné ky-
seliny. Stanoveni koncentrace omega mastnych kyselin na z4-
kladé olefinickych protonti neni mozné vzhledem k prekry-
vu raznych olefinickych skupin. Pro jejich stanoveni je v$ak
mozné vyuzit J-edita¢ni techniku odvozenou od sekvence
(16, 17) MEGA-PRESS (MEshcher-GArwood Point-RESol-
ved Spectroscopy), kterou jsme na nasem pracovisti zavedli
pod nazvem (18) oMEGA-PRESS. Stanoveni koncentra-
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Obr. 4. "H MR spektrum podkozniho tuku pro stanoveni omega-3 polynenasycenych mastnych kyselin (PUFA omega-3). A - celkové 'H MR spektrum
podkozniho tuku a prifazeni chemickych struktur signdli (sekvence PRESS, 64 akvizic, objem VOI 27 ml);

B - cdst spektra zahrnujici signdly funkcnich skupin CH, a CH, (mezi 0,7-1,5 ppm) se pouZivd pro stanoveni koncentrace PUFA omega-3 na zdkladeé intenzity
levé cdsti tripletu -CH, skupiny PUFA omega-3 (w). Tento signdl (zelené spektrum) se ziskd odectenim spekter namérenych bez refokusacniho (Cervené spekt-
rum) a s refokusacnim (modré spektrum) pulzem zaméfenym na CH, skupinu (sekvence oMEGA PRESS, TE = 199 ms, 128 akumulaci).

Fig. 4. 'H MR spectrum of subcutaneous fat used for the r t of omega-3 polyunsaturated fatty acids (PUFA omega-3). A - the whole '"H MR
spectrum of subcutaneous fat and assignment of signals to chemical structures. (PRESS sequence, 64 acquisitions, VOI = 27 ml); B - the part of the spectrum
with signals of -CH, and -CH, groups (0,7-1,5 ppm) which is used for the determination of PUFA omega-3 based on the intensity of signal attributed to the left
outer triplet line of the PUFA omega-3 -CH, group (w). This signal (green line) is obtained by subtraction of spectra measured without (red line) and with (blue
line) pulse refocusation, resp., focused to -CH, group (0MEGA-PRESS sequence, TE = 199 ms, 128 acquisitions).
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ce omega-3 mastnych kyselin timto zptisobem je zaloZeno
na ziskéni signdlu levé postranni ¢ary koncové -CH, skupiny
0-3M odecétenim spekter naméfenych se zapnutym a vypnu-
tym refokusacnim pulzem cilenym na CH, skupinu ve vazbé
-CH=CH-CH,-CH, (2,1 ppm). PRESS sekvence byla optima-
lizovana pro TE = 199,5 ms pro 3 T magnet. Reprezentativni
obrazek rozdilového spektra je uveden na obrazku 4. Pro in
vivo stanoveni 0-3M timto zplisobem je nutné brat v uvahu
nékolik skute¢nosti: 1. koncentrace 0-3M v zasobach podkoz-
niho tuku je velmi nizka a pohybuje se kolem 1 % celkového
zastoupeni mastnych kyselin; 2. pro ziskani kvalitnich spekter
je nezbytné velmi dobre nastavit lokalni homogenitu magne-
tického pole tak, aby se signdly CH, skupin neptekryvaly se
signaly CH, skupin, a vzhledem k nizké koncentraci je ne-
zbytné méfit spektra s velkym mnozstvim akvizic.

Tato technika je pomérné naro¢na na technické provede-
ni a je také zavisla na velikosti magnetického pole. Optimalni
vysledky technikou OMEGA-PRESS se ziskaji pti 3 T.

'H MR SPEKTROSKOPIE PROSTATY

Samostatnou kapitolou je '"H MR spektroskopie prostaty, kde
se zaméfujeme podobné jako u mozku na jiné metabolity nez
na tuky. Zde hraje hlavni tlohu citrat, ktery je specificky pro
prostatu a spolu se signalem cholinovych sloucenin se pou-
7iva zejména v diagnostice tumoru prostaty (v tumoru citrat
klesa, cholin roste). Z dal$ich signdalt se v prostaté sleduje
kreatin a polyaminy (hlavné spermin a spermidin), u hor-
$i kvality spekter se vSak vSechny tyto signaly velmi $patné
rozli$uji a v nékterych publikacich je cela oblast od kreatinu
po cholin slouc¢ena v jedno ¢islo (obr. 5).

Vysetteni se provadi bud s povrchovou civkou, nebo civ-
kou endorektdlni, kterd sice prinasi lepsi kvalitu, ale neni
s pochopitelnych diéivodir prilis oblibena u pacientt. Pro MR
spektroskopii se pouziva hlavné metoda 3D CSI, eventualné
jeji rychlejsi modifikace, a konkrétni echo ¢as TE = 120 ms
pro 1,5 T pole nebo TE = 144-145 ms pro 3 T tomografy. Tato
hodnota vychazi z tvaru citratu, ktery ukazuje ve spektrech
dublet pti 1,5 T a kvadruplet pfi 3 T. Bohuzel tato multipli-
cita signalu je také jednim z hlavnich problému, ktery déla
'"H MRS prostaty dosti obtiZznou v béZné praxi. Pro Gspésné
zvladnuti techniky je proto nutné velmi dobfe nashimovat,
tzn. doladit homogenitu pole na maximum, a mit $tésti, Ze se
pacient béhem 16minutové sekvence nepohne, budou v klidu
i jeho stfeva a nenaplni se prili§ mocovy méchyt, ktery mtize
odsunout prostatu o kousek dél. Neméné dulezité je automa-
tické zpracovani 3D CSI spekter technikou LCM a nasledné
statistické zpracovani velkych datovych soubort.

Velmi vyrazna souvislost mezi signalovou intenzitou citra-
tu, cholinovych sloucenin a stupném tumoru v prostaté vedla
k tomu, ze Evropska uroradiologickd spole¢nost (ESUR) na-
vrhla '"H MR spektroskopii jako jednu z doporuc¢enych MR
metod pro standardni vySetfovani pacienti s podezfenim
na tumor prostaty (19). Tyto guidelines byly béhem let modi-
fikovany a zjednoduseny a 'H MR spektroskopie, stejné jako
hodnoceni dynamického kontrastu, uz uvedena neni.

Na MR pracovi$ti IKEM se zacalo s vySetfovanim pro-
staty v roce 2012 v rdmci grantové studie. Byly vyuzZity oba
tomografy 1,5T i 3T s pouzitim povrchové civky a kromé
samotného vysetfovani pacient probéhla obsahld metodic-
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Obr. 5. "H MR spektrum zdravé prostaty dobrovolnika mérené pfi 3 T.
Méreno povrchovou osmikandlovou civkou sekvenci 3D spektroskopické-
ho zobrazovdni (3D PRESS, TR/TE = 720/145 ms).

Fig. 5. 'H MR spectrum of a healthy prostate measured at 3T. The
8-channel surface coil was used together with the 3D CSI PRESS sequence
(TR/TE=720/145 ms).

ka &ast, kdy byl upraven software vypoctu spekter pro me-
tabolicky profil prostaty, porovnavaly se vysledky z riiznych
poli a jejich spravnost a presnost ve vztahu k histologii jak
v centralni, tak perifernich zénach a v neposledni fadé byla
namérfena vékova zavislost koncentraci jednotlivych metabo-
litt u skupiny zdravych dobrovolniki (20). Vysledky ukazaly,
ze pro zkuseného specialistu neni pro spravnou diagnostiku
prili§ dilezita velikost magnetického pole, protoze s vys-
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Obr. 6. Zdvislost intenzity citrdtu a poméru intenzit souctu
(Cr+PA+Cho) k citrdtu na véku. Statistika byla provedena na zdkladé dat
ziskanych technikou LCModel z priblizné 9000 CSl spekter zdravych dobro-
volnikd ve véku 20-70 let.

Cr - celkovy kreatin, PA - polyaminy, Cho — cholinové slouceniny, Cit - citrdt
Fig. 6. The dependence of citrate signal intensity and intensity ratio of
sum of (Cr+PA+Cho) to citrate on age. The statistics was based on LCMo-
del calculation from cca 9,000 spectra from healthy volunteers in the age
range of 20 to 70 years.

Cr - total creatine, PA - polyamines, Cho — choline compounds, Cit - citrate
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$im polem roste i sloZitost spektra, a je nezbytné vyuzit spe-
cidlni programy na zpracovani spekter. Co se ukazalo velmi
dulezité, je zavislost intenzit jednotlivych signald na véku
(obr. 6). Ve zdravé prostaté se napt. koncentrace citratu mezi
20. a 70. rokem zvét$uje vice nez dvakrat, vysoky nartst je
i v hodnotach polyamini. Pravdépodobné to souvisi s hodno-
tami koncentrace zinku v prostatickych bunkach. Vzhledem
k tomu, Ze napt. celkovy kreatin se drzi béhem starnuti témér
konstantni, dochdzi s vékem i ke zménam v pomérech intenzit
signald, coz mulize vést az k nespravné interpretaci namére-

ZAVER

In vivo "H MRS vysetfeni je uzite¢na neinvazivni metoda, kte-
rou lze pouzit pro presné méfeni obsahu tuku ve tkani a timto
zpusobem kalibrovat zobrazovaci postupy stanoveni steato-
zy. Na druhou stranu je nutné si pamatovat, Ze $iroké signaly
v in vivo spektrech obsahuji fadu pikéi podobnych slouéenin
a jejich zastoupeni se mtize ménit. Detailnéjsi analyzu tuka
in vivo mize umoznit v budoucnu vysettovani technikou *C
MR spektroskopie pii 7 T a vyssich polich.

nych spekter.
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ENDOVASCULAR TREATMENT OF
ANEURYSMS LOCATED AT THE ORIGIN OF
DUCTUS BOTALLI IN ADULT PATIENTS

Sedivy P.", El Samman K., Prindigova H.2, Cerny S.3

"Dept. of Vascular Surgery, Na Homolce Hospital, Prague,
Czech Republic

2Dept. of Interventional Radiology, Na Homolce Hospital, Prague,
Czech Republic

3Dept. of Cardiac Surgery, Na Homolce Hospital, Prague, Czech
Republic

Introduction: Ductus arteriosus Botalli (DA) allows most of
the blood in fetal pulmonary artery to by-pass pulmonary cir-
culation directly to the distal part of aortic arch. Early after
birth it spontaneously occludes and during three months
becomes the fibrous ligamentum arteriosum. Persisting DA is
usually diagnosed in early childhood and it is usually corrected
by interventional cardiologist or cardiac surgeon. The location
of the DA origin on the aortic arch is a locus minors resisten-
ciae due to abnormal intraductal tissue. Saccular or conical
pseudoaneurysms can originate on this spot during adulthood.

Methods: During 2008-2014 we diagnosed and treated
symptomatic and asymptomatic aneurysms in a typical loca-
tion at distal part of the aortic arch in 10 patients. They were 6
men and 4 women aged 66-87 (median 79 years). Hoarsness
was the major sign in five persons due to laryngeal nerve com-
pression (Ortner sy.), four aneurysms were asymptomatic. One
patient had acute hemorrhage from symptomatic aneurysm.
In six patients we treated endovascularly with stent graft (SG),
in four we did hybrid intervention. Left subclavian artery was

Fig. 1. “Triple star” sign, an aneurysm at the aortic arch
anterior wall
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revascularized simultaneously with SG in one patient or early
after endovascular intervention in two patients. Branched
aorto-anonymal-and-subclavial by-pass was performed before
endovascular treatment in one patient.

Results: The pseudoaneurysm was successfully covered
with subsequent thrombosis in 9 patients. Perioperatively, one
patient had type I endoleak, she suffered transitory ischemic
attack and respiratory failure with the necessity of prolonged
artificial ventilation and she died on the 31* day after interven-
tion. An average length of stay in survivors was 13 days. An
average follow up is 18 months (5-29).

Conclusion: The location of the DA origin on the aortic
arch in adults is a weakened spot where rarely pseudoa-
neurysms may originate. Endovascular treatment with SG
represents a less invasive alternative to open surgery in selected
patients.

DYNAMIC 3P MR SPECTROSCOPY
IN PATIENTS WITH PERIPHERAL ARTERIAL
OCCLUSIVE DISEASE

Sedivy P.", Dezortova M.", Drobny M.", Wagnerova D.",
Rydlo J.", Roztocil K2, Hajek M."

"MR-Unit, Dept. Diagnostic and Interventional Radiology,
Institute for Clinical and Experimental Medicine, Prague,
Czech Republic

2Transplant Surgery Dept., Transplantcentre, Institute for
Clinical and Experimental Medicine, Prague, Czech Republic

Dynamic phosphorous (*'P) MR spectroscopy allows non-
invasive study of the differences in an energetic metabolism
between patients with Peripheral Arterial Occlusive Disease
(PAOD) and healthy subjects.

The aims of the study were: 1) to determine how ischemia
influences muscle metabolisms in PAOD patients; 2) to find
out the potential of the method in clinical routine to assess the
severity of ischemia in individual patients.

We examined 25 patients (70+7 years, BMI=27+4 kg/m?,
18 males and 7 females) with PAOD and 21 healthy controls
(41%12 years, BMI=28+2 kg/m?, 12 males and 9 females).
Dynamic 3!P MR spectroscopy was performed on a whole-
body 3T MR system with dual 'H/3!'P surface coil and
home-made pedal ergometer. The subjects were examined in
a supine position with the coil fixed to the medial head of the
gastrocnemius muscle. The dynamic examination consisted of
2 min rest period followed by 6 min exercise (plantar flexion
once every 2 s; 7 kg weights) and final 6 min of recovery. Signal
intensity ratios of phosphocreatine (PCr), inorganic phosphate
(Pi) and phosphodiesters (PDE) to ATP and intramyocellular
pH were calculated from the rest spectrum together with drop
of PCr, pH, rate of PCr recovery and mitochondrial capacity
from the dynamic part of the examination.

We found significantly reduced mitochondrial capacity, very
prolonged rate of phosphocreatine recovery and lower pH in
the end of exercise in patients compared with healthy subjects.



2, KAZUISTIKY
‘@< V ANGIOLOGII
¢asopis pro angiology

Ro¢nik 4.
Cislo 1/2017

ISSN 2336-2790

Registracni &islo: MK CR E 21515 4 2 nd Cze C h An g i 0 I 0 gy

Tento sbornik vychazi souc¢asné
jako radné ¢islo ¢asopisu Kazuistiky v angiologii
a soucasné jako neperiodickd publikace - a ys
sbornik pro potteby konference:
42. Angiologické dny 2016. . . .
42. Angiologickeé dny 2017
ISBN 978-80-87969-26-7
Vydava:
Nakladatelstvi GEUM, s.r.0.

with Interantional Participation
Vydavatel: . PR .
Nakladatelstyi GEUM, s o, s mezinarodni Ucasti

Nadrazni 66, 513 01 Semily
WWW.geum.org

Inzertni oddéleni:

Jitka Slukova
February 23 - 25, 2017
Redakce: Prague, Czech Republic

Kazuistiky v angiologii
Nakladatelstvi GEUM, s.r.o.
Nadrazni 66, 513 01 Semily

tel.: 721 639 079
e-mail: geum@geum.org

Mgr. Karel Vizner ($éfredaktor)
e-mail: karelvizner@geum.org
I Book of Abstracts
pickova

e-mail: krupickova@geum.org

Mgr. Daniela Hozdova
e-mail: hozdova@geum.org

Redak¢ni rada:

MUDr. Ewald Ambrozy, PhD.
MUDr. Katarina Dostalovd, PhD., MPH
doc. MUDr. Jana Hirmerovd, Ph.D.
MUDr. Martin Holy
doc. MUDr. Jean-Claude Lubanda, Ph.D.
MUDr. Jifi Matuska
MUDr. Pavlina Pithovd, Ph.D.
MUDr. Véclav Prochdzka, Ph.D.
MUDr. Karel Rozto¢il, CSc.
MUDr. Jan Stryja, Ph.D.
prim. MUDr. Jan Zeman

Redakéni zpracovani, ilustraéni fotografie:
GEUM - Mgr. Karel Vizner

Tisk:

Tiskarna Glos Semily, s.r.o.
e-mail: tiskarna@glos.cz

ANGIOLOGICAL CASE STUDIES (Prague) 1/2017



BOOK OF ABSTRACTS

AN ATYPICAL CAUSE OF LEG SWELLING

Cermaékova H., Roztogil K., Janougek L., Fronék J.
Department of Transplantation and Vascular Surgery, Institute
for Clinical and Experimental Medicine, Prague, Czech Republic

Our case report concerns 49 years old man. He pointed out in
the 2013 year an asymmetric swelling of his right calf. It was
no painfull. Several times he went to the regional hospital doc-
tor. Deep vein thrombosis were excluded several times. He had
been diagnosed as a Baker s cyst and an ortopedy doctor left
him without specific treatment except of rehabilitation.

At the beginning of the 2017 year he came to IKEM hospi-
tal. We found using an ultrasound under his knee a bearing
formation (13 x 7 x 5 cm) seemed to be a tumor. The same was
possible to see from the CT documentation. He underwent
operational revision of his right calf with the aim of removing
formation. Perioperative histology was unfavorable - liposar-
coma. Now we are waiting for the definitive histology which
will decide on further action.

31P MR SPECTROSCOPY IN PATIENTS WITH
PERIPHERAL ARTERY OCCLUSIVE DISEASE

Dezortova M.", Sedivy P.", Drobny M.", Roztogil K 2,
Cermakova H.2, Némcova A3, Dubsky M.2, Peregrin J.",
Hajek M.’

"Department of Diagnostic and Interventional Radiology, Institute
for Clinical and Experimental Medicine, Prague, Czech Republic
2Transplant Surgery Department, Institute for Clinical and
Experimental Medicine, Prague, Czech Republic

3Department of Diabetes, Institute for Clinical and Experimental
Medicine, Prague, Czech Republic

3P MR spectroscopy (MRS) is a powerful tool for the non-
invasive investigation of muscular oxidative metabolism and
its impairment done by ischemia in patients with peripheral
artery occlusive disease (PAOD).

The 3'P MRS examination at rest provides quantitative
parameters that characterize the basal muscle metabolism.
From dynamic 3P MRS data there can be calculated mito-
chondrial capacity (Q,,.,), phosphocreatine (PCr) recovery rate
or pH changes during exercise.

Our goal was to describe changes in muscle metabolism
caused by PAOD with and without diabetes and to find out if
the method is applicable under clinical conditions for the dis-
ease evaluation.

Calf muscles of 19 PAOD patients (70+8 years, BMI
26.4+4.3 kg/m?) and 28 PAOD patients with diabetes (mean
age 6718 years, BMI 28.6+4.2 kg/m?, TcpO, 26+12 mmHg)
were examined together with a control group of 19 healthy vol-
unteers (mean age 58+10 years, BMI 27.1+4.1 kg/m?). All the
subjects provided their informed consent in line with local
Ethical Committee rules.

3P MRS examination was performed at 3T MR system
using a home built ergometer. Dynamic part consisted of
6 mins of plantar flexion (once per 2s, 7 kg weight) followed
by 6 mins recovery. Signal intensity ratios of PCr/ATP, inor-
ganic phosphate (Pi)/ATP, PCr/Pi, phosphodiesters
(PDE)/ATP and intramyocellular pH were estimated from the
rest MR spectra. A drop of PCr and pH at the end of the exer-
cise, PCr recovery rate and Q,,,, were calculated from the
dynamic part of the examination.

In all patients, significantly lower Q,,,, and pH during exer-
cise were found together with prolongation of PCr recovery
rate after the exercise. The effect of diabetes was significantly
pronounced at rest compared to controls and PAOD patients
without diabetes. Thus, rest and dynamic 3'P MR spectroscopy
can be used for the description of severity of peripheral arterial
occlusive disease.

The study was supported by GAUK no. 315 and 00023001IKEM
Institutional support.
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These results show negative influence of PAOD on oxidative
muscle metabolism. Smaller rate of oxidative metabolism
caused predominance of anaerobic metabolism and drop of
pH. Big drop of pH and prolonged rate of PCr recovery
explains the subjective discomfort (e.g. claudications and
fatigue) in PAOD patients.

The study was supported by projects IGA MH CR NT11275-6
and MHCZ-DRO 00023001 IKEM.

SUPERFICIAL VENOUS THROMBOSIS -
MYTHS AND REALITY

Stvrtinova V., Stvrtina S.
29 Clinic of Internal Medicine and Department of Pathology,
Comenius University, Faculty of Medicine, Bratislava, Slovakia

Superficial venous thrombosis (SVT) is etiologically a het-
erogeneous group of disorders with a different degree of
inflammation and thrombosis. SVT has long been considered
as a benign and limited disease or sign of chronic venous insuf-
ficiency, to be managed with local and/or systemic
anti-inflammatory drugs in combination with elastic stockings.
In many cases SVT is a banal condition which resolves spon-
taneously, but in recent years due to systematic ultrasound
investigation of the venous system a large number of deep
venous thromboses concomitant with SV'T has been revealed.
Several studies have confirmed an association between SVT
and venous thromboembolism (VTE). SVT located in the
saphenous main trunk seems to have the strongest association
with VTE. Some physicians consider SVT an integral part of
VTE, together with deep venous thrombosis and pulmonary
embolism.

The clinical diagnosis of SVT is easy as symptoms and signs
are overt. But for precise evaluation of the SVT extension com-
pression duplex ultrasound (DUS) investigation is needed.
Clinical investigation may the real extent of superficial throm-
bophlebitis underestimate, and does not give enough
information on the status of the deep venous system. DUS
allows evaluate the extension of the thrombus into the deep
venous system through perforating veins or through sapheno-
femoral and/or sapheno-popliteal junctions.

The aim of the treatment is to stop the extension of SVT in
the superficial vein, to reduce the inflammation of the vein
and perivenous tissues as well as to prevent the extension of
the thrombus formation into the deep and the communicating
venous system. The main therapeutic procedure is compres-
sion and mobilization. In patients with a limited SVT in
a varicose vein (varicophlebitis) local treatment and mobiliza-
tion with elastic compression will be sufficient. In contrast to
SVT of a healthy vein varicophlebitis is a banal condition in
majority of cases. Non-steroidal anti-inflammatory drugs may
be given, either systematically or locally. Especially in cases of
extensive SVT anticoagulant therapy is a good choice. Accord-
ing the CEVF Consensus Proposal (2011) and Consensus
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	236 Scaled signal intensity of uterine fibroids based on T2-weighted MR images: a potential objective method to determine the suitability for magnetic resonance-guided focused ultrasound surgery of uterine fibroids
	S.W. Yoon
	Diagnostic Radiology, CHA Bundang Medical Center, Seoul/KOREA


	237 The diagnosis of prostate cancer local recurrence in patients after radical prostatectomy by multiparametric MRI
	G.I. Hagverdiyeva1, I. Gubskiy2, O.N. Streltsova1, E.V. Tarachkova2, V.O. Panov2, I. Tyurin2, B.I. Dolgushin1
	1Radiological diagnosis, N.N.Blokhina Russian Cancer Research Center of The RAMS, Moscow/RUSSIAN FEDERATION, 2Radiological diagnostics, radiology treatment and medical physics, Russian Medical Academy of Postgraduate Education, Moscow/RUSSIAN FEDERATION


	238 Prostate imaging with quantitative susceptibility mapping (QSM): calcifications
	S. Straub1, M.C. Röthke2, H.-P. Schlemmer2, M.E. Ladd1, B. Jobke2, F.B. Laun1
	1Medical Physics in Radiology, German Cancer Research Center (DKFZ), Heidelberg/GERMANY, 2Radiology, German Cancer Research Center (DKFZ), Heidelberg/GERMANY


	239 Semi-automatic lung segmentation of DCE-MRI data sets of 2-year old children after congenital diaphragmatic hernia repair
	M. Daab1, M. Weidner2, V. Sommer2, K. Zahn3, T. Schaible4, G. Weisser2, S.O. Schoenberg2, L.R. Schad1, K.W. Neff2, F.G. Zoellner1
	1Computer Assisted Clinical Medicine, Heidelberg University, Mannheim/GERMANY, 2Inst of Clinical Radiology and Nuclear Medicine, Heidelberg University, Mannheim/GERMANY, 3Dep of Pediatric Surgery, Heidelberg University, Mannheim/GERMANY, 4Dep of Neonatology, Heidelberg University, Mannheim/GERMANY


	240 The spectrum of ADC values in normal adolescent sacroiliac joints
	K. Vendhan1, T. Bray1, D. Atkinson1, S. Punwani1, Y. Ioannou2, D. Sen2, C. Fisher2, M.A. Hall-Craggs1
	1Radiology Dept, University College London, London/UNITED KINGDOM, 2Rheumatology, University College London, London/UNITED KINGDOM


	241 Role of DTI in the assessment of the sciatic nerve and its pathologies
	A. Bernabeu1, S. López-Celada1, A. Alfaro2, J.J. Mas3, J. Sanchez-Gonzalez4
	1Magnetic Resonance, INSCANNER SL, Alicante/SPAIN, 2Neurology, Hospital Vega Baja de Orihuela, San Bartolomé/SPAIN, 3Orthopaedic surgery department, Hospital Vistahermosa, Alicante/SPAIN, 4Magnetic Resonance, Philips Healthcare Iberia, Madrid/SPAIN


	242 Diffusion weighted MRI in the classification benign versus malignant focal liver lesions
	C. Caraiani
	Radiology, Iuliu Hatieganu University of Medecine and Pharmacy, Cluj-NApoca/ROMANIA


	243 DCE-MRI vascular kinetics obtained prior to treatment in breast cancer patients scheduled for neoadjuvant chemotherapy: does heterogeneity have a key role in treatment response prediction?
	M.D. Pickles, P. Gibbs, M. Lowry, L.W. Turnbull
	Centre for Magnetic Resonance Investigations, Hull York Medical School at University of Hull, Hull/UNITED KINGDOM


	244 Navigator-echo-based respiratory triggered breast MRI in supine position
	N.N.Y. Janssen1, L.C. Ter Beek2, C.E. Loo2, G. Winter-Warnars2, C. Lange2, M. Van Loveren2, J. Nijkamp3
	1Radiation Oncology, Antoni van Leeuwenhoek hospital - Dutch Cancer Institute, Amsterdam/NETHERLANDS, 2Radiology, Antoni van Leeuwenhoek hospital - Dutch Cancer Institute, Amsterdam/NETHERLANDS, 3Surgical Oncology, Antoni van Leeuwenhoek hospital - Dutch Cancer Institute, Amsterdam/NETHERLANDS


	245 In vivo validation of portal flow measurements with phase contrast MRI through invasive thermodilution method in patients with liver cirrhosis
	L. Nocetti1, G. Marzocchi2, R. Scaglioni2, S. Colopi2, F. Schepis3
	1Medical Physics, University Hospital ‘‘Policlinico’’, Modena/ITALY, 2Radiology, University Hospital ‘‘Policlinico’’ Modena, Modena/ITALY, 3Departement of Gastroenterology, University of Modena and Reggio Emilia, Modena/ITALY


	246 Magnetic resonance imaging in the diagnosis of cervical cancer: is multiparametric MRI approach effective?
	V.O. Panov1, O.N. Streltsova2, E.V. Tarachkova1, G.I. Hagverdiyeva2, I. Tyurin1
	1Radiological diagnostics, radiology treatment and medical physics, Russian Medical Academy of Postgraduate Education, Moscow/RUSSIAN FEDERATION, 2Radiological diagnosis, N.N.Blokhina Russian Cancer Research Center of The RAMS, Moscow/RUSSIAN FEDERATION



	30 Teaching Session - Advanced
	Brain Connectivity
	247 Functional brain connectivity
	M. Walter
	Behavioral Neurology, Leibniz Institute for Neurobiology, Magdeburg/GERMANY


	248 Structural brain connectivity
	A. Leemans
	Image Sciences Institute, UMC Utrecht, Utrecht/NETHERLANDS



	31 Scientific Session
	Brain Tumours: Bench to Bedside
	250 Brain metastasis induction and longitudinal MRI follow-up in mice
	J. Vandereycken, L. Goethals
	Radiology, Universitair Ziekenhuis Brussel, Jette/BELGIUM


	251 In vivo 13C glutamate and glutamine turnover of tumors grown from glioblastoma stem-like cells in the mouse brain at 14.1 Tesla
	M. Lai1, B. Lanz1, J.F. Romero2, C. Cudalbu2, I. Vassallo3, M.-F. Hamou3, M. Hegi3, R. Gruetter1
	1Laboratory of Functional and Metabolic Imaging (LIFMET), Ecole Polytechnique Fédérale de Lausanne, Lausanne/SWITZERLAND, 2Center for Biomedical Imaging (CIBM), Ecole Polytechnique Fédérale de Lausanne, Lausanne/SWITZERLAND, 3Laboratory of Brain Tumor Biology and Genetics, Service of Neurosurgery and Neuroscience research Center, Lausanne University Hospital (CHUV), Lausanne/SWITZERLAND


	252 Analysis of peritumoral oedema: quantitative MRI show contrast agent uptake that is invisible using conventional MRI
	I. Blystad1, P. Lundberg2, E.-M. Larsson3, A. Tisell2
	1Radiology, Linköping University, Linköping/SWEDEN, 2Radiation physics, Center for Medical Image Science and Visualization, Linköping University, Linköping/SWEDEN, 3Radiology, Clinical Sciences, Uppsala/SWEDEN


	253 In vivo metabolic profile of tumors grown from freshly injected human glioblastoma cells in the mouse brain
	M. Lai1, C. Cudalbu2, M.-F. Hamou3, M. Lepore2, L. Xin1, R.T. Daniel4, M. Hegi3, A.F. Hottinger4, R. Gruetter1
	1Laboratory of Functional and Metabolic Imaging (LIFMET), Ecole Polytechnique Fédérale de Lausanne, Lausanne/SWITZERLAND, 2Center for Biomedical Imaging (CIBM), Ecole Polytechnique Fédérale de Lausanne, Lausanne/SWITZERLAND, 3Laboratory of Brain Tumor Biology and Genetics, Service of Neurosurgery and Neuroscience research Center, Lausanne University Hospital (CHUV), Lausanne/SWITZERLAND, 4Department of clinical Neurosciences, Lausanne University Hospital (CHUV), Lausanne/SWITZERLAND


	254 Tracking therapy response in pre-clinical glioblastoma using source-based nosologic images
	S. Ortega-Martorell1, T. Delgado-Goñi2, I. Olier3, M. Ciezka4, A.P. Candiota4, M. Julià-Sapé4, M. Pumarola5, P. Lisboa1, C. Arus6
	1School of Computing and Mathematical Sciences, Liverpool John Moores University, Liverpool/UNITED KINGDOM, 2Radiotherapy & Imaging Division, The Institute of Cancer Research, London/UNITED KINGDOM, 3Manchester Institute of Biotechnology, The University of Manchester, Manchester/UNITED KINGDOM, 4Bioquimica i Biologia Molecular, UAB, CIBER-BBN, Cerdanyola del Vallès/SPAIN, 5Facultat de Veterinaria, Universitat Autonoma de Barcelona, Cerdanyola del Vallès/SPAIN, 6Biochemistry and Molecular Biology Department, Universitat Autonoma de Barcelona, Cerdanyola del Vallès/SPAIN


	255 Functional diffusion map of brain metastases as an MRI biomarker for an early and non-invasive evaluation of response to treatment
	S. Ruiz España1, A. Jiménez-Moya1, E. Arana2, D. Moratal1
	1Center for Biomaterials and Tissue Engineering, Universitat Politècnica de Valencia, Valencia/SPAIN, 2Radiology, Fundación Instituto Valenciano de Oncología, Valencia/SPAIN


	256 The effect of the total acquisition time of DCE-MRI on the derived parameters
	S.M. Fallatah1, E. Deveta1, M. Smits2, R. Jäger1, X. Golay1
	1Brain repair and rehabilitation, UCL Institute of Neurology, London/UNITED KINGDOM, 2Radiology, Erasmus MC, Rotterdam/NETHERLANDS


	257 Threshold values and means of rCBV, ADC, Cho/Cr and Cho/NAA as imaging biomarkers for glioma grading and metastasis diagnosis: a meta-analysis
	A. Ulyte1, J. Usinskiene2, A. Bjornerud3, J. Venius4, V.K. Katsaros5, R. Rynkeviciene6, S. Letautiene7, D. Norkus8, K. Suziedelis6, S. Rocka9, A. Usinskas10, E. Aleknavicius11
	1Faculty of Medicine, Vilnius University, Vilnius/LITHUANIA, 2Radiology, Nuclear Medicine and Outpatient Department, National Cancer Institute, Vilnius/LITHUANIA, 3The Intervention Center, Oslo University Hospital, Oslo/NORWAY, 4Laboratory of Biomedical Physics, National Cancer Institute, Vilnius/LITHUANIA, 5MRI Department, St. Savvas Anti-Cancer and Oncology Hospital, Athens/GREECE, 6Scientific Research Center, National Cancer Institute, Vilnius/LITHUANIA, 7Radiology, Nuclear Medicine and Consultation Center, National Cancer Institute, Vilnius/LITHUANIA, 8Department of High Energy Radiation Oncology, National Cancer Institute, Vilnius/LITHUANIA, 9Neuroangiosurgery Center, Vilnius University Hospital, Vilnius/LITHUANIA, 10Department of Electronic Systems, Vilnius Gedimino Technical University, Vilnius/LITHUANIA, 11Radiation and Medical Oncology Center, National Cancer Institute, Vilnius/LITHUANIA



	32 Scientific Session
	Image Analysis: Travelling Across Species
	258 Laterality in the brain of Homo sapiens differs from that in Pan troglody
	X. Li1, T. Crow2, W. Hopkins3, Q. Gong4, N. Roberts1
	1CRIC, Edinburgh university, Edinburgh/UNITED KINGDOM, 2University Department of Psychiatry, Oxford University, Oxford/UNITED KINGDOM, 3Yerkes National Primate Research Centre, Yerkes National Primate Research Centre, Atlanta/AL/UNITED STATES OF AMERICA, 4Huaxi MR Research Center, West China Hospital of Sichuan University, CHENGDU/CHINA


	259 Construction and validation of a mouse brain 3D multi-atlas dedicated to the segmentation of ventricles and white-matter tracts
	Z. Bentatou, E. Pecchi, A.-T. Perles-Barbacaru, M. Bernard, S. Confort-Gouny, A. Le Troter, A. Viola
	CRMBM UMR CNRS 7339, Aix-Marseille Université/CNRS, Marseille/FRANCE


	260 Post-processing apparent diffusion coefficient (ADC) techniques, does diversity create deviation in values?
	M. Almulla1, A. Mcgee2, L. Rainford2
	1Diagnostic Imaging, University College Dublin, Dublin/IRELAND, 2Diagnostic Imaging, University College Dublin, Dublin/IRELAND


	261 Voxel-based morphometry at 3 and 7 T. A comparison of MPRAGE and MP2RAGE
	J. Schulte1, A. Alghamdi1, K. O’Brien2, M. Barth1, S. Bollmann1
	1Centre For Advanced Imaging, University of Queensland, St Lucia/QLD/AUSTRALIA, 2Siemens Ltd, Siemens Ltd, Bowen Hills/QLD/AUSTRALIA


	262 Validation of an automated lesion segmentation pipeline for appropriate brain volume quantification in multiple sclerosis patients
	B. Dionisio1, A. Witch2, F. Pérez-Miralles2, C. Alcalá2, A. Alberich-Bayarri1, I. Boscá2, L. Marti-Bonmati1, B. Casanova2
	1Biomedical Imaging Research Group (GIBI230), La Fe Polytechnics and University Hospital, Valencia/SPAIN, 2CNS Neuroimmunology Unit - Neurology Department, La Fe Polytechnics and University Hospital, Valencia/SPAIN


	263 2D versus 3D aortic distance measurements for MRI-based pulse wave velocity analysis
	A. Van Engelen1, M. Silva Vieira2, T. Hussain2, J. Alastruey1
	1Division of Imaging Sciences - Dept. of Biomedical Engineering, King’s College London, London/UNITED KINGDOM, 2Division of Imaging Sciences - Dept. of Cardiovascular imaging, King’s College London, London/UNITED KINGDOM


	264 Diffusion quantification models for breast tumors---ROC curve analysis
	F. Borlinhas1, L. Nogueira2, S. Brandão3, R.G. Nunes1, R. Conceição4, J. Loureiro3, I. Ramos3, H.A. Ferreira1
	1Institute of Biophysics and Biomedical Engineering, Sciences Faculty of Lisbon University, Lisbon/PORTUGAL, 2Radiology, Superior School of Health Technology of Porto, Porto/PORTUGAL, 3Radiology, Hospital Centre of São João, Porto/PORTUGAL, 4Institute of Biomedical Engineering, University of Oxford, Oxford/UNITED KINGDOM


	265 Characterising breast tumours using MRI functional parameters
	E. Kousi1, M.A. Schmidt1, M. Borri1, C. Richardson2, G. Hopkinson2, E.A.M. O’Flynn1, R.M. Wilson2, S. Allen2, R.J.E. Pope2, M.O. Leach1
	1MRI, CR-UK and EPSRC Imaging Centre, Royal Marsden NHS Foundation Trust and Institute of Cancer Reasearch, Sutton, Surrey/UNITED KINGDOM, 2Radiology, Royal Marsden NHS Foundation Trust, Chelsea, London, United Kingdom, London/UNITED KINGDOM



	33 Scientific Session
	Spectroscopy: Of Mice, Men and Bananas
	266 MRI goes BANANAS
	L.A. Kreis1, M. Vermathen2, P. Vermathen3, R. Kreis3
	1Thun-Schadau, Senior High School Thun, Thun/SWITZERLAND, 2Dept. Chemistry and Biochemistry, University Bern, Bern/SWITZERLAND, 3Depts. of Radiology and Clinical Research, University Bern, Bern/SWITZERLAND


	267 Glucose is the main carbon source for citrate in prostate cancer metastasis cell line LNCaP
	F.H.A. Van Heijster1, C.F.J. Jansen2, J.A. Schalken2, A. Heerschap1
	1Radiology and Nuclear Medicine, Radboud University Medical Centre, Nijmegen/NETHERLANDS, 2Urology, Radboud University Medical Centre, Nijmegen/NETHERLANDS


	268 In vivo 13C NMR spectroscopy of the mouse hypothalamus
	B. Lizarbe1, A. Cherix1, H. Lei2, R. Gruetter3
	1Centre d’Imagerie Biomédicale, Ecole Polytechnique Fédérale de Lausanne, Laboratory for Functional and Metabolic Imaging, Lausanne/SWITZERLAND, 2CIBM-AIT, École polytechnique fédérale de Lausanne, Lausanne/SWITZERLAND, 3Ecole Polytechnique Fédérale de Lausanne, Centre d’Imagerie Biomédicale, Lausanne/SWITZERLAND

	A.L. Lopez Kolkovsky, M.-F. Hang, B. Djemai, S. Meriaux, E. Duchesnay, F. Boumezbeur
	NeuroSpin, CEA Saclay, Gif-sur-Yvette/FRANCE


	270 Efficacy of simvastatin treatment in two rat models of sporadic form of Alzheimer’s disease (AD) and vascular dementia studied by in vivo 1H MRS
	S. Kasparová, R. Tuscaronková, M. Jozefoviccaronová, L. Baccaroniak
	Faculty of Food & Chemical Technology, Slovak University of Technology, Bratislava/SLOVAK REPUBLIC


	271 Simultaneous observation and analysis of multiple 31P magnetization exchange pathways using asymmetric adiabatic inversion
	B. Pouymayou, T. Buehler, R. Kreis, C. Boesch
	AMSM (DKF-DIPR), University Bern, Bern/SWITZERLAND


	272 GABA concentration in the temporal lobe shapes audiovisual perception
	F. Schubert1, J. Balz2, J. Keil2, Y. Roa-Romero2, R. Mekle1, S. Aydin1, B. Ittermann1, J. Gallinat3, D. Senkowski2
	1Medical Metrology, Physikalisch-Technische Bundesanstalt, Berlin/GERMANY, 2Psychiatry and Psychotherapy, Charité Universitätsmedizin Berlin, Berlin/GERMANY, 3Psychiatry and Psychotherapy, University Hospital Hamburg-Eppendorf, Hamburg/GERMANY


	273 1H single voxel spectroscopy at occipital lobe of human brain at 9.4 T
	I.A. Giapitzakis1, S. Nassirpour1, N.I. Avdievich1, R. Kreis2, A. Henning1
	1High-Field Magnetic Resonance, Max Planck Institute for Biological Cybernetics, Tübingen/GERMANY, 2Depts. of Radiology and Clinical Research, University Bern, Bern/SWITZERLAND



	34 Lightning Talk
	MR Engineering and Physics
	274 A Remotely adjustable near-field dipole antenna transmitter for optimized 7 T spine imaging
	H. Merkle, Q. Duan
	LFMI, NINDS, NIH, Bethesda/UNITED STATES OF AMERICA


	275 Dedicated endorectal coils for in vivo MR imaging of mice colon wall
	H. Dorez1, R. Sablong1, L. Canaple2, H. Saint-Jalmes3, S. Gaillard1, D. Moussata4, O. Beuf1
	1MRI/optic, CREATIS, Lyon/FRANCE, 2Institut de Génomique Fonctionnelle, Ecole Normale Supérieure, Lyon/FRANCE, 3LTSI UMR 1099, INSERM, Rennes/FRANCE, 4Service hépato-gastroentérologie, Hôpital Régional Universitaire de Tours, Tours/FRANCE


	276 Tattoo (decorative or cosmetic) in MRI: a numerical simulation of the interaction between the tattoo and the radio frequency magnetic field
	S. Aissani, A. Missoffe, C. Pasquier, J. Felblinger
	IADI laboratory, University of Lorraine, Vandoeuvre-lès-Nancy/FRANCE


	277 Bilateral breast coil for 7T MRI with radiative antennas
	E. Krikken1, T.A. Van Der Velden1, H. Hayawi2, M. Italiaander2, H.W.M. Van Laarhoven3, A. Raaijmakers1, D.W. Klomp1, J.P. Wijnen1
	1Radiology, UMC Utrecht, Utrecht/NETHERLANDS, 2MR Coils BV, MR Coils BV, Drunen/NETHERLANDS, 3Oncology, AMC Amsterdam, Amsterdam/NETHERLANDS


	278 Distributed capacitors: theory and method
	E. Pannicke, R. Vick
	Chair of Electromagnetic Compatibility, Otto-von-Guericke University, Magdeburg/GERMANY


	279 Numerical simulation of SNR and SAR of hole-slotted coil at 7 Tesla
	M.A. Lopez Terrones1, S. Solis2, R. Martin2, A.O. Rodriguez3, P.M. Jakob4
	1Biomedical Engineering, Health Services of Durango, Durango/MEXICO, 2Phys Dep, FC-UNAM, DF/MEXICO, 3Department of Electrical Engineering, Universidad Autonoma Metropolitana Iztapalapa, Mexico DF/MEXICO, 4Experimental Physics 5, University Würzburg, Würzburg/GERMANY


	280 Interactive 5-bit phase shifter for RF transmission with 1H coil arrays at 7 Tesla
	M. Pichler, R. Kriegl, S. Goluch, E. Moser, E. Laistler
	Center for Medical Physics and Biomedical Engineering, Medical University of Vienna, Vienna/AUSTRIA


	281 Parameterized architecture design of SENSE for real-time reconstruction
	M.F. Siddiqui1, A.W. Reza1, H. Omer2, A. Shafique2, H.N. Mughal2, T.A. Khan2, Y.R. Javed2
	1Electrical Engineering, University of Malaya, Kuala Lumpur/MALAYSIA, 2Electrical Engineering, COMSATS Institute of IT, Pakistan/PAKISTAN


	282 Design and implementation of a simple multinuclear preclinical MRI system
	C.-H. Choi, Y. Ha, P. Veeraiah, K. Moellenhoff, N.J. Shah
	INM-4 (Medical Imaging Physics), Forschungszentrum Juelich, Juelich/GERMANY


	283 Analytic stability check of Cartesian feedback amplifier with time delay used in 7 T parallel transmit MRI
	S. Shooshtary, K. Solbach
	Duisburg_Essen University, Institute of Microwave and RF Technology, Duisburg/GERMANY


	284 Eight-channel loop coil array for 7 T MR Brain imaging
	J.D. Clément1, O. Ipek2, F. Eggenschwiler1, G. Donati1, Y. Pilloud2, K. Pierzchala2, R. Gruetter3
	1LIFMET, EPFL, Lausanne/SWITZERLAND, 2CIBM-AIT, EPFL, Lausanne/SWITZERLAND, 3CIBM, EPFL, Lausanne/SWITZERLAND


	285 T1-Mapping of the murine myocardium using a cryogenically cooled surface coil: initial results at 9.4 T
	N.M. Meszligner, P. Krämer, L.R. Schad, F.G. Zoellner
	Computer Assisted Clinical Medicine, Heidelberg University, Mannheim/GERMANY


	286 SNR enhancement by resonant metasurfaces: experimental verification in 1.5 T clinical MRI
	V. Fokin1, S. Glybovski2, A. Efimtcev1, A. Shchelokova2, A. Sokolov1, I. Melchakova2, A. Slobozhanyuk2, G. Trufanov1, A. Kozachenko2, P. Belov2
	1Radiology, Federal North-West Medical Research Centre, Saint Petersburg/RUSSIAN FEDERATION, 2The Metamaterials Laboratory, University ITMO, Saint Petersburg/RUSSIAN FEDERATION


	287 Accelerating SENSE reconstruction using GPU
	H. Shahzad, W.H. Abbasi, M.F. Sadaqat, H. Omer, B. Hassan
	Electrical Engineering, COMSATS Institute of IT, Islamabad/PAKISTAN


	288 Non-invasive MRI-guided high intensity focused ultrasound cardiac ablation on perfused pig heart
	P. Bour1, F. Marquet1, F. Vaillant1, E. Dumont2, P. Ritter1, B. Quesson1
	1Imaging, IHU Institut de Rythmologie et Modélisation Cardiaque, Fondation Bordeaux Université,, Bordeaux/FRANCE, 2HIFU, Image Guided Therapy, Pessac/FRANCE


	289 Numerical model validation of electrically small implantable device and its application on mri safety assessment
	X.L. Chen1, B. Lindevig1, S. Sison2, S. Min1, R. Williamson1, G. Mouchawar1
	1IESD, St. Jude Medical, Sylmar/CA/UNITED STATES OF AMERICA, 2IESD, St Jude Mediical, Sunnyvale/CA/UNITED STATES OF AMERICA


	290 Evaluation of RF heating surrounding a heart valve implant at 64 MHz (1.5 T MRI system)
	M. Abbasi1, I. Zainul2, N. Fuelle1, G. Schaefers3, D. Erni4
	1Simulation, MR:comp GmbH, Gelsenkirchen/GERMANY, 2Numerical Simulation, MR: comp GmbH, Gelsenkirchen/GERMANY, 3Research, MR:comp GmbH, Gelsenkirchen/GERMANY, 4General and Theoretical Electrical Engineering, Duisburg-Essen University, Duisburg/GERMANY


	291 Fast design of 2D spatially selective RF pulses for parallel transmit at ultra-high fields
	M.S. Vinding1, D. Brenner2, D.H.Y. Tse3, T. Stöcker2, N.C. Nielsen1, D. Suter4, I.I. Maximov5
	1Interdisciplinary Nanoscience Center (iNano) and Department of Chemistry, Aarhus University, Aarhus/DENMARK, 2DZNE, German Center for Neurodegenerative Diseases, Bonn/GERMANY, 3Faculty of Psychology and Neuroscience, Maastricht University, Maastricht/NETHERLANDS, 4Experimental Physics III, TU Dortmund, Dortmund/GERMANY, 5Experimental Physics III, TU Dortmund University, Dortmund/GERMANY


	292 Impact of B1 variations on SPACE imaging
	G. Körzdörfer
	Magnetic Resonance Imaging advance development, Siemens Healthcare, Erlangen/GERMANY


	293 Temperature-dependent characterisation of relaxation parameters (T1, T2) of potential perfusates in post-mortem MR angiography (PMMRA)
	B. Webb1, T. Widek2, R. Stollberger3, T. Schwark1
	1Clinical Forensic Imaging, Ludwig Boltzmann Institute for Clinical Forensic Imaging, Graz/AUSTRIA, 2Clinical Forensic Imaging, Ludwig Boltzmann Institute, Graz/AUSTRIA, 3Institute of Medical Engineering, Graz University of Technology, Graz/AUSTRIA


	294 Intra-scanner reproducibility of quantitative susceptibility mapping (QSM)
	X. Feng1, A. Deistung1, M. Cleve1, A. Gussew1, F. Schweser2, J.R. Reichenbach1
	1Medical Physics Group, Institute of Diagnostic and Interventional Radiology, Jena University Hospital - Friedrich Schiller University Jena, Jena/GERMANY, 2Buffalo Neuroimaging Analysis Center, Dept. of Neurology, School of Medicine and Biomedical Sciences, State University of New York at Buffalo, Buffalo/NY/UNITED STATES OF AMERICA


	295 Atrophy of calf muscles by unloading results in an increase of sodium concentration: a 23Na MRI study
	D.A. Gerlach1, K. Schopen1, P. Linz2, J. Zange1, J. Titze2, J. Rittweger1
	1Institute of Aerospace Medicine, German Aerospace Center, Cologne/GERMANY, 2Medical Clinic 4, University Erlangen, Erlangen/GERMANY


	296 Estimation of retrospective human head motion correction from brain structural MRI: an evaluation of average edge strength
	D. Zacà1, L. Minati2, J. Jovicich3
	1Center for Mind/Brain Sciences, Università degli Studi di Trento, Mattarello/ITALY, 2Scientific Department, Fondazione IRCCS Istituto Neurologico Carlo Besta, Milan/ITALY, 3Department of Cognitive and Education Sciences, University of Trento, Mattarello/ITALY


	297 Fast imaging using compressed sensing from arbitrary k-space trajectories for individual and collective coil methods
	J. Muhammad, A. Najam, D. Bashir, W.T. Abbasi, M. Qureshi, H. Omer
	Electrical Engineering, COMSATS Institute of IT, Pakistan/PAKISTAN


	298 Multipeak multiecho modeling for improved PRF-based thermometry
	G. Salim1, D. Poot2, W. Numan3, M. Vogel4, T. Drizdal3, M. Paulides3, S. Klein2
	1Radiology, Erasmus MC, Rotterdam/NETHERLANDS, 2Biomedical Imaging Group of Rotterdam, Erasmus MC, Rotterdam/NETHERLANDS, 3Radiation oncology, Erasmus MC Cancer Institute, Rotterdam/NETHERLANDS, 4Healthcare, GE, Rotterdam/NETHERLANDS


	299 Muscle water T2 and fat fraction determination with accelerated multi spin echo NMR imaging and compressed sensing
	B. Coppa1, B. Marty2, P.-Y. Baudin3, N. Azzabou1, P.G. Carlier1
	1NMR Laboratory, Institute of Myology, PARIS/FRANCE, 2NMR Laboratory, Institute of Myology, PARIS/FRANCE, 3Consultants for Research in Imaging and Spectroscopy, Tournai/BELGIUM


	300 31P MRI: comparison of image reconstruction approaches for sub-nyquist acquisitions at ultra high field
	A. Coste1, N. Chauffert2, A. Vignaud1, F. Boumezbeur1, P. Ciuciu2, P. Weiss3, S. Romanzetti4, D. Le Bihan1, C. Lerman1
	1DSV/I2BM/NeuroSpin/UNIRS, CEA, Gif sur Yvette/FRANCE, 2Parietal, INRIA, Gif sur Yvette/FRANCE, 3Institut de Mathématiques de Toulouse, CNRS UMR 5129, Toulouse/FRANCE, 4University Klinik, RWTH Aachen, Aachen/GERMANY


	301 Repeatability of variable flip angle 3D-UTE T1 measurements in mouse lung
	D. Alamidi1, A. Smailagic2, A. Bidar2, P. Hockings3, N. Parker2, K. Lagerstrand1, M. Olsson2, L.E. Olsson4
	1Institute of Clinical Sciences, Sahlgrenska Academy, University of Gothenburg, Department of Radiation Physics, Gothenburg/SWEDEN, 2R&D, AstraZeneca, Mölndal/SWEDEN, 3Chalmers University of Technology, Medtech West, Gothenburg/SWEDEN, 4Lund University, Department of Medical Physics, Malmö/SWEDEN


	302 Myelin determination in the human brain: the effect of water exchange on the quantification
	V. Athanasiou1, G. Cedersund2, P. Lundberg3, A. Tisell3
	1Institute of Medical and Health Science, Linköping University, Linköping/SWEDEN, 2Biomedical Engineering, Linköping University, Linköping/SWEDEN, 3Radiation physics, Center for Medical Image Science and Visualization, Linköping University, Linköping/SWEDEN


	303 T1 relaxometry and tissue segmentation of the human brain at 9.4 and 3 T using MP2RAGE
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