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Abstract

Objective

In acute mesenteric ischemia (AMI) the blood flow to the intestine is decreased below the
level necessary for the continuous maintenance of aerobic metabolism. Chronic mesenteric
ischemia (CMI) occurs when the blood flow to the gastrointestinal (Gl) tract gradually
decreases to below the level required for all motor, secretory and absorptive activities to
function. Nowadays the diagnosis of AMI and CMI is a combination of recognition of the
early aspecific clinical symptoms and appropriate assessment of the mesenteric vascular
anatomy. To improve the timely diagnosis of AMI and CMI there clearly is a need for a non-
invasive, fast and easy applicable test assessing the adequacy of the bowel wall perfusion.
The portal vein is the drain of the bowel. Increased lactate concentration indicates anaerobic
metabolism.

The aim of the present study is to develop a proton magnetic resonance spectroscopy (1H-
MRS) technique which can be used for the measurement of physiological and pathological
lactate concentrations in the portal vein for early diagnosis of acute and chronic mesenteric

ischemia.

Methods

A 7 Tesla MR system was used to explore the enhanced spectral resolution and increased
signal to noise ratio of this field strength for the acquisition of lactate in the portal vein. Spin
system simulations were performed to find the best sequence parameters for the best lactate
signal detection. Experiments were performed at 7T, where three different 1H-MRS
techniques (STEAM, PRESS and DQF) were tested on lactate phantoms (static and with flow
up to 924 ml/min) of different concentrations (2.5, 20 and 50 mM lactate). The flow phantom
was embedded in either water or oil to test the lipid suppression of each technique. In vivo
experiments on the portal vein of two volunteers and the brain of another volunteer were also
performed. Additionally, a portal vein simulating MATLAB script was created to calculate
the theoretical signal loss caused by the blood flow during the refocused DQF sequence.

Results

Lactate was detected in phantoms containing 2.5, 20 and 50 mM lactate solutions with
STEAM, PRESS and the refocused DQF sequence. However, when surrounded by lipids,
STEAM and PRESS showed overlapping signals of lactate and lipids on the spectrum. Only



the DQF sequence was able to measure lactate in the presence of lipids. However, part of the
signal was lost for all sequences when flow was present. Lactate was detected in the presence
of flow (up to 924 ml/min). The in vivo scans did not show a distinguishable lactate peak in
the spectrum as it clearly overlapped with the lipids coming from elsewhere and the DQF
sequence showed extreme sensitivity to motion due to the strong gradients used. According to
the simulations, the signal loss in the lowest portal vein flow was found to be approximately

33% and in the fastest portal vein flow approximately 55%.

Conclusion

The refocused DQF sequence can be used to detect lactate in stagnant phantoms with
physiological lactate concentrations in the presence of lipids. However, this sequence is
extremely sensitive to motion (i.e. flow, cardiac and breathing motion). The incorporation of
velocity sensitive gradients to the refocused DQF sequence is recommended, in addition to

flow triggering for an accurate detection of the lactate signal.
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1 Introduction

In acute mesenteric ischemia (AMI) the
blood flow to the intestine is decreased
below the level necessary for the
continuous  maintenance of  aerobic
metabolism [1]. Chronic  mesenteric
ischemia (CMI) occurs when the blood
flow to the gastrointestinal (GI) tract
gradually decreases to below the level
required for all motor, secretory and
absorptive activities to function properly

[2, 3].

Most patients with an acute obstruction of
the superior mesenteric artery (SMA)
experience severe abdominal pain and
vomiting [1, 4]. Other symptoms that
occur in AMI are indistinct abdominal
pain, diffuse tenderness and hypoactive
bowel sounds. Classic symptoms observed
in CMI are postprandial pain, loss of
weight and epigastric bruit. However, this
classic triad occurs in a minority of the
patients [5-7]. CMI is diagnosed after
excluding the more common causes of
postprandial abdominal discomfort, weight

loss and fatigue.

The challenge for clinicians lies in the
early recognition of the clinical picture.
One stenotic mesenteric artery may cause
longstanding vague abdominal symptoms,

while three-vessel stenosis can be

accompanied by almost no symptoms [1,
5, 8, 9]. Diagnosing AMI in the early
stages is of vital importance as it causes
mesenteric  infarction and intestinal
necrosis if left untreated [10, 11]. The
ischemic processes that occur within 6-8
hours after onset are reversible by

restoration of blood flow [6].

Imaging techniques as Duplex ultrasound
and multislice computed tomography
angiography (CTA) are used to assess the
mesenteric vascular anatomy [5, 6, 12, 13].
Images of the supplying vessels including
collateral arteries created with magnetic
resonance angiography (MRA), CTA or
digital subtraction angiography (DSA) are
sufficient to evaluate for stenosis [14, 15].
However, they cannot be used to diagnose
mesenteric ischemia directly [16].

Tonometry and visible light spectroscopy
(VLS) are function tests used for
diagnosing mesenteric ischemia [1, 5, 17-
22]. However, the drawbacks of these tests
are that they are invasive and time
consuming [18, 23]. Moreover, the
balloons used for tonometry will be taken
off the market and the negative predictive
value of the VLS is low. (Additional
information on diagnostic techniques in

Appendix A)

Currently, there is a need for a non-

invasive, fast and easy applicable



technique that can be used to diagnose
acute or chronic mesenteric ischemia in the

early stages [24].

The carbon dioxide tension increase
observed in ischemia leads to a lactic acid
(or lactate) increase as side product.
Therefore, lactate concentration is a
potential biomarker for diagnosis of
mesenteric ischemia. The serological
lactate concentration can rise from normal
concentrations of 0.5-2.2 mM to 20 mM
during ischemia [25]. Measurement of
systemic  lactate  concentrations in
peripherally obtained blood samples has
been tested to use in diagnosing mesenteric
ischemia. However, as other ischemic
organs also produce lactate and the liver
metabolizes lactate coming from the portal
vein fast, systemic lactate elevation is not
specific enough to diagnose mesenteric
ischemia in an early reversible phase [2,
26].

As all blood from the intestine passes the
portal vein before going to the liver, the
lactate concentration should be measured
in this vein. Portal venous lactate can be
measured by obtaining blood samples with
a catheter [27]. However, obtaining a
blood sample from the portal vein is an

invasive procedure.

Lactate can be measured non-invasively

with magnetic resonance spectroscopy

(MRS), a technique that can measure
metabolic information of the tissue by
means of a spectrum [28-30]. The signal
produced by the hydrogen nuclei (i.e.
protons) attached to molecules is observed
as a peak resonating at a particular
frequency for each different chemical
environment the protons encounter in a
molecule. The quality of a spectrum is
determined by the linewidth and the
signal-to-noise ratio (SNR) [28]. Lactate is
a J-coupled system with two groups of
spins (methine CH2 and methyl CH3)
resonating at 4.1 ppm and 1.33 ppm in the
proton spectrum. The lactate peak at 1.33
ppm is split into a doublet, because of J-
coupling interaction with the methine
group [31]. The peak at 4.1 ppm is split
into a quartet. Multiple studies have
studied lactate concentrations in the body,
particularly in cancer applications [32, 33].
J-difference editing methods are known for
their measurement efficiency, where two
measurements are obtained and subtracted
to obtain only the signal of interest
(usually the 1.33 ppm doublet that has
higher SNR) [34-36]. However, editing
techniques  require two  successive
measurements prior subtraction, which
makes them prone to motion and flow
artifacts (present in the portal vein). The
main obstacles that arise when measuring
lactate in the portal vein with MRS are the
presence of lipids and flow. The methyl



group of lactate and the methylene group
of the lipids both resonate at a frequency
of 1.33 ppm [37, 38]. The spectral overlap
of the signals of these groups makes it
difficult to differentiate and measure solely

lactate.

Stimulated echo  acquisition  mode
(STEAM) and point resolved spectroscopy
(PRESS) sequences without editing have
been previously tested on phantoms and it
was shown that lactate can be detected in
the presence of flow [39-44]. Detection of
lactate in vivo using STEAM and PRESS

has not yet been accomplished.

Multiple quantum filter (MQF) techniques
use phase cycling and/or magnetic field
gradients to preserve coherence of a
particular system of interest, whilst
eliminating all others [45]. For example,
measuring a lactate signal, whilst
suppressing the partially overlapping lipid
signal. An MQF transforms a J-coupled
system into zero quantum (ZQ) and double
guantum (DQ) states. The J-coupled
system in DQ state is twice as sensitive to
an applied dephasing gradient as a system
with or without a different J-coupling [46].
After the system is transformed back to a
single-quantum (SQ) state, a rephasing
gradient of twice the area of the gradient
applied during the DQ state is required for
rephasing the signal.

By choosing times between RF pulses and
RF center frequencies accordingly, the
unbalanced gradients will recover the
system of the metabolite of interest, while
the other systems will stay in SQ states
and experience a spin echo with
unbalanced gradients. This leads to a
dephasing of the signal that does not
contribute to the total signal. A problem of
this approach is that only the signal in a
DQ state is preserved while the signal that
was in the ZQ state is lost, leading to a loss
of 50% of the observable lactate signal. In
addition, the use of large crusher gradients
that dephase the lipid signal causes an
additional loss of the lactate signal owing

to diffusion weighting [47].

Chemical shift evolution is different under
a DQ or ZQ state. Switching between
qguantum states leads to a difference
between the time point of chemical shift
refocusing and the time point of J-coupling
refocusing, which results in signal loss
with a factor of cos(m x J x t1) (t1: the
multiple guantum evolution period; J: J-

coupling evolution time) [48].

Boer et al. presented a refocused DQ filter,
which uses three additional 180°
refocusing pulses to recover the signal that
evolves during the multiple quantum
evolution period, therefore refocusing of
both the chemical shift and J-coupling
evolution (Figure 1) [48].
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Figure 1. 'Refocused DQ filter sequence for single-shot
lactate' by Boer et al [48].

In this study, the use of proton magnetic

resonance spectroscopy (1H-MRS) for the

measurement of lactate in the portal vein is

researched. We explore the feasibility of a
refocused DQ  filter for lactate
measurements in the portal vein. The first
results of lactate measurements with a
DQF in the presence of flow at 7 Tesla are
presented on a flow phantom, in a human

brain and in the portal vein.



2 Methods

2.1 Phantom scans

All phantom experiments were performed
on a 7 Tesla scanner (Philips, Cleveland,
OH), using a 2 transmit, 32 receive
channel head coil (Nova Medical, Inc.,
Burlington, MA). The phantoms were
positioned in the center of the coil and the
whole setup was placed in the isocenter of

the magnet.

Three 50 ml centrifuge tubes were filled
with lactate solutions of 2.5 mM, 20 mM
and 50 mM in water. The tubes were then
placed into a container filled with water
for better BO field homogenization (i.e. BO
shimming) (Figure 2).

Figure 2. Left: 50 ml centrifuge tube filled with a lactate
solution. Right: container in which the three centrifuge
tubes were placed.

A flow phantom was created, which
consisted of a Corio CD-BC4 heating
circulator (Julabo, Gmbh., Seelbach,
Germany) and a 30 m long tube with an
inner diameter of 13 mm. The heating
circulator was used to apply a flow up to
924 ml/min. The flow was regulated with a
mechanical valve which changes the flow
from internal to external (through the
tube). The tube was filled with a 3.5 L
lactate containing solution (20 mM in
water) and was embedded in a water tank

for improved B0 shimming (Figure 3).

Figure 3. Water tank with the 13 mm tube looping
through the lid of the tank.



STEAM and PRESS sequences were first
tested on the phantoms and a STEAM
sequence was also tested in a human portal
vein. The method used in these tests is

described in appendix B.

Hereafter, a refocused double quantum
filter (DQF) sequence was implemented in
the Philips pulse programming
environment (R.5.1.7) on C++ according

to Boer et al. and figure 1 [48].

The centrifuge tubes containing different
concentrations of lactate solutions were
scanned with the DQF sequence (1/2] = 72
ms, t1 = 50 ms, voxel size = 30x30x30
mm?3, number of averages (NSA) = 200,
repetition time (TR) = 2000 ms,
acquisition bandwidth = 4000 Hz, number
of samples = 2048).

Hereafter, the DQF sequence was used to
measure the lactate solution stagnant in the
13 mm tube (1/2) = 72 ms, t1 = 50 ms,
voxel size = 70x280x280 mm, number of
averages (NSA) = 200, repetition time
(TR) = 2000 ms, acquisition bandwidth =
4000 Hz, number of samples = 2048).
Subsequently, a measurement was
performed with a flow of 924 ml/min (1/2J
= 72 ms, t1 = 50 ms, voxel size =
30x30x30 mm, number of averages (NSA)
= 128, repetition time (TR) = 4000 ms,
acquisition bandwidth = 4000 Hz, number

of samples = 2048). Lastly, a scan was

performed to examine the lipid
suppression capability of the currently
implemented sequence. The box filled with
water was replaced by a box filled with
sunflower oil and a scan with the lactate
solution stagnant in the tube was
performed (1/2J = 72 ms, t1 = 50 ms,
voxel size = 70x280x280 mm, number of
averages (NSA) = 200, repetition time
(TR) = 2000 ms, acquisition bandwidth =
4000 Hz, number of samples = 2048).

All spectra were visualized with the signal
intensity in arbitrary units (AU) on the y-
axis and the chemical shift in parts per
million (ppm) on the x-axis, using a home-
built Matlab (The Mathworks, Inc., Natick,
Massachusetts) script for MRS

postprocessing.

Only zero order phasing was applied after
Fourier transforming to the frequency
domain to the spectrum of the centrifuge
tubes and the lactate solution stagnant in

the flow phantom.

The linewidth of the peaks was determined
by calculating the full width at half
maximum (FWHM). The SNR of the peak
at 1.3 ppm was calculated using Matlab
and the equation:

SNR = real(maxpeak height)/
abs(std(noise)) [49]



The noise was determined by selecting 25
consecutive peaks in an area in the

spectrum without metabolite signal.

As the flow caused artefacts in the entire
spectral range, a Hamming apodization
filter with a 30 Hz bandwidth was applied
to the data obtained in a flow before
Fourier transforming to the frequency
domain. Hereafter, only zero order phasing

was applied.

2.2 Invivo scans

The refocused DQF sequence was also
tested on the brain of a volunteer, as
studies have shown that it is possible to
detect lactate in the brain [29, 30, 35].
Unlocalized (the whole brain) and
localized (single voxel positioned in the
middle of the brain) scans were performed
(1/2) = 72 ms, t1 = 50 ms, voxel size =
30x30x70 mm, NSA = 32 unlocalized and
NSA = 64 localized, TR = 4000 ms,
acquisition bandwidth = 4000 Hz, number

of samples = 2048). A 20 Hz Gaussian
apodization filter was applied on the data
before Fourier transforming to the
frequency domain. Hereafter, only zero

order phasing was applied.

In order to test the correct functioning of
the DQF sequence on the vena porta,
lactate concentration needed to be
increased in the body. This can be done
with an high intensity interval training
(HIIT), that has proven to elevate lactate
concentrations [50]. Therefore, the DQF
sequence was tested on the portal vein of a
volunteer after the volunteer had
performed a HIIT session. The HIT
session consisted of three 30-second
sprints interspersed with 4 minutes of
jogging (1/2J = 72 ms, t1 = 50 ms, voxel
size = 30x30x70 mm, NSA = 64, TR =
4000 ms, acquisition bandwidth = 4000
Hz, number of samples = 2048). Only zero
order phasing was applied after Fourier
transforming to the frequency domain.



3 Results

3.1 Phantom scans

Lactate was detected with the STEAM,
PRESS and DQF sequences in the
centrifuge tubes containing 2.5, 20 and 50
mM lactate solution. Scanning 20 mM
lactate solution stagnant in the flow
phantom with the DQF sequence provided
a spectrum with a visible lactate peak
(Figure 4).

Lactate was also detected in a flow of 924
ml/min. The spectrum obtained in flow

showed a lower peak and SNR than the
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spectrum of the stagnant solution (Figure
5).

The spectrum obtained by scanning the
tube in oil showed artifacts in the whole
spectral range and no lactate peak was

discernable (not shown).
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Figure 4. Spectrum of 20 mM lactate solution stagnant in a 13 ~ Figure 5. Spectrum of 20 mM lactate solution in a flow of 924
mm tube, scanned with the refocused double quantum filter ~ml/min in a 13 mm tube, scanned with the refocused double
sequence. Showing the lactate doublet at 1.33 ppm. SNR: quantum filter sequence. SNR: 2.8816. FWHM: 9.8 Hz (0.0328
42.7982. FWHM: 72.9 Hz (0.2447 ppm). ppm).



3.2 Invivo scans In the spectrum of the localized scan a
peak at 1.3 ppm is visible, but with a broad

The spectrum of the STEAM scan of the
linewidth (107.4 Hz) (figure 7).

blood in the portal vein showed only a
large lipid peak at 1.3 ppm. The spectrum of the portal vein after a

) HIIT session shows a large peak at 1.3
The spectrum of the unlocalized scan of _
) ppm (figure 8). However, the presence of
the brain shows several peaks; at 2.0 ppm,
. the peaks around 2.1 ppm and 0.9 ppm
1.3 ppm, 0.9 ppm and 0.5 ppm (figure 6), ) o
) ) o ) points to a lipid spectrum.
which agrees with a lipids spectral profile.
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Figure 6. Spectrum of a brain scan with an unlocalized refocused  Figure 7. Spectrum of a brain scan with a localized refocused DQF
DQF sequence, showing peaks at 2.0 ppm, 1.3 ppm, 0.9 ppm and  sequence, showing only a peak at 1.3 ppm. FWHM: 107.4 Hz

0.5 ppm. FWHM: 68.4 Hz (0.2294 ppm). (0.3604 ppm).
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Figure 8. Spectrum of a portal vein scanned withe the DQF
sequence after a HIIT session, showing peaks at 2.1 ppm, 1.3
ppm and 0.9 ppm. FWHM: 128.9 Hz (0.4325 ppm).



4  Discussion

The STEAM, PRESS and refocused DQF
sequences were successful in detecting
lactate in stagnant phantoms of 2.5, 20 and
50 mM. Furthermore, the DQF sequence
was successful in detecting 20 mM lactate
solution in the presence of a flow of 924
ml/min. Scans measured in the brain and
portal vein of healthy volunteers show
peaks around 1.3 ppm. However, it is not
certain that these peaks are caused solely
by lactate. Particularly the spectrum
measured from the portal vein showed the
presence of a 2.1 ppm, a 0.9 ppm and a 1.3
ppm peak that corresponds to a lipid
spectrum [38]. However, despite the
presence of flow in the portal vein, narrow
bandwidths were obtained that made the

individual peak differentiation possible.

It has been shown previously that lactate
detection in a flow using 1H-MRS is
possible [39]. However, the overlapping
lipid signal provides a problem in the
measurement of lactate in vivo [37, 38].
The refocused DQ filter presented by Boer
et al. can be used to detect lactate whilst
dephasing the lipid signal in a calf muscle
and the current study has shown that it can

be used to detect lactate in a flow [48].

Previous studies have shown that 1H-MRS

can be used to detect lactate in the brain
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[29, 35, 51, 52]. However, the maximum
concentration of lactate found in the brain
of healthy volunteers was only 1.0 mM
[51]. The volunteer of whom the brain was
scanned did not have any abdominal
CMI.

Therefore, her serological lactate levels

symptoms matching AMI or
while rested would most likely be lower
than 2.2 mM. The current study did not
determine  whether or not lactate
concentrations below 2.5 mM could be
measured with the DQF sequence. It is
possible that no lactate was detected, due
to the brain lactate concentration in the
volunteer being lower than the detection
limit.

The DQF performance in a lipid rich
environment showed artifacts in the whole
spectral range. Due to the high gradient
strengths and the amount of RF pulses
used in this sequence in order to suppress
the lipid signals, this sequence becomes
more sensitive to motion (i.e. flow,
breathing, cardiac beating), which makes
the detection of lactate in the portal vein
with DQF challenging. This also explains
why in the presence of flow the signal is
below the detection level. More averaging
might be a way to circumvent this.
However, the motion sensitivity of DQF
also explains why it is challenging for the
detection of lactate in vivo, given that

signal from the moving blood should feel



all DQF RF pulses, which is clearly not the

case.

shift
displacement (CSDA) artifacts during in

Partial volume and chemical
vivo measurements of the portal vein were
additional sources of lipid contamination
in the spectrum. An editing scheme for
lactate detection might still be possible for
in vivo applications, when including broad
banded RF pulses to minimize CSDA and

partial volume effects.

The flow in the portal vein makes the

detection of lactate much  more
challenging. Even with large excitation
volumes, by the time the last pulse on the
DQF sequence is applied, part of the signal
has left the volume of interest (VOI) (A
quantification simulation of this effect can
be found in appendix C). In addition, the
movement of the blood and the abdomen
due to breathing, leads to additional BO
field artifacts that lead to an increase of the
peak’s spectral linewidth and to RF
frequency offsets, ending in an even lower
signal. Therefore, turbulence effects and
blood flow within the vessels are detriment
for the measurement. Acquisitions with the
DQF sequence will benefit from cardiac
triggering to acquire at the moment when

blood is at its lowest flow or almost still.

Spins that are moving in a flow develop

phase variations, which causes a decrease

11

in signal intensity [37]. In MR imaging,
rephasing gradients are used to force the
phase of the moving spins to be zero at the
time of the echo time [53]. Lactate
measurement in the portal vein using the
refocused DQF sequence may benefit from
altering the rephasing gradients so that the
phase of the moving spins in the blood

flow is zero at the time of the echo.

In summary, 1H-MRS is a promising
technique for the diagnosis of acute and
chronic mesenteric ischemia. The DQF
sequence presented in this study can be
used to detect lactate in a flow. However,
the sequence cannot measure lactate in the
portal vein in the current configuration.
Implementation of broad banded RF
pulses, cardiac triggering and altering the
refocusing gradients to compensate for

flow should be investigated.
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Appendix A: Diagnostic
techniques for mesenteric
ischemia

Imaging

Currently used imaging techniques for
diagnosing stenosis or occlusions in the Gl
blood supply are duplex ultrasound,
magnetic resonance angiography (MRA),
computed tomography angiography (CTA)
and digital subtraction angiography (DSA)
[6].

Duplex ultrasound can be used for blood-
The blood flow
increases around stenotic areas, as it flows
[54, 55].

However, the ability to measure blood

flow measurements.

through a smaller lumen
velocity with this technique is dependent
on the experience of the operator, due to
complex anatomy, movement (breathing),
overlying bowel gas, angulation of arteries
and difficulty to measure at the precise

stenosis position [7, 56].

Images of the supplying vessels and even
collateral arteries created with MRA, CTA
or DSA are sufficient to evaluate for
stenosis [14, 15]. However, they cannot be
used to diagnose early mesenteric ischemia

directly [16].

17

Function Tests

Currently, the only clinically available and
validated tests for diagnosing mesenteric
ischemia are tonometry and visual light
spectroscopy (VLS) [17, 19, 20].
Tonometry is used to measure the carbon
dioxide tension (pCOz) in the stomach and
jejunum [5, 21]. It relies on the principle
that ischemia in tissue leads to
accumulation of carbon dioxide, because
of the anaerobic production of adenosine
triphosphate (ATP) [57, 58]. ATP is an
organic chemical that provides energy for
several cellular processes. In the absence
of oxygen, the process of ATP production

is as follows:
CeH,,06(glucose) + 2ADP + 2 P; —

2 C3H503 (lactate) + 2 ATP + 2 H™
+ heat

1- 1: ADP = Adenosine diphosphate, P; =
inorganic phosphate, H™ = hydrogen. [58]

The increase in lactate production causes a
decrease in pH level. Carbon dioxide is
produced to buffer the decreasing pH
which leads to an increased pCO3 [58].

VLS uses a fiberoptic probe on an
endoscope to measure the percent of
saturation of hemoglobin in the mucosa of
the intestine [18, 59].



Appendix B: STEAM and
PRESS tests

Simulations

In order to determine the best scanning
parameters for the highest lactate doublet
amplitude using a STEAM sequence or a
PRESS at 7T,

simulations were

quantum  mechanical
made in Bruker’s
Topspin software (version 4.0.4). This
program simulates the behavior of a
defined spin system (in this case lactate or
lactate + lipids) for the sequence of
interest. The shape, power and offset
frequency of each pulse on the sequence
test  different

were  changed to

configurations.

TEs from 1 to 144 ms with steps of 6 ms
and TMs from 1 to 70 ms with steps of 5
were tested. Steps of 1 ms from the TEs
and TMs that provided the highest lactate
signal were also examined. The best

spectra were documented.

The first experiments focused on finding
the best combination of TE and TM for
STEAM and TE for PRESS that provided
the highest lactate doublet. As the water
concentration in tissue is much higher than
most other metabolites, suppression of the
water signal is required to visualize other
metabolites in the spectrum when scanning

the portal vein [60]. Therefore, both
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sequences started with a 180° rectangular

pulse to simulate water suppression.

The highest doublet amplitude for the
lactate system found with STEAM was
found at TM = 27 ms. At TE = 10 ms the
highest doublet with the best absorption

phase was found.

PRESS provided the highest lactate
doublet at TE = 19 ms.

Phantom tests

The phantom containing the three

centrifuge tubes and a flow phantom (flow
phantom 2) have already been described in
the article. Another flow phantom was
constructed (flow phantom 1), which
consisted of a water-filled pipe with one
end sealed and an open end to which a
screw cap could be applied (figure 9). The
diameter of the pipe was 9 cm and the
length 20 cm. The contrast pump available
was used to create constant, known flow in
the tube. Tubing of a contrast pump looped
through the water-filled pipe, with the
endings exiting the pipe through the screw
cap. Using the contrast pump, a fluid could
be pumped through the tubing with a

known flow velocity.



Figure 9. Flow phantom. Left: Screw cap with contrast
pump tubing looping through. Right: Water filled pipe,
on which the lid can be screwed.

The centrifuge tubes phantom and flow
phantom 1 were measured with STEAM,
PRESS and the DQF sequence, using the

optimal parameters found with TopSpin.

All phantom experiments were performed
at a 7 Tesla scanner (Philips, Cleveland,
OH), using a 2 transmit, 32 receive
channel head coil (Nova Medical, Inc.,
Burlington, MA). The phantoms were
positioned in the center of the coil.

STEAM (TE/TM = 9.4/28, 12/69 and
19/12 ms, TR = 2000 ms, voxel size =
30x30x30 mm, number of signal averages
(NSA) = 64 and 240, 2048 samples,
acquisition bandwidth = 4000 Hz) and
PRESS (TE =19 ms, TR = 2000 ms, voxel

size = 30x30x30 mm, NSA=, 2048
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4000

Hz) sequences were used. The first

samples, acquisition bandwidth =

sequence parameters were those found
from the TopSpin simulations. Several
different combinations of settings were
tested to find which provided the highest
lactate peak with the best SNR.

After scanning the static phantom, tests
were performed on flow phantom 1.
STEAM (TE/TM = 19/12 ms, TR = 2000
ms, voxel size = 30x30x30, NSA = 240,
2048 samples, acquisition bandwidth =
4000 Hz). 200 ml of 20 mM lactate
solution at a flow of 942 ml/min was
pumped through the phantom whilst
scanning. A scan with the solution
stagnant in the phantom was also created
to estimate the amount of signal loss and

artifacts the flow caused.

The spectra were visualized using a home-
built ~ Matlab MRS

postprocessing and only zero order

script  for

phasing was applied after Fourier
transforming to the frequency domain. The
y-axis represents the signal intensity and
the x-axis the chemical shift in parts per

million (ppm).

In vivo scan

A scan of a human portal vein was
performed using a STEAM sequence
(TE/TM =19/12 ms, TR = 4000 ms, voxel

size = 30x30x70, NSA = 240, 2048



samples, acquisition bandwidth = 4000
Hz). A body array composed by 8
transceiver fractionated dipole antennas
[61], each housing two additional receiver
loops was used. The same 7 T whole-body
MR system, this time equipped with a
parallel transmit system, was used.

The spectrum was visualized using a
home-built Matlab script for MRS
postprocessing and only zero order
phasing was applied after Fourier

transforming to the frequency domain.
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Appendix C: Quantification
of signal loss due to flow

A Matlab (The Mathworks, Inc., Natick,
Massachusetts) script was written to
simulate the movement of the blood within
the MR spectroscopic voxel in the
presence of flow, which would give an
idea of the signal loss due to flow
(Appendix C-1). The script was based on
the duration and time stamps of the DQF
sequence. The portal vein was simulated as
a straight tube with a diameter of 1 cm and
a length of 10 cm. This tube was plotted as
a graph to visualize where the volume of
blood (VOB) that

excitation pulse was during the DQF

received the first

sequence.

A flow and size of the volume of interest
(VOI) can be given as input of the script.
Based on these settings the script shows
where the VOB will be at the time point of

each subsequent pulse.

The blood volume receiving the excitation

pulse is colored black. For each
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subsequent pulse the VOB has been given
a different color. Next to the simulated
portal vein a bar graph is given that shows
the overlap of each VOB with the initial

scanned volume. The last bar shows the

volume that received all pulses and
provides the signal.
The results from the portal vein

simulations are provided in two graphs.
Figures 10 and 11 show the location of the
initially excited VOB of 8x1 cm at each
When the
acquired, approximately 67% of the blood

pulse-timepoint. signal is
in the VOI received all pulses at a portal

vein flow of 676 ml/min.

Figure 11 shows that at a flow velocity of
1052 ml/min, approximately 45% of the
blood that provides the signal, has received

all pulses.



Portal vein with a voxel of 8 by 1 cm at different timestamps
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Figure 10. Location and overlap of blood volume during the DQF sequence at the lowest portal vein flow (676 ml/min).
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Figure 11. Location and overlap of blood volume during the DQF sequence at the highest portal vein flow (1052 ml/min).
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Appendix C-1: Matlab script for portal vein simulation

%% Flow cm/s -> ml/min

clear

r = 0.5; %$Radius in cm
cms = 40; %$Flow in cm/s
mlm = (pi*(r"2)*cms) *60 $Flow in ml/m

%% Flow ml/min -> cm/s

clear

r = 0.5; %$Radius in cm
mlm = 676; %$Flow in ml/min
cms = (mlm/60)/ (pi* (r~2)) $Flow in cm/s

%% DQF sequence pulses in order of time: 90, 90, 180, 180, 180, 90.
close all
subplot(1,2,1)

v = 14.3452csi; $Blood velocity in cm/s
pep = 72; $Preparation period 1/2J in ms
tl = 50; %tl delay in ms

$width (rw) and height (rh)of voxel
rh = 8;
rw = 1;

%Create portal vein
rectangle ('Position', [-1 1 15 1], "EdgeColor', [0 O 01])

hold on
x1im ([0 107)
ylim ([0 3])

pbaspect ([5 1 11);

xticks (0 : 10)

%$set (gca, 'YTickLabel', []);

vy = ((l-rw)/2)+1; $location of voxel on y-axis

$Initial voxel

vl = rectangle('Position', [0 y rh rw], 'FaceColor', [0 0 07]);

pvl = vl.Position; %Position vector of voxel 1

rectangle ('Position', [0 y+rw rh 0.8], '"EdgeColor', [0 0 0]); %0Outline on top
of voxel 1 to see its width

)

% Creating voxels over time
p2 = (v/1000) *pp;

p3 = (v/1000)* (pp+(0.25%t1));

p4d = (v/1000)* (pp+(0.5*tl));

p5 = (v/1000)* (pp+(0.75*tl)) ;

p6 = (v/1000)* (pp+tl);

s = (v/1000)* (2*pp+tl) ;

v2 = rectangle('Position', [p2 y rh rw],'FaceColor',[1 0 0]); %Red voxel at
second 90 degree pulse

v3 = rectangle('Position', [p3 y rh rw],'FaceColor',[0 1 0]); %$Green voxel at
first 180 degree pulse

v4 = rectangle('Position', [p4 y rh rw],'FaceColor',[0 0 171); %$Dark blue
voxel at second 180 degree pulse

v5 = rectangle('Position', [p5 y rh rw],'FaceColor',[1 1 0]); %$Yellow voxel
at third 180 degree pulse

v6 = rectangle('Position', [p6 y rh rw],'FaceColor',[0 1 171); %Light blue
voxel at third 90 degree pulse

v7 = rectangle('Position',[s y rh rw],'FaceColor',[1 0 171); $Purple voxel
at signal

rectangle ('Position', [p2 y+rw rh 0.6], 'EdgeColor',[1 0 0]) %Outline on top

of voxel 2 to see its width
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rectangle ('Position', [p3 y+rw rh 0.5], 'EdgeColor', [0 1 0]) %Outline on top
of voxel 3 to see its width

rectangle ('Position', [p4 y+rw rh 0.4], 'EdgeColor', [0 O 17]) %Outline on top
of voxel 4 to see its width
rectangle ('Position', [p5 y+rw rh 0.3], 'EdgeColor',[1 1 0]) $Outline on top
of voxel 5 to see its width
rectangle ('Position', [p6 y+rw rh 0.2], 'EdgeColor', [0 1 17) %Outline on top
of voxel 6 to see its width
rectangle ('Position', [s y+rw rh 0.1], 'EdgeColor',[1 0 1]) %Outline on top

of voxel 7 to see its width

pv2 = v2.Position; $Position vector of voxel 2
pv3 = v3.Position; $Position vector of voxel 3
pv4 = v4.Position; $Position vector of voxel 4
pv5 = v5.Position; $Position vector of voxel 5
pv6 = v6.Position; $Position vector of voxel 6
pv7 = v7.Position; %Position vector of voxel 7

)

% Percentages of how much of the initial area is hit

svl = pvl(3)*pvl (4); %$Size of initial voxel

h2 = (rectint (pvl,pv2)/svl)*100; %Overlap of voxel 1 and voxel 2
h3 = (rectint (pvl,pv3)/svl)*100; %Overlap of voxel 1 and voxel 3
h4 = (rectint (pvl,pv4d)/svl)*100; %Overlap of voxel 1 and voxel 4
h5 = (rectint (pvl,pv5)/svl)*100; %Overlap of voxel 1 and voxel 5
h6 = (rectint (pvl,pv6)/svl)*100; %Overlap of voxel 1 and voxel 6
h7 = (rectint (pvl,pv7)/svl)*100; %$Overlap of voxel 1 and voxel 7

data = [h2 h3 h4 h5 h6 h7];

set (gca, 'XAxisLocation', 'top', '"YAxisLocation', "left', 'ydir', 'reverse')

set (gca, 'FontSize',20)

camroll (90)

title(['Portal vein with a voxel of ' num2str(rh) ' by ' num2str(rw) ' cm at
different timestamps']):;

xlabel ('Height (cm) ")

ylabel ('Width (cm) ")

% Create barplot with overlap percentages
cmap = [1 0 0; 01 0, 0O01; 110, 01 1; 10 131,
subplot (1,2, 2)

hold on
for 1 = 1l:numel (data)

bar (i, data(i), 'facecolor', cmap(i,:));
end

set (gca, 'XTick', 1:6, 'XTickLabel', {'2', '3', '4', '5"', '6', 'Signal'})
set (gca, 'FontSize',20)

ylim ([0 1001])

title ('Percentage overlap of voxels with initial voxel');

xlabel ("Pulse number'")

ylabel ('Overlap (%) ")

table (h2,h3,h4,h5,h6,h7)
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