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bovine serum albumin

chemical shift MR imaging

dioxane concentration

dioxane molar fraction

Exchange-induced frequency shift

Additional interaction-induced water frequency shift relative to dioxane
frequency shift

galactosylceramides

Galactocerebroside

gray matter

multilamellar vesicles

magnetization transfer

amide

hydroxyl

phosphate-buffered saline

phospholipid: 16:0-18:1 PC, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
peak area ratio (dioxane:water) should be proportional to the relative
concentration of dioxane to water

region of interest

signal-to-noise ratio

3-(trimethylsilyl)-propionic acid-d,4 sodium salt, also called Sodium 3-
(trimethylsilyl)-propionate-2,2,3,3-d, or 2,2,3,3,-tetradeutero-3-
trimethylsilylpropionic acid

water concentration

white matter

water molar fraction
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Abstract:

While magnetic susceptibility is a major contributor to NMR resonance frequency variations in
human brain, a substantial contribution may come from chemical exchange of protons between
water and other molecules. Exchange-induced frequency shifts £, have been measured in tissue
and protein solutions but relatively lipid-rich white matter (WM) has a larger f; than gray
matter, suggesting that lipids could contribute. Galactocerebrosides (GC) are a prime candidate
as they are abundant in WM and susceptible to exchange. To investigate this, f, was measured in
a model of WM lipid membranes in the form of multilamellar vesicles (MLVs), consisting of a
1:2 molar ratio of GC and phospholipids (POPC), and in MLVs with POPC only. Chemical shift
imaging with 15% volume fraction of dioxane, an internal reference whose protons are assumed
not to undergo chemical exchange, was used to remove susceptibility-induced frequency shifts
in an attempt to measure f, in MLVs at several lipid concentrations. Initial analysis of these
measurements indicated a necessity to correct for small unexpected variations in dioxane
concentration due to its effect on the water frequency shift. To achieve this, actual dioxane
concentration was inferred from spectral analysis and its additional contribution to f, was
removed through separate experiments which showed that the water-dioxane frequency shift
depended linearly on the dioxane concentration at low concentrations with a proportionality
constant of —0.021 £ 0.002 ppb/mM in agreement with published experiments. Contrary to
expectations and uncorrected results, for GC+POPC vesicles, the dependence of the corrected f,
on GC concentration was insignificant (0.023 + 0.037 ppb/mM; 1* = 0.085, p>0.57), while for
the POPC-only vesicles a small but significant linear increase with POPC concentration was
found: 0.044 £ 0.008 ppb/mM (1> = 0.877, p<0.01). These findings suggest that the non-

susceptibility contribution of lipids to frequency contrast in WM may be small.
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Introduction:

Gradient-echo MR frequency images are increasingly utilized because they provide high
contrast that is complementary to conventional magnitude image contrast. Magnetic
susceptibility is widely accepted as a major source of this tissue frequency contrast (1-3). In
addition, recent measurements in fixed human and fresh pig brain tissues (4) show a substantial
(and opposing) contribution to white-gray matter (WM-GM) frequency contrast from chemical
exchange of protons between water and off-resonance molecular sites. Studies in protein
solutions (5,6) also found a positive exchange-induced frequency shift (f;) that was directly
proportional to the concentration of bovine serum albumin (BSA) protein. On the basis of these
protein studies, f, contrast in brain tissue has been attributed to protons exchanging between

water and protein amide (NH) and hydroxyl (OH) groups (6).

However, we cannot assume that proteins are the sole cause of the greater f, observed in WM
than in GM (4) given that both i) WM contains much less protein than GM (as a percentage of
dry mass) (7) and ii) WM contains approximately 1.7 times the total lipid content of GM (as a
percentage of dry mass) (7). The fact that the relatively lipid-rich WM has a larger f, than GM
suggests that there may be sites of exchange in lipids that contribute to the observed exchange-

induced frequency shifts.

To begin to investigate whether lipids cause exchange-induced frequency shifts we chose to
focus specifically on cerebrosides because they are a major component of human WM,
constituting approximately 20% of the total lipid weight (7,8). Even more relevant for a
potential cause of WM-GM /£, contrast, cerebrosides show the largest WM-GM difference of all
the lipids, and are over three times more abundant in human WM than GM (7,8). Cerebrosides
are ceramide-based glycosphingolipids (9-11) whose head groups consist of a single hexose
sugar residue, with galactosylceramides (GalCer) or galactocerebrosides (GC) being most

common in the central nervous system (12,13). Another reason why cerebrosides are a good
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candidate for chemical exchange is that their head groups have several OH groups exposed at
the surface of phospholipid cell membranes (14,15). These lipids have also been shown to cause
large magnetization transfer (MT) effects that have been attributed to chemical exchange based

on their pH-dependence (14).

Therefore, we tested the hypothesis that cerebrosides cause f., using an in-vitro model for WM
cell membranes to investigate whether cerebrosides could contribute to the WM-GM f; contrast

in brain tissue.

Our chosen reference substance, dioxane, is known to affect the water frequency shift (16-19).
Therefore, we kept the concentration of dioxane constant throughout our lipid experiments. We
also set out to measure any dioxane-induced water frequency shifts separately in water/dioxane
mixtures in the same experimental setup and incorporated any observed effects into our analysis

of the lipid experiments.

Methods:

Choice of Lipids

To measure any f, due to cerebrosides, a single-slice chemical shift MR imaging (CSI)
experiment was performed in multi-lamellar vesicle samples containing several different
concentrations of cerebrosides (GC). Multi-lamellar vesicles (MLV) are an authentic model for
white matter; their onion-like structure closely resembles the multiple lipid bilayers of the
myelin sheath on electron microscopy (20). However, because pure cerebrosides are highly
insoluble in water and have a very high melting (gel to liquid crystalline) phase transition
temperature (12,13) compared to other membrane lipids, they do not form stable multi-lamellar
vesicles in aqueous solvents. For this reason, a phospholipid (16:0-18:1 PC, 1-palmitoyl-2-

oleoyl-sn-glycero-3-phosphocholine, POPC), which is equivalent to naturally occurring

http://mc.manuscriptcentral.com/nbm
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phosphatidylcholine, was included in all the lipid samples. A constant 2:1 POPC:GC molar ratio

was chosen to approximate the phospholipid to glycolipid ratio in human WM (7,8,14).

To investigate whether cerebrosides led to exchange-induced frequency shifts, MLVs were
made containing a range of cerebroside concentrations similar to those found in human WM. To
test whether any observed exchange-induced frequency was caused by POPC, a control
experiment was carried out using an identical setup but substituting pure POPC for cerebrosides

to match the total lipid concentrations in each of the MLV samples.

Choice of Reference Chemical:

As in previous experiments (4,5), 1,4 dioxane was used as a reference chemical whose protons
are assumed not to exchange with macromolecules. Dioxane was chosen over TSP (3-
(trimethylsilyl)-propionic acid-d, sodium salt, also called Sodium 3-(trimethylsilyl)-propionate-
2,2,3,3-d, or 2,2,3,3,-tetradeutero-3-trimethylsilylpropionic acid), which has also been used as a
reference chemical in exchange experiments (4,6), because TSP has been found to interact
slightly with macromolecules and has a chemical shift that varies with pH (21) suggesting that
its protons do undergo chemical exchange with macromolecules (16). Dioxane, on the other
hand, has been used as a reference in protein (5) and tissue experiments (4,22) and has been

reported as an appropriate reference for proteins (21).

Prior to scanning, dioxane was added to all the lipid MLV samples as well as the surrounding
phosphate-buffered saline (PBS) (see Fig. 1). Because local susceptibility-induced frequency
shifts in a given voxel are identical for both water and dioxane protons, f, can be measured by
subtracting the dioxane frequency from the water frequency in every voxel; see Shmueli et al.
(4) for theory. This relies on a key assumption that the frequency shift of the dioxane reference
proton signal is only affected by susceptibility differences. Because recent work has highlighted

that the frequency of water is affected by the dioxane concentration (16), we took care to keep

http://mc.manuscriptcentral.com/nbm
6



Page 7 of 58

©CoO~NOUTA,WNPE

NMR in Biomedicine - For Peer Review Only

Exchange-Induced Frequency Shifts from Lipids

the dioxane concentration constant in all the MLV samples and the surrounding PBS. This was
achieved by adding dioxane to all the samples at 15% volume ratio (i.e. 15% volume
dioxane:volume PBS) at the final stage just before MR imaging. This concentration (15%
v/v) was chosen to be high enough to provide sufficient SNR for dioxane peak detection
within each CSI voxel (c.f. Luo et. al. (5)) and much lower than in (4) in an attempt to
reduce systematic errors due to any unforeseen interactions. Each MLV sample (that had

been rehydrated with 0.5 ml PBS — see below) had 75 pl of dioxane added and was thoroughly
mixed. 7.5 ml of dioxane was mixed with 50 ml of PBS to make the solution used to fill the

large outer tube.

Ultimately, regions of interest were drawn on maps of the exchange-induced frequency shift to

allow calculation of any effect of increasing the cerebroside or POPC concentration on the

measured f;.

Preparation of Lipid MLV samples:

Stock solutions of lipids (16:0-18:1 PC 760.08 g/mol and total porcine brain cerebrosides -
predominant species: 812.25 g/mol, average: 781.95 g/mol, Avanti Polar Lipids Inc., AL, USA),
in chloroform for POPC and 2:1 chloroform: methanol for the cerebrosides were combined to
achieve the desired range of lipid concentrations and molar ratio (2:1 POPC:GC). Six
concentrations (shown Table 1 and in Figures 1b and 1h) were chosen to cover the range found
in human WM and GM (7,8). The solvents were removed by slow evaporation under a vacuum,
leaving a thin film of lipid. To form multi-lamellar vesicles (MLVs), the lipid films were
rehydrated in equal volumes (0.5 ml) of heated (~75°C) phosphate-buffered saline (PBS) with 5
freeze-thaw cycles as in Kucharczyk et al. (14). The high temperature was needed because of
the high cerebroside melting (gel to liquid crystalline) phase transition temperature (~70-90°C)

(12,13). Freezing was achieved by immersing the sample vials in liquid Nitrogen, and thawing

http://mc.manuscriptcentral.com/nbm
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was accomplished by immersing the vials in a water bath at approximately 75°C for 5 minutes.

In each cycle, all samples were thoroughly vortexed for 1 minute after thawing.

Once prepared, dioxane, 15% v/v, was added to each MLV sample as well as the surrounding
PBS taking care to mix thoroughly. Each MLV sample was transferred into a 5-mm diameter
NMR tube (Wilmad Labglass, NJ, USA) and these smaller tubes (six tubes and an MLV
‘control’ tube — see below) were mounted into two PVC tube-holders designed to align and
space the tubes regularly within a larger 25 mm-diameter NMR tube. The large outer NMR tube
was filled with PBS (+15% dioxane v/v) to a level higher than that of all the lipid samples. In
the GC experiment, a tube was filled with POPC MLVs at a concentration of 54 mM. Similarly,
in the POPC experiment, a tube was filled with GC MLVs at a concentration of 18 mM GC (i.e.
54 mM total lipid). These extra tubes were intended as ‘controls’ in an attempt to allow cross-

referencing between the different experiments.

Chemical Shift MR Imaging (CSI):

Single-slice chemical shift MR imaging (CSI) was performed using a 600 MHz vertical bore
spectrometer (Bruker, Biospin) fitted with a birdcage radiofrequency (RF) coil of 30 mm
internal diameter. The acquisition frequency was centered on the water peak prior to and after
manual shimming before scanning. The CSI slice had 202 x 202 x 300 um voxels and a matrix
size of 124 x 124. The acquisition had a 45° flip angle and a spectral width of 10 kHz (100 ps
per point) with 1024 time points and a delay of 1.57 ms before acquisition (to accommodate the
RF pulse duration and phase encode gradients). The repetition time was 1 s and the total
acquisition time was 4 hours, 16 minutes and 16 s. The bandwidth of the slice-selective RF
pulse was 6.6 kHz. All scans were performed at stable room temperature and after the lipid
samples had equilibrated to room temperature. This is important because chemical exchange

rates are strongly dependent on temperature therefore exchange-induced frequency shifts are

http://mc.manuscriptcentral.com/nbm
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expected to be influenced by temperature (23). The temperature in the scanner bore, close to the
sample, was recorded throughout the scans. Across all experiments, the temperature ranged

between 290.10 and 291.77°K) and varied by less than 0.1°K (or 0.2°K for the repeated GC

measurement) within each experiment.

Data acquisition was repeated after 25 and a half hours (for the experiment with different GC
concentrations) (GC repetition 2) to check the stability of the MLVs and the reproducibility of
the results. For this reason a second control (POPC) experiment (POPC 2) was also done with
new MLV lipid samples and PBS and identical parameters to the first POPC (POPC 1) and GC
experiments. This second POPC experiment (POPC 2, repetition 1), was repeated after 18 hours
(POPC 2, repetition 2) (with a slightly different slice position and a different shim) and again
after 23 hours (POPC 2, repetition 3) with TR increased from 1s to 2s, flip angle increased from
45° to 60° and gradient spoiler strength increased from 15% to 40% to increase SNR and rule

out any contributions from unwanted coherences.

Water-Dioxane Experiment:

To allow for the potential correction of . for unintended small variations in dioxane
concentration, we attempted to quantitatively assess the contribution from the previously
reported relationship between the water frequency shift and the dioxane concentration (16-19).
For this purpose, we performed an experiment similar to the MLV experiments described above

by varying the relative concentrations of water and dioxane only (with no lipids).

The same NMR tube configuration and spacers were used but were filled only with water and
dioxane at concentrations given in Table 2. These concentrations were chosen to cover the range
expected in our lipid experiments as well as to reproduce the results in (16,18). CSI experiments

were performed with identical acquisition parameters to those described above. The data were

http://mc.manuscriptcentral.com/nbm
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also analysed exactly as described below but now assuming that any apparent frequency shifts

Jwa were due to interactions between dioxane and water as described in (16-19).

Data Analysis

Primary analysis was geared towards estimating f. from the spectral shift between water and
dioxane peaks as a function of lipid concentration in the GC+POPC and POPC samples.
Additional analysis was performed to estimate the precise dioxane concentration, in order to
correct the primary results for small variations in the dioxane concentration that may have
affected .. For this purpose, the water/dioxane experiment was analyzed for the dependence of
the water frequency shift on the dioxane concentration inferred from the dioxane spectral
intensity. The primary analysis closely followed that in Shmueli et al (4). The first 512 points
(51.2 ms) of the raw, time domain data were selected for further analysis because most of the
signal had decayed by the end of that time window. To select separate water and dioxane
signals, the data were Fourier transformed into the frequency (spectral) domain and band-pass
filters were placed around the water and dioxane peaks. The filters had a width of 550 Hz and
cosine transition zones of widths 120 Hz. The central 64 points of the filtered spectra were
Fourier transformed back into the time-domain and a 2-D spatial Fourier transform was

performed to give separate water and dioxane magnitude and phase images over time.

In each voxel, the water-dioxane phase difference was fitted over time using least-squares linear
regression to obtain £, as the gradient of the linear fit divided by 2x. The fitting algorithm was
designed to be effective in unwrapping the phase difference in each voxel over time. To ensure
that the phase difference was fit only over time points and in voxels at which it had a sufficient
signal-to-noise ratio (SNR), low-signal voxels in air bubbles and glass tube walls were excluded

from the fit by thresholding the water magnitude image, and only time points having a water

http://mc.manuscriptcentral.com/nbm
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magnitude SNR greater than 10 were included in the fit. This meant that the standard deviation
of the noise in the phase image at each time point included in the fit was less than 0.1 radians

because the noise in the phase image is equal to 1/SNRy,, (24).

©CoO~NOUTA,WNPE

12 The fit results were used to create maps of the exchange-induced frequency shift, f., for each
14 experiment (see Figures 1a and 1g). Regions of interest (ROIs) were placed on these £, maps to
16 allow calculation of any effect of increasing the cerebroside or POPC concentration on the
measured f;. To calculate the mean and standard deviation of f; for each lipid concentration,
20 ROIs were drawn in the MLV-containing NMR tubes and surrounding fluid. The ROIs were
drawn on the magnitude (water) image at TE = 9.57 ms, taking care to mask out air bubbles,
glass tube walls and any other areas of low signal. The mean and standard error of f, were
recorded for each ROI. Any apparent f; in the PBS ROI was subtracted from the raw f, map to
correct for any frequency shifts caused by inaccurate centering of the spectral band-pass filters
on the resonance peaks in the CSI data. This step relied on the assumption that there is no

33 exchange (and therefore zero f,) in the PBS due to the absence of lipids or other off-resonance

35 exchanging protons.

39 Correction of the primary analysis of lipid samples for small variations in dioxane concentration
41 proceeded as follows. As the frequency shift between water and dioxane resonance (f,,.)

43 depends on the relative concentration of water and dioxane (16-19) we first estimated the

45 relative dioxane/water concentration for each lipid concentration using their peak area ratio. The
a7 area under a resonance peak in a spectrum should be directly proportional to the number of

49 protons resonating at that chemical shift and to the concentration of that chemical species (25).
51 Therefore, the peak area ratio (R) should be proportional to the relative concentration of dioxane
53 and water. Because there are 8 protons per dioxane molecule and 2 per water molecule, the

55 relative concentration of dioxane (d) to water (w)

57 d/w = R/4 [1]
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Therefore
R =4(1/wmf - 1) [2]

where wmf is the water molar fraction = w /(w+d).

In all experiments, the peak area ratio was measured by integrating the amplitudes (25) of the
central 64 points of the filtered water and dioxane spectra in each voxel and taking the ratio of
these peak areas. All further calculations were based on the mean peak area ratios inside each of

the ROIs defined as described above.

The measured frequency shifts in the water-dioxane experiment f,,. , were found to vary linearly
with the measured peak area ratio (see Fig. 2¢). Therefore, this best-fit linear relationship

between f,,., and the peak area ratio from the water-dioxane experiments was used to predict an
expected water-dioxane frequency shift f,z...s (€.g. Figures le and 1k) from the measured peak

area ratio for each ROI in the lipid experiments (e.g. Figures 1d and 1j). Finally, the residual

Jwaprea Values — relative to the intercept of the best-fit line of /.., against lipid

concentration (e.g. Figures le and 1k) — were subtracted from the original lipid £, values
in the same ROI (e.g. Figures 1c and 11) to obtain the corrected lipid £, values (Figures
1f and 11).. The gradient and r* values of the best-fit lines to these corrected f; values against

lipid concentration (e.g. Figures 1f and 11) were then compared with the gradient and r* values

of the best-fit lines of the uncorrected f; against lipid concentration.

Results:
In all experiments, the phase of both water and dioxane varied linearly with time throughout the
samples as expected. Results of the primary analysis, not taking into account potential bias due

to unexpected variations in dioxane concentration, are shown in Figure 1. Representative maps

http://mc.manuscriptcentral.com/nbm
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of exchange-induced frequency shifts are shown in Figures 1a and 1g. In Figures 1b and 1h, the
ROIs are shown overlaid on magnitude water images at TE = 9.57 ms, together with the

cerebroside / POPC concentrations.

Representative graphs of the mean f, measured in the different lipid samples plotted against the
cerebroside or POPC concentration are shown in Figures 1¢ and 1i respectively. The results of
repeated experiments are also shown in Table 3. Since the gradients of the best-fit lines did not
change much over the repeated experiments, the best-fit line gradients and r* values were
averaged over all GC and, separately, over all POPC experiments. The uncorrected exchange-
induced frequency increased linearly with cerebroside concentration at 0.208 + 0.027 ppb/mM
(" =0.936, p < 0.01 in a two-sided t-test). This is in comparison with f; at increasing
concentrations of pure POPC which showed negligible increase with concentration at 0.018 +
0.022 ppb/mM (1 = 0.143, p > 0.45 in a two-sided t-test). The results of fitting f, against lipid

concentration are summarized in Table 3.

Effects of Dioxane Concentration on Water Frequency Shift

The results of the water-dioxane experiments are presented in Figures 2 and 3. Figure 2a shows
a map of f,,.; and illustrates the fact that the shifts in this experiment were much greater than
those measured in the lipid experiments. Figure 2b shows the measured peak area ratio (R)
against 1/water molar fraction (wmf). R shows a strong linear dependence on wmf (r* > 0.99).
However, the coefficients do not agree exactly with the assumption that R is directly
proportional to the number of dioxane protons/number of water protons i.e. they are not equal to
4 as predicted in Equation 2. Figure 2¢ shows the measured frequency shift f,., against the
measured peak area ratio. This shows a strong linear relationship which was used for correction

of the initial lipid results shown above.

http://mc.manuscriptcentral.com/nbm
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To allow comparison with the previous results of Leutritz et al. (16), we also plotted f,., against
the dioxane concentration (Fig. 3). As Leutritz et al. (16) found a linear relationship between f,,.,
and the dioxane concentration we performed a linear fit over all of our data which gave a
gradient of —0.0504 + 0.0041 ppb/mM and r* = 0.9626. As our dioxane concentrations were far
higher than those used in Leutritz et al (16) we also performed a linear fit over the four lowest
dioxane concentrations for a closer comparison which gave an improved fit with a gradient of —
0.0206 % 0.0022 ppb/mM and r* = 0.9782. The data were fitted to the relationship given in (19)

which yielded a much closer fit (* = 0.9984) than the linear fits described above.

Correction for Unexpected Small Variations in Dioxane Concentrations in Lipid Experiments

Examples of the effect of correcting the measured lipid £, values are shown in Figures 1f and 11.
Figures 1d and 1j show examples of peak area ratios measured in the lipid experiments. These
were used together with the best-fit linear relationship between f,,.; and R (Figure 2¢) to
calculate a predicted additional dioxane-induced frequency shift shown in Figures 1e and 1k for
GC and POPC respectively. Note that the peak area ratios showed different behavior with
increasing lipid concentration in the different lipid experiments (Figures 1d and 1j) and that the
frequency shifts predicted from them were thus also different (Figures 1e and 1k). The results of
subtracting the additional shifts over the baseline/intercept given in Figures 1e and 1k from the
original £, values in Figures 1c and 1i gave the corrected shifts shown in Figures 1f and 11

respectively.

The results of fitting the corrected f, against lipid concentration are summarised in Table 3
together with the uncorrected results. The correction resulted in the significant increase in the
uncorrected f, with GC concentration being abolished (corrected Afgc = 0.023 + 0.037 ppb/mM,

> =0.085, p > 0.575 in a two-sided t-test) and also gave a significant increase in £, with

http://mc.manuscriptcentral.com/nbm
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increasing POPC concentration (Afpopc = 0.044 £ 0.008 ppb/mM, > = 0.877, p < 0.01 in a two-

sided t-test) which had not been observed in the uncorrected case.

Discussion:

The measurements presented here suggest that the contribution of lipids to exchange-induced
frequency shifts f, in white matter is likely to be small. Although significant variation in f, was
observed in samples with differing amounts of cerebrosides (GC) (26) and phospholipids
(POPC), two of the main lipids found in cell membranes, much of this variation may be
attributable to the effect of the internal frequency reference (dioxane) on the water frequency
shift. Accurate measurement of this effect (f,.,) in dioxane-water samples, and correction for its
contribution to f; in lipid samples, rendered the previously significant dependence of £, on GC
concentration insignificant. Interestingly, after correction, a small but significant dependence of
f. on POPC concentration was seen. This is counter-intuitive as POPC has only one
exchangeable OH proton and almost no MT effect (14), suggesting that it does not contribute

substantially to chemical exchange processes.

The corrected POPC-induced frequency shift coefficient (0.044 £+ 0.008 ppb/mM), together with
literature WM-GM tissue phospholipid concentrations (~ 35-38 mM (7,8)) suggests that we
might expect ~ 1-2 ppb exchange-induced WM-GM contrast due to POPC. This is considerably
smaller than brain tissue measurements: WM-GM A f, = 6.3 to 13.5 ppb (4) and is also smaller

than the 6-12 ppb susceptibility anisotropy observed in WM at 7T (27).

To compare the results obtained here with previous measurements in protein solutions, we need
to take into account the molecular weights of these lipids (760 g/mol, Avanti) relative to

proteins (BSA, ~67 kg/mol, (5)), which are likely to be related to the number of exchanging

http://mc.manuscriptcentral.com/nbm
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protons on each molecule. Taking this into consideration, the measured Afpopc ~ 0.06 ppb / (g/L)
is smaller than the £, measured previously in BSA protein solutions ~ 0.16 ppb / (g/L) (5,6),

although the latter may have been influenced by dioxane- (or TSP-) water interactions as well.

Limitations and Assumptions:

The results presented above need careful interpretation. Apart from the difficulty in measuring
small shifts in resonance frequency, and the ample opportunity for confounding effects, our
model systems are, by definition, a highly simplified approximation of the conditions found in
white matter in vivo. One shortcoming is the relatively low temperature used here (room
temperature) compared to temperatures encountered in vivo. Since chemical exchange rates tend
to increase with temperature and lineshapes change (23), we would expect exchange-induced
frequency shifts to be different in vivo at body temperature. It is possible that the PBS buffer did
not perfectly control the pH of the samples, leading to a potential confound to the measurements
of /. at different lipid concentrations. Any lipid concentration-dependent pH variations are
likely to be small as POPC-GC and POPC-Cholesterol MLVs (14) with over three to six times
the total lipid concentration in our samples buffered with 10mM HEPES buffer at pH 7.4 (c.f.
our PBS with 3.0 mM Sodium Phosphate and 1.1 mM Potassium Phosphate) showed pH values

between 7 and 7.4.

In the water-dioxane experiment, the dependence of dioxane: water peak area ratio R on the
reciprocal of the water molar fraction was found to be 3.21, somewhat below the value expected
based on the molar ratio of their proton concentrations (i.e. 4). This could be for a number of
reasons including the fact that spectral peak areas are influenced by factors other than the
number of dioxane and water protons present e.g. saturation and relaxation effects (25). This
should not affect the corrections for the effect of dioxane on water frequency shift, assuming

this phenomenon was present similarly in the water-dioxane samples and in the lipid samples.

http://mc.manuscriptcentral.com/nbm
16



Page 17 of 58

©CoO~NOUTA,WNPE

NMR in Biomedicine - For Peer Review Only

Exchange-Induced Frequency Shifts from Lipids

A noticeable feature of the best fit lines for the variation of exchange-induced frequency plotted
against lipid concentration (e.g. in Figs. 1c¢ and 1i) was a different constant offset in each
experiment. These different offsets meant that the f, measured in the ‘control’ tubes could not be
compared between experiments and are, therefore, not shown. The different offsets are likely to
arise from subtraction of the mean apparent £, in the surrounding fluid ROI (large blue ROI in
Figures 1b and 1h) from all the other mean ROI values in an attempt to correct for any slight
mis-centering of the band-pass filters over the water and dioxane spectral peaks. Therefore, any
offset is likely to depend greatly on the precise choice of fluid ROI, especially because the SD
of £, in the largest fluid ROI was much greater than within any of the lipid ROIs. Fortunately,
the different offsets do not affect the findings regarding the observed dependencies of f; on lipid

concentrations as these are based only on the gradients and r* values of the best-fit lines.

Figure 3 clearly shows a strong dependence of f,,, on the concentration of dioxane in each
sample. At the lowest concentrations the gradient of the best-fit line (-2.06 £ 0.22 x 10~
ppm/mM dioxane) agrees reasonably well with the dependence measured by Leutritz et al. (16)
(-2.68 £ 0.42 x 10 ppm/mM dioxane). We performed f,., measurements at dioxane
concentrations (534 - 6352 mM - Table 2) much greater than those of Leutritz et al. (0-60 mM).
At these higher concentrations the relationship between f,, ;, and dioxane concentration becomes
non-linear and behaves according to the relationship given in (19) (Fig. 3). This f,,., - [dioxane]
relationship can be predicted by considering dioxane-water complex formation through
hydrogen bonds as has been previously observed in (18,19). This non-linear relationship
becomes linear again when f,,, is plotted against R instead of just the dioxane concentration

(Figure 2c).

Despite the fact that the dioxane:water concentration was designed to be constant throughout all
the lipid tubes and the surrounding fluid (15% v/v giving a predicted peak area of 0.127), small

variations in the measured peak area ratio (R) were found between the different lipid tubes e.g.
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between 0.105 to 0.122 (see Figures 1d and 1j). It is not clear why R was variable and slightly
less than expected (0.127). If anything, one might have expected a reduction in the water peak
area, giving an increased R, due to the freeze-thawing during MLV formation or due to
association of water with the lipids. Plots of R against lipid concentrations (Figures 1d and 1j)
show that R decreased with increasing GC (and POPC) concentration in the GC experiments
(Fig. 1d) and increased with POPC concentration in one of the POPC experiments (Fig. 1j) and
showed no correlation with POPC concentration in the other (not shown). A potential
explanation for these effects could be some sort of differential compartmentalisation of the
dioxane and/or the water so that they reside in different proportions in the three available
compartments: in between the lipid bilayers, inside the MLVs or outside them. If this
differential compartmentalisation of dioxane and water were to explain the different behavior of
R with lipid concentration for GC+POPC MLVs and pure POPC MLVs then the

compartmentalisation would then also need to be different between these two types of MLVs.

The significant dependence of the corrected f, on POPC concentration is intriguing considering
POPC has only a single exchangeable OH proton per molecule. Given that the GC MLVs also
contained POPC (GC:POPC 1:2), one might conclude that GC may have an opposing (and
doubly large) effect on f, compared to POPC. This would then suggest that the effects of GC
and POPC on f; result from exchangeable protons with different chemical shifts. This implies
that the magnitude of f, may vary considerably depending on the relative concentration of

particular lipid species.

A further possibility is that, in addition to the measured interactions between dioxane and water,
dioxane may also interact directly with lipids, making it an even less desirable reference
substance. There is some evidence that dioxane could interact with lipids as it has been used as a
solvent for lipids (28-30) and has been found to disrupt hydrophobic lipid-protein interactions

(31). Furthermore, the dioxane resonance frequency has been found to shift in PBS when
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compared with pure water (22). Future experiments to test whether lipid-dioxane interactions
could have affected these results could involve replication of the water-dioxane experiment with
multilamellar vesicles present at a constant lipid concentration. If the results were significantly
different from those shown here in Figures 2 and 3 then this would provide evidence for the

water-dioxane interaction being affected by the presence of lipids.

In order to completely eliminate the influence of interactions between the reference chemical
and the water or lipids on the results of future experiments, it would be necessary to devise a
reference-chemical-free method for measuring exchange-induced frequency shifts. This is
difficult to do because the primary reason for using internal reference chemicals is to allow
removal of the susceptibility-induced frequency shifts. This separation of exchange-induced and
susceptibility-induced frequency shifts cannot be done using an external reference or while the

magnetic susceptibilities of cerebrosides and POPC are still unknown.

If a reference-free method to measure f, shifts can be developed, it might be interesting to
investigate lipid-based f, contrast in neurological diseases as phospholipids such as POPC are a
primary constituent of cell membranes and cerebrosides are essential for axonal myelin

membrane integrity (32-34).

Conclusion:

Exchange-induced frequency shifts f, were measured in MLVs formed from cerebrosides (GC)
and phospholipids (POPC) developed here to model WM cell membranes. Based on a
confounding effect due to unexpected small variations in the concentration of dioxane, which
was used as an internal frequency reference to remove susceptibility-induced frequency shifts,
we devised a method to correct the MLV data. Following this correction, a significant increase
in uncorrected f, with GC concentration was abolished and a small but significant linear increase

in f, with POPC concentration was observed: Afpopc = 0.044 + 0.008 ppb/mM. Straightforward
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interpretation would suggest that lipids add no more than a minor contribution to f, and, more
generally, to frequency variations observed in brain tissue. However, generalizing these findings
to the in-vivo case should be done tentatively, partly because of the difficulty in realistic
modelling of the conditions encountered in vivo and partly because of the limitations of the
method used to correct the MLV data. In addition, further research is needed to develop a
reference-chemical-free method that can separate exchange-induced from susceptibility-induced
frequency shifts so that the specific contributions from individual lipids can be more accurately

quantified.
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Table 1: Concentrations of Lipids (mM) in MLV Samples with Molar Fractions (%) of all

Components

Note that the final lipid concentrations (mM) in each tube after the addition of 15% v/v dioxane

were equal to the values in the first three columns of the table divided by 1.15.

Concentration (mM) Molar Fraction (%)
Total ROI Total
Cerebrosides | POPC | Lipids Color | Lipids | Water | Dioxane
4 8 12 green 0.021 96.900 3.079
11 22 33 yellow 0.058 96.864 3.078
18 36 54 pink 0.094 96.829 3.077
25 50 75 cyan 0.131 96.793 3.076
32 64 96 orange 0.168 96.758 3.075
39 78 117 purple 0.204 96.722 3.074

Table 2: Concentrations of Water and Dioxane in the Water-Dioxane Experiment

The large outer tube was included as a data point in this experiment and contained the lowest
dioxane concentration. Note that the concentration of water and dioxane in the lipid MLV
experiments was nominally closest to the highlighted row in the table i.e. 15% v/v

dioxane/water corresponds to a water concentration of 48,169 mM and a dioxane concentration

of 1,531 mM.
Molar Molar
fraction | fraction Water Dioxane
of of concentration | concentration

water | Dioxane (mM) (mM)
0.99 0.01 52873 534
0.98 0.02 50527 1031
0.97 0.03 48337 1495
0.96 0.04 46290 1929
0.93 0.07 40873 3076
0.90 0.10 36337 4037
0.85 0.15 30221 5333
0.80 0.20 25409 6352
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Table 3: Summary of the Results of Experiments to Measure £, in Lipid MLVs

Gradients of best-fit lines (with standard errors) for both uncorrected and corrected exchange-

induced frequency shifts £, against lipid concentration. r* values are also shown for the best fit

lines together with p values for the mean r* values from a two-sided t-test.

Page 24 of 58

Corrected for Water-Dioxane Frequency Shift
SE on SE on
Gradient of fe gradient of fe Gradient of fe gradient of fe
v. lipid v. lipid v. lipid v. lipid
concentration concentration concentration concentration
Experiment  Repetition (ppb/mM) (ppb/mM) r’ P (ppb/mM) (ppb/mM) r P
1 0.208 0.027 0.937 0.023 0.046 0.058
GC 2 0.208 0.027 0.935 0.023 0.032 0.111
Mean 0.208 0.027 0.936  0.002 0.023 0.037 0.085 0.576
POPC 1 1 0.043 0.025 0.421 0.045 0.006 0.930
1 0.006 0.018 0.025 0.043 0.009 0.844
POPC 2 2 0.011 0.021 0.067 0.045 0.009 0.866
3 0.010 0.020 0.059 0.043 0.008 0.869
Mean 0.018 0.022 0.143  0.460 0.044 0.008 0.877  0.006
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FIGURE LEGENDS

Figure 1. Results of Measuring f; in Lipid Experiments

Exchange-induced frequency maps in the GC (a) and POPC (g) experiments. The exchange-
induced frequency maps are scaled between -2 and +3 Hz. The magnitude images at TE = 9.6
ms are shown in figures (b) and (h) together with ROIs used to obtain the mean and standard
deviation of f, in each tube. The lipid concentrations in each tube increase from green (A lowest
concentration) to yellow, pink, cyan, orange, and purple (F highest concentration) (see Table 1).
The large blue ROI indicates the surrounding PBS and the black circles are air bubbles that were
excluded from the ROI analysis. The graphs in (c) and (i) show the mean exchange-induced
frequency in each ROI plotted against the cerebroside (c) or POPC (i) concentration in each
tube. The graphs in (f) and (1) show the corrected £, values plotted against the cerebroside (f) or
POPC (1) concentration in each tube. The peak area ratios (R) measured in the GC (d) and
POPC (j) experiments are plotted against the relevant lipid concentration in each tube; the value
from the surrounding PBS has been added as the ‘0 mM’ value. These values, together with the
linear relationship from the best-fit of f,,; v. R (Figure 2c) were used to calculate a predicted
additional frequency shift shown in (e) and (k) for GC and POPC respectively. The corrected
values in (f) and (1) were obtained by subtracting the additional frequency shift (i.e. the
frequency shift minus the intercept of the best-fit line) in () and (k) from the original frequency
shifts in (c) and (i) respectively. In figures (c-f) and (i-1) the best-fit lines are given, together

with the r* values. The error bars on each point indicate the standard deviation in each ROI.

Figure 2. Results of Measuring f,., in Water-Dioxane Experiments

Exchange-induced frequency f,,., map for the different water/dioxane concentrations shown in
Table 2 (a) scaled between -139 and+ 91 Hz. Peak area ratio R (dioxane:water) plotted against
the inverse of the water molar fraction for the water/dioxane mixtures at different concentrations
to test the predicted relationship in Equation 2 (b). The best-fit line is shown together with the r*

value. The measured interaction-induced water-dioxane frequency shift f,,, for the

http://mc.manuscriptcentral.com/nbm
25



©CoO~NOUTA,WNPE

NMR in Biomedicine - For Peer Review Only Page 26 of 58
Exchange-Induced Frequency Shifts from Lipids

water/dioxane mixtures at different concentrations plotted against the measured peak area ratio
R (dioxane:water) (c). The best-fit line is shown together with the r* value and this relationship
was used together with the measured peak area ratios in each lipid tube to correct the measured
f. values in the lipid experiments. The error bars on each point in the graphs indicate the
standard deviation in each ROI. Note that the total frequency difference between dioxane and
water peaks would be given by the interaction-induced shift f,,, plotted here in addition to the
expected chemical shift difference between dioxane and water (1.04 ppm) (4) and thus remains

positive over the whole range of peak area ratios.

Figure 3. Results of Measuring f,., v. Dioxane Concentration in Water-Dioxane Experiments

Exchange-induced frequency f,., plotted against dioxane concentration (black xs). For
comparison with Leutritz et al. (16), a linear fit was performed over the four lowest dioxane
concentrations giving a gradient of —0.0206 + 0.0022 ppb/mM and r* = 0.9782. The
relationship given in (19) is shown to fit the data closely: r* = 0.9984. The error bars on each
point in the graphs indicate the standard deviation in each ROI therefore the point at the lowest
concentration has the largest error because it came from the largest (outer tube) ROI. Note that
the total frequency difference between dioxane and water peaks would be given by the
interaction-induced shift f,,.; in addition to the expected chemical shift difference between

dioxane and water (1.04 ppm) (4) and thus remains positive over the whole concentration range.
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bovine serum albumin

chemical shift MR imaging

dioxane concentration

dioxane molar fraction

Exchange-induced frequency shift

Additional interaction-induced water frequency shift relative to dioxane
frequency shift

galactosylceramides

Galactocerebroside

gray matter

multilamellar vesicles

magnetization transfer

amide

hydroxyl

phosphate-buffered saline

phospholipid: 16:0-18:1 PC, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
peak area ratio (dioxane:water) should be proportional to the relative
concentration of dioxane to water

region of interest

signal-to-noise ratio

3-(trimethylsilyl)-propionic acid-d,4 sodium salt, also called Sodium 3-
(trimethylsilyl)-propionate-2,2,3,3-d, or 2,2,3,3,-tetradeutero-3-
trimethylsilylpropionic acid

water concentration

white matter

water molar fraction
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Abstract:

While magnetic susceptibility is a major contributor to NMR resonance frequency variations in
human brain, a substantial contribution may come from chemical exchange of protons between
water and other molecules. Exchange-induced frequency shifts £, have been measured in tissue
and protein solutions but relatively lipid-rich white matter (WM) has a larger f; than gray
matter, suggesting that lipids could contribute. Galactocerebrosides (GC) are a prime candidate
as they are abundant in WM and susceptible to exchange. To investigate this, f, was measured in
a model of WM lipid membranes in the form of multilamellar vesicles (MLVs), consisting of a
1:2 molar ratio of GC and phospholipids (POPC), and in MLVs with POPC only. Chemical shift
imaging with 15% volume fraction of dioxane, an internal reference whose protons are assumed
not to undergo chemical exchange, was used to remove susceptibility-induced frequency shifts
in an attempt to measure f, in MLVs at several lipid concentrations. Initial analysis of these
measurements indicated a necessity to correct for small unexpected variations in dioxane
concentration due to its effect on the water frequency shift. To achieve this, actual dioxane
concentration was inferred from spectral analysis and its additional contribution to f, was
removed through separate experiments which showed that the water-dioxane frequency shift
depended linearly on the dioxane concentration at low concentrations with a proportionality
constant of —0.021 £ 0.002 ppb/mM in agreement with published experiments. Contrary to
expectations and uncorrected results, for GC+POPC vesicles, the dependence of the corrected f,
on GC concentration was insignificant (0.023 + 0.037 ppb/mM; 1* = 0.085, p>0.57), while for
the POPC-only vesicles a small but significant linear increase with POPC concentration was
found: 0.044 £ 0.008 ppb/mM (1> = 0.877, p<0.01). These findings suggest that the non-

susceptibility contribution of lipids to frequency contrast in WM may be small.
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Introduction:

Gradient-echo MR frequency images are increasingly utilized because they provide high
contrast that is complementary to conventional magnitude image contrast. Magnetic
susceptibility is widely accepted as a major source of this tissue frequency contrast (1-3). In
addition, recent measurements in fixed human and fresh pig brain tissues (4) show a substantial
(and opposing) contribution to white-gray matter (WM-GM) frequency contrast from chemical
exchange of protons between water and off-resonance molecular sites. Studies in protein
solutions (5,6) also found a positive exchange-induced frequency shift (f;) that was directly
proportional to the concentration of bovine serum albumin (BSA) protein. On the basis of these
protein studies, f, contrast in brain tissue has been attributed to protons exchanging between

water and protein amide (NH) and hydroxyl (OH) groups (6).

However, we cannot assume that proteins are the sole cause of the greater f, observed in WM
than in GM (4) given that both i) WM contains much less protein than GM (as a percentage of
dry mass) (7) and ii) WM contains approximately 1.7 times the total lipid content of GM (as a
percentage of dry mass) (7). The fact that the relatively lipid-rich WM has a larger f, than GM
suggests that there may be sites of exchange in lipids that contribute to the observed exchange-

induced frequency shifts.

To begin to investigate whether lipids cause exchange-induced frequency shifts we chose to
focus specifically on cerebrosides because they are a major component of human WM,
constituting approximately 20% of the total lipid weight (7,8). Even more relevant for a
potential cause of WM-GM /£, contrast, cerebrosides show the largest WM-GM difference of all
the lipids, and are over three times more abundant in human WM than GM (7,8). Cerebrosides
are ceramide-based glycosphingolipids (9-11) whose head groups consist of a single hexose
sugar residue, with galactosylceramides (GalCer) or galactocerebrosides (GC) being most

common in the central nervous system (12,13). Another reason why cerebrosides are a good
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candidate for chemical exchange is that their head groups have several OH groups exposed at
the surface of phospholipid cell membranes (14,15). These lipids have also been shown to cause
large magnetization transfer (MT) effects that have been attributed to chemical exchange based

on their pH-dependence (14).

Therefore, we tested the hypothesis that cerebrosides cause f., using an in-vitro model for WM
cell membranes to investigate whether cerebrosides could contribute to the WM-GM f; contrast

in brain tissue.

Our chosen reference substance, dioxane, is known to affect the water frequency shift (16-19).
Therefore, we kept the concentration of dioxane constant throughout our lipid experiments. We
also set out to measure any dioxane-induced water frequency shifts separately in water/dioxane
mixtures in the same experimental setup and incorporated any observed effects into our analysis

of the lipid experiments.

Methods:

Choice of Lipids

To measure any f, due to cerebrosides, a single-slice chemical shift MR imaging (CSI)
experiment was performed in multi-lamellar vesicle samples containing several different
concentrations of cerebrosides (GC). Multi-lamellar vesicles (MLV) are an authentic model for
white matter; their onion-like structure closely resembles the multiple lipid bilayers of the
myelin sheath on electron microscopy (20). However, because pure cerebrosides are highly
insoluble in water and have a very high melting (gel to liquid crystalline) phase transition
temperature (12,13) compared to other membrane lipids, they do not form stable multi-lamellar
vesicles in aqueous solvents. For this reason, a phospholipid (16:0-18:1 PC, 1-palmitoyl-2-

oleoyl-sn-glycero-3-phosphocholine, POPC), which is equivalent to naturally occurring
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phosphatidylcholine, was included in all the lipid samples. A constant 2:1 POPC:GC molar ratio

was chosen to approximate the phospholipid to glycolipid ratio in human WM (7,8,14).

To investigate whether cerebrosides led to exchange-induced frequency shifts, MLVs were
made containing a range of cerebroside concentrations similar to those found in human WM. To
test whether any observed exchange-induced frequency was caused by POPC, a control
experiment was carried out using an identical setup but substituting pure POPC for cerebrosides

to match the total lipid concentrations in each of the MLV samples.

Choice of Reference Chemical:

As in previous experiments (4,5), 1,4 dioxane was used as a reference chemical whose protons
are assumed not to exchange with macromolecules. Dioxane was chosen over TSP (3-
(trimethylsilyl)-propionic acid-d, sodium salt, also called Sodium 3-(trimethylsilyl)-propionate-
2,2,3,3-d, or 2,2,3,3,-tetradeutero-3-trimethylsilylpropionic acid), which has also been used as a
reference chemical in exchange experiments (4,6), because TSP has been found to interact
slightly with macromolecules and has a chemical shift that varies with pH (21) suggesting that
its protons do undergo chemical exchange with macromolecules (16). Dioxane, on the other
hand, has been used as a reference in protein (5) and tissue experiments (4,22) and has been

reported as an appropriate reference for proteins (21).

Prior to scanning, dioxane was added to all the lipid MLV samples as well as the surrounding
phosphate-buffered saline (PBS) (see Fig. 1). Because local susceptibility-induced frequency
shifts in a given voxel are identical for both water and dioxane protons, f, can be measured by
subtracting the dioxane frequency from the water frequency in every voxel; see Shmueli et al.
(4) for theory. This relies on a key assumption that the frequency shift of the dioxane reference
proton signal is only affected by susceptibility differences. Because recent work has highlighted

that the frequency of water is affected by the dioxane concentration (16), we took care to keep
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the dioxane concentration constant in all the MLV samples and the surrounding PBS. This was
achieved by adding dioxane to all the samples at 15% volume ratio (i.e. 15% volume
dioxane:volume PBS) at the final stage just before MR imaging. This concentration (15%
v/v) was chosen to be high enough to provide sufficient SNR for dioxane peak detection
within each CSI voxel (c.f. Luo et. al. (5)) and much lower than in (4) in an attempt to
reduce systematic errors due to any unforeseen interactions. Each MLV sample (that had

been rehydrated with 0.5 ml PBS — see below) had 75 pl of dioxane added and was thoroughly
mixed. 7.5 ml of dioxane was mixed with 50 ml of PBS to make the solution used to fill the

large outer tube.

Ultimately, regions of interest were drawn on maps of the exchange-induced frequency shift to

allow calculation of any effect of increasing the cerebroside or POPC concentration on the

measured f;.

Preparation of Lipid MLV samples:

Stock solutions of lipids (16:0-18:1 PC 760.08 g/mol and total porcine brain cerebrosides -
predominant species: 812.25 g/mol, average: 781.95 g/mol, Avanti Polar Lipids Inc., AL, USA),
in chloroform for POPC and 2:1 chloroform: methanol for the cerebrosides were combined to
achieve the desired range of lipid concentrations and molar ratio (2:1 POPC:GC). Six
concentrations (shown Table 1 and in Figures 1b and 1h) were chosen to cover the range found
in human WM and GM (7,8). The solvents were removed by slow evaporation under a vacuum,
leaving a thin film of lipid. To form multi-lamellar vesicles (MLVs), the lipid films were
rehydrated in equal volumes (0.5 ml) of heated (~75°C) phosphate-buffered saline (PBS) with 5
freeze-thaw cycles as in Kucharczyk et al. (14). The high temperature was needed because of
the high cerebroside melting (gel to liquid crystalline) phase transition temperature (~70-90°C)

(12,13). Freezing was achieved by immersing the sample vials in liquid Nitrogen, and thawing
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was accomplished by immersing the vials in a water bath at approximately 75°C for 5 minutes.

In each cycle, all samples were thoroughly vortexed for 1 minute after thawing.

Once prepared, dioxane, 15% v/v, was added to each MLV sample as well as the surrounding
PBS taking care to mix thoroughly. Each MLV sample was transferred into a 5-mm diameter
NMR tube (Wilmad Labglass, NJ, USA) and these smaller tubes (six tubes and an MLV
‘control’ tube — see below) were mounted into two PVC tube-holders designed to align and
space the tubes regularly within a larger 25 mm-diameter NMR tube. The large outer NMR tube
was filled with PBS (+15% dioxane v/v) to a level higher than that of all the lipid samples. In
the GC experiment, a tube was filled with POPC MLVs at a concentration of 54 mM. Similarly,
in the POPC experiment, a tube was filled with GC MLVs at a concentration of 18 mM GC (i.e.
54 mM total lipid). These extra tubes were intended as ‘controls’ in an attempt to allow cross-

referencing between the different experiments.

Chemical Shift MR Imaging (CSI):

Single-slice chemical shift MR imaging (CSI) was performed using a 600 MHz vertical bore
spectrometer (Bruker, Biospin) fitted with a birdcage radiofrequency (RF) coil of 30 mm
internal diameter. The acquisition frequency was centered on the water peak prior to and after
manual shimming before scanning. The CSI slice had 202 x 202 x 300 um voxels and a matrix
size of 124 x 124. The acquisition had a 45° flip angle and a spectral width of 10 kHz (100 ps
per point) with 1024 time points and a delay of 1.57 ms before acquisition (to accommodate the
RF pulse duration and phase encode gradients). The repetition time was 1 s and the total
acquisition time was 4 hours, 16 minutes and 16 s. The bandwidth of the slice-selective RF
pulse was 6.6 kHz. All scans were performed at stable room temperature and after the lipid
samples had equilibrated to room temperature. This is important because chemical exchange

rates are strongly dependent on temperature therefore exchange-induced frequency shifts are
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expected to be influenced by temperature (23). The temperature in the scanner bore, close to the
sample, was recorded throughout the scans. Across all experiments, the temperature ranged

between 290.10 and 291.77°K) and varied by less than 0.1°K (or 0.2°K for the repeated GC

measurement) within each experiment.

Data acquisition was repeated after 25 and a half hours (for the experiment with different GC
concentrations) (GC repetition 2) to check the stability of the MLVs and the reproducibility of
the results. For this reason a second control (POPC) experiment (POPC 2) was also done with
new MLV lipid samples and PBS and identical parameters to the first POPC (POPC 1) and GC
experiments. This second POPC experiment (POPC 2, repetition 1), was repeated after 18 hours
(POPC 2, repetition 2) (with a slightly different slice position and a different shim) and again
after 23 hours (POPC 2, repetition 3) with TR increased from 1s to 2s, flip angle increased from
45° to 60° and gradient spoiler strength increased from 15% to 40% to increase SNR and rule

out any contributions from unwanted coherences.

Water-Dioxane Experiment:

To allow for the potential correction of . for unintended small variations in dioxane
concentration, we attempted to quantitatively assess the contribution from the previously
reported relationship between the water frequency shift and the dioxane concentration (16-19).
For this purpose, we performed an experiment similar to the MLV experiments described above

by varying the relative concentrations of water and dioxane only (with no lipids).

The same NMR tube configuration and spacers were used but were filled only with water and
dioxane at concentrations given in Table 2. These concentrations were chosen to cover the range
expected in our lipid experiments as well as to reproduce the results in (16,18). CSI experiments

were performed with identical acquisition parameters to those described above. The data were
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also analysed exactly as described below but now assuming that any apparent frequency shifts

Jwa were due to interactions between dioxane and water as described in (16-19).

Data Analysis

Primary analysis was geared towards estimating f. from the spectral shift between water and
dioxane peaks as a function of lipid concentration in the GC+POPC and POPC samples.
Additional analysis was performed to estimate the precise dioxane concentration, in order to
correct the primary results for small variations in the dioxane concentration that may have
affected .. For this purpose, the water/dioxane experiment was analyzed for the dependence of
the water frequency shift on the dioxane concentration inferred from the dioxane spectral
intensity. The primary analysis closely followed that in Shmueli et al (4). The first 512 points
(51.2 ms) of the raw, time domain data were selected for further analysis because most of the
signal had decayed by the end of that time window. To select separate water and dioxane
signals, the data were Fourier transformed into the frequency (spectral) domain and band-pass
filters were placed around the water and dioxane peaks. The filters had a width of 550 Hz and
cosine transition zones of widths 120 Hz. The central 64 points of the filtered spectra were
Fourier transformed back into the time-domain and a 2-D spatial Fourier transform was

performed to give separate water and dioxane magnitude and phase images over time.

In each voxel, the water-dioxane phase difference was fitted over time using least-squares linear
regression to obtain £, as the gradient of the linear fit divided by 2x. The fitting algorithm was
designed to be effective in unwrapping the phase difference in each voxel over time. To ensure
that the phase difference was fit only over time points and in voxels at which it had a sufficient
signal-to-noise ratio (SNR), low-signal voxels in air bubbles and glass tube walls were excluded

from the fit by thresholding the water magnitude image, and only time points having a water
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magnitude SNR greater than 10 were included in the fit. This meant that the standard deviation
of the noise in the phase image at each time point included in the fit was less than 0.1 radians

because the noise in the phase image is equal to 1/SNRy,, (24).

©CoO~NOUTA,WNPE

12 The fit results were used to create maps of the exchange-induced frequency shift, f., for each
14 experiment (see Figures 1a and 1g). Regions of interest (ROIs) were placed on these £, maps to
16 allow calculation of any effect of increasing the cerebroside or POPC concentration on the
measured f;. To calculate the mean and standard deviation of f; for each lipid concentration,
20 ROIs were drawn in the MLV-containing NMR tubes and surrounding fluid. The ROIs were
drawn on the magnitude (water) image at TE = 9.57 ms, taking care to mask out air bubbles,
glass tube walls and any other areas of low signal. The mean and standard error of f, were
recorded for each ROI. Any apparent f; in the PBS ROI was subtracted from the raw f, map to
correct for any frequency shifts caused by inaccurate centering of the spectral band-pass filters
on the resonance peaks in the CSI data. This step relied on the assumption that there is no

33 exchange (and therefore zero f,) in the PBS due to the absence of lipids or other off-resonance

35 exchanging protons.

39 Correction of the primary analysis of lipid samples for small variations in dioxane concentration
41 proceeded as follows. As the frequency shift between water and dioxane resonance (f,,.)

43 depends on the relative concentration of water and dioxane (16-19) we first estimated the

45 relative dioxane/water concentration for each lipid concentration using their peak area ratio. The
a7 area under a resonance peak in a spectrum should be directly proportional to the number of

49 protons resonating at that chemical shift and to the concentration of that chemical species (25).
51 Therefore, the peak area ratio (R) should be proportional to the relative concentration of dioxane
53 and water. Because there are 8 protons per dioxane molecule and 2 per water molecule, the

55 relative concentration of dioxane (d) to water (w)

57 d/w = R/4 [1]
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Therefore
R =4(1/wmf - 1) [2]

where wmf is the water molar fraction = w /(w+d).

In all experiments, the peak area ratio was measured by integrating the amplitudes (25) of the
central 64 points of the filtered water and dioxane spectra in each voxel and taking the ratio of
these peak areas. All further calculations were based on the mean peak area ratios inside each of

the ROIs defined as described above.

The measured frequency shifts in the water-dioxane experiment f,,. , were found to vary linearly
with the measured peak area ratio (see Fig. 2¢). Therefore, this best-fit linear relationship

between f,,., and the peak area ratio from the water-dioxane experiments was used to predict an
expected water-dioxane frequency shift f,z...s (€.g. Figures le and 1k) from the measured peak

area ratio for each ROI in the lipid experiments (e.g. Figures 1d and 1j). Finally, the residual

Jwaprea Values — relative to the intercept of the best-fit line of /.., against lipid

concentration (e.g. Figures le and 1k) — were subtracted from the original lipid £, values
in the same ROI (e.g. Figures 1c and 11) to obtain the corrected lipid £, values (Figures
1f and 11).. The gradient and r* values of the best-fit lines to these corrected f; values against

lipid concentration (e.g. Figures 1f and 11) were then compared with the gradient and r* values

of the best-fit lines of the uncorrected f; against lipid concentration.

Results:
In all experiments, the phase of both water and dioxane varied linearly with time throughout the
samples as expected. Results of the primary analysis, not taking into account potential bias due

to unexpected variations in dioxane concentration, are shown in Figure 1. Representative maps
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of exchange-induced frequency shifts are shown in Figures 1a and 1g. In Figures 1b and 1h, the
ROIs are shown overlaid on magnitude water images at TE = 9.57 ms, together with the

cerebroside / POPC concentrations.

Representative graphs of the mean f, measured in the different lipid samples plotted against the
cerebroside or POPC concentration are shown in Figures 1¢ and 1i respectively. The results of
repeated experiments are also shown in Table 3. Since the gradients of the best-fit lines did not
change much over the repeated experiments, the best-fit line gradients and r* values were
averaged over all GC and, separately, over all POPC experiments. The uncorrected exchange-
induced frequency increased linearly with cerebroside concentration at 0.208 + 0.027 ppb/mM
(" =0.936, p < 0.01 in a two-sided t-test). This is in comparison with f; at increasing
concentrations of pure POPC which showed negligible increase with concentration at 0.018 +
0.022 ppb/mM (1 = 0.143, p > 0.45 in a two-sided t-test). The results of fitting f, against lipid

concentration are summarized in Table 3.

Effects of Dioxane Concentration on Water Frequency Shift

The results of the water-dioxane experiments are presented in Figures 2 and 3. Figure 2a shows
a map of f,,.; and illustrates the fact that the shifts in this experiment were much greater than
those measured in the lipid experiments. Figure 2b shows the measured peak area ratio (R)
against 1/water molar fraction (wmf). R shows a strong linear dependence on wmf (r* > 0.99).
However, the coefficients do not agree exactly with the assumption that R is directly
proportional to the number of dioxane protons/number of water protons i.e. they are not equal to
4 as predicted in Equation 2. Figure 2¢ shows the measured frequency shift f,., against the
measured peak area ratio. This shows a strong linear relationship which was used for correction

of the initial lipid results shown above.
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To allow comparison with the previous results of Leutritz et al. (16), we also plotted f,., against
the dioxane concentration (Fig. 3). As Leutritz et al. (16) found a linear relationship between f,,.,
and the dioxane concentration we performed a linear fit over all of our data which gave a
gradient of —0.0504 + 0.0041 ppb/mM and r* = 0.9626. As our dioxane concentrations were far
higher than those used in Leutritz et al (16) we also performed a linear fit over the four lowest
dioxane concentrations for a closer comparison which gave an improved fit with a gradient of —
0.0206 % 0.0022 ppb/mM and r* = 0.9782. The data were fitted to the relationship given in (19)

which yielded a much closer fit (* = 0.9984) than the linear fits described above.

Correction for Unexpected Small Variations in Dioxane Concentrations in Lipid Experiments

Examples of the effect of correcting the measured lipid £, values are shown in Figures 1f and 11.
Figures 1d and 1j show examples of peak area ratios measured in the lipid experiments. These
were used together with the best-fit linear relationship between f,,.; and R (Figure 2¢) to
calculate a predicted additional dioxane-induced frequency shift shown in Figures 1e and 1k for
GC and POPC respectively. Note that the peak area ratios showed different behavior with
increasing lipid concentration in the different lipid experiments (Figures 1d and 1j) and that the
frequency shifts predicted from them were thus also different (Figures 1e and 1k). The results of
subtracting the additional shifts over the baseline/intercept given in Figures 1e and 1k from the
original £, values in Figures 1c and 1i gave the corrected shifts shown in Figures 1f and 11

respectively.

The results of fitting the corrected f, against lipid concentration are summarised in Table 3
together with the uncorrected results. The correction resulted in the significant increase in the
uncorrected f, with GC concentration being abolished (corrected Afgc = 0.023 + 0.037 ppb/mM,

> =0.085, p > 0.575 in a two-sided t-test) and also gave a significant increase in £, with
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increasing POPC concentration (Afpopc = 0.044 £ 0.008 ppb/mM, > = 0.877, p < 0.01 in a two-

sided t-test) which had not been observed in the uncorrected case.

Discussion:

The measurements presented here suggest that the contribution of lipids to exchange-induced
frequency shifts f, in white matter is likely to be small. Although significant variation in f, was
observed in samples with differing amounts of cerebrosides (GC) (26) and phospholipids
(POPC), two of the main lipids found in cell membranes, much of this variation may be
attributable to the effect of the internal frequency reference (dioxane) on the water frequency
shift. Accurate measurement of this effect (f,.,) in dioxane-water samples, and correction for its
contribution to f; in lipid samples, rendered the previously significant dependence of £, on GC
concentration insignificant. Interestingly, after correction, a small but significant dependence of
f. on POPC concentration was seen. This is counter-intuitive as POPC has only one
exchangeable OH proton and almost no MT effect (14), suggesting that it does not contribute

substantially to chemical exchange processes.

The corrected POPC-induced frequency shift coefficient (0.044 £+ 0.008 ppb/mM), together with
literature WM-GM tissue phospholipid concentrations (~ 35-38 mM (7,8)) suggests that we
might expect ~ 1-2 ppb exchange-induced WM-GM contrast due to POPC. This is considerably
smaller than brain tissue measurements: WM-GM A f, = 6.3 to 13.5 ppb (4) and is also smaller

than the 6-12 ppb susceptibility anisotropy observed in WM at 7T (27).

To compare the results obtained here with previous measurements in protein solutions, we need
to take into account the molecular weights of these lipids (760 g/mol, Avanti) relative to

proteins (BSA, ~67 kg/mol, (5)), which are likely to be related to the number of exchanging
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protons on each molecule. Taking this into consideration, the measured Afpopc ~ 0.06 ppb / (g/L)
is smaller than the £, measured previously in BSA protein solutions ~ 0.16 ppb / (g/L) (5,6),

although the latter may have been influenced by dioxane- (or TSP-) water interactions as well.

Limitations and Assumptions:

The results presented above need careful interpretation. Apart from the difficulty in measuring
small shifts in resonance frequency, and the ample opportunity for confounding effects, our
model systems are, by definition, a highly simplified approximation of the conditions found in
white matter in vivo. One shortcoming is the relatively low temperature used here (room
temperature) compared to temperatures encountered in vivo. Since chemical exchange rates tend
to increase with temperature and lineshapes change (23), we would expect exchange-induced
frequency shifts to be different in vivo at body temperature. It is possible that the PBS buffer did
not perfectly control the pH of the samples, leading to a potential confound to the measurements
of /. at different lipid concentrations. Any lipid concentration-dependent pH variations are
likely to be small as POPC-GC and POPC-Cholesterol MLVs (14) with over three to six times
the total lipid concentration in our samples buffered with 10mM HEPES buffer at pH 7.4 (c.f.
our PBS with 3.0 mM Sodium Phosphate and 1.1 mM Potassium Phosphate) showed pH values

between 7 and 7.4.

In the water-dioxane experiment, the dependence of dioxane: water peak area ratio R on the
reciprocal of the water molar fraction was found to be 3.21, somewhat below the value expected
based on the molar ratio of their proton concentrations (i.e. 4). This could be for a number of
reasons including the fact that spectral peak areas are influenced by factors other than the
number of dioxane and water protons present e.g. saturation and relaxation effects (25). This
should not affect the corrections for the effect of dioxane on water frequency shift, assuming

this phenomenon was present similarly in the water-dioxane samples and in the lipid samples.
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A noticeable feature of the best fit lines for the variation of exchange-induced frequency plotted
against lipid concentration (e.g. in Figs. 1c¢ and 1i) was a different constant offset in each
experiment. These different offsets meant that the f, measured in the ‘control’ tubes could not be
compared between experiments and are, therefore, not shown. The different offsets are likely to
arise from subtraction of the mean apparent £, in the surrounding fluid ROI (large blue ROI in
Figures 1b and 1h) from all the other mean ROI values in an attempt to correct for any slight
mis-centering of the band-pass filters over the water and dioxane spectral peaks. Therefore, any
offset is likely to depend greatly on the precise choice of fluid ROI, especially because the SD
of £, in the largest fluid ROI was much greater than within any of the lipid ROIs. Fortunately,
the different offsets do not affect the findings regarding the observed dependencies of f; on lipid

concentrations as these are based only on the gradients and r* values of the best-fit lines.

Figure 3 clearly shows a strong dependence of f,,, on the concentration of dioxane in each
sample. At the lowest concentrations the gradient of the best-fit line (-2.06 £ 0.22 x 10~
ppm/mM dioxane) agrees reasonably well with the dependence measured by Leutritz et al. (16)
(-2.68 £ 0.42 x 10 ppm/mM dioxane). We performed f,., measurements at dioxane
concentrations (534 - 6352 mM - Table 2) much greater than those of Leutritz et al. (0-60 mM).
At these higher concentrations the relationship between f,, ;, and dioxane concentration becomes
non-linear and behaves according to the relationship given in (19) (Fig. 3). This f,,., - [dioxane]
relationship can be predicted by considering dioxane-water complex formation through
hydrogen bonds as has been previously observed in (18,19). This non-linear relationship
becomes linear again when f,,, is plotted against R instead of just the dioxane concentration

(Figure 2c).

Despite the fact that the dioxane:water concentration was designed to be constant throughout all
the lipid tubes and the surrounding fluid (15% v/v giving a predicted peak area of 0.127), small

variations in the measured peak area ratio (R) were found between the different lipid tubes e.g.
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between 0.105 to 0.122 (see Figures 1d and 1j). It is not clear why R was variable and slightly
less than expected (0.127). If anything, one might have expected a reduction in the water peak
area, giving an increased R, due to the freeze-thawing during MLV formation or due to
association of water with the lipids. Plots of R against lipid concentrations (Figures 1d and 1j)
show that R decreased with increasing GC (and POPC) concentration in the GC experiments
(Fig. 1d) and increased with POPC concentration in one of the POPC experiments (Fig. 1j) and
showed no correlation with POPC concentration in the other (not shown). A potential
explanation for these effects could be some sort of differential compartmentalisation of the
dioxane and/or the water so that they reside in different proportions in the three available
compartments: in between the lipid bilayers, inside the MLVs or outside them. If this
differential compartmentalisation of dioxane and water were to explain the different behavior of
R with lipid concentration for GC+POPC MLVs and pure POPC MLVs then the

compartmentalisation would then also need to be different between these two types of MLVs.

The significant dependence of the corrected f, on POPC concentration is intriguing considering
POPC has only a single exchangeable OH proton per molecule. Given that the GC MLVs also
contained POPC (GC:POPC 1:2), one might conclude that GC may have an opposing (and
doubly large) effect on f, compared to POPC. This would then suggest that the effects of GC
and POPC on f; result from exchangeable protons with different chemical shifts. This implies
that the magnitude of f, may vary considerably depending on the relative concentration of

particular lipid species.

A further possibility is that, in addition to the measured interactions between dioxane and water,
dioxane may also interact directly with lipids, making it an even less desirable reference
substance. There is some evidence that dioxane could interact with lipids as it has been used as a
solvent for lipids (28-30) and has been found to disrupt hydrophobic lipid-protein interactions

(31). Furthermore, the dioxane resonance frequency has been found to shift in PBS when
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compared with pure water (22). Future experiments to test whether lipid-dioxane interactions
could have affected these results could involve replication of the water-dioxane experiment with
multilamellar vesicles present at a constant lipid concentration. If the results were significantly
different from those shown here in Figures 2 and 3 then this would provide evidence for the

water-dioxane interaction being affected by the presence of lipids.

In order to completely eliminate the influence of interactions between the reference chemical
and the water or lipids on the results of future experiments, it would be necessary to devise a
reference-chemical-free method for measuring exchange-induced frequency shifts. This is
difficult to do because the primary reason for using internal reference chemicals is to allow
removal of the susceptibility-induced frequency shifts. This separation of exchange-induced and
susceptibility-induced frequency shifts cannot be done using an external reference or while the

magnetic susceptibilities of cerebrosides and POPC are still unknown.

If a reference-free method to measure f, shifts can be developed, it might be interesting to
investigate lipid-based f, contrast in neurological diseases as phospholipids such as POPC are a
primary constituent of cell membranes and cerebrosides are essential for axonal myelin

membrane integrity (32-34).

Conclusion:

Exchange-induced frequency shifts f, were measured in MLVs formed from cerebrosides (GC)
and phospholipids (POPC) developed here to model WM cell membranes. Based on a
confounding effect due to unexpected small variations in the concentration of dioxane, which
was used as an internal frequency reference to remove susceptibility-induced frequency shifts,
we devised a method to correct the MLV data. Following this correction, a significant increase
in uncorrected f, with GC concentration was abolished and a small but significant linear increase

in f, with POPC concentration was observed: Afpopc = 0.044 + 0.008 ppb/mM. Straightforward
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interpretation would suggest that lipids add no more than a minor contribution to f, and, more
generally, to frequency variations observed in brain tissue. However, generalizing these findings
to the in-vivo case should be done tentatively, partly because of the difficulty in realistic

modelling of the conditions encountered in vivo_and partly because of the limitations of the

method used to correct the MLV data. In addition, further research is needed to develop a

reference-chemical-free method that can separate exchange-induced from susceptibility-induced
frequency shifts so that the specific contributions from individual lipids can be more accurately

quantified.
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Table 1: Concentrations of Lipids (mM) in MLV Samples with Molar Fractions (%) of all

Components

Note that the final lipid concentrations (mM) in each tube after the addition of 15% v/v dioxane

were equal to the values in the first three columns of the table divided by 1.15.

Concentration (mM) Molar Fraction (%)
Total ROI Total
Cerebrosides | POPC | Lipids Color | Lipids | Water | Dioxane
4 8 12 green 0.021 96.900 3.079
11 22 33 yellow 0.058 96.864 3.078
18 36 54 pink 0.094 96.829 3.077
25 50 75 cyan 0.131 96.793 3.076
32 64 96 orange 0.168 96.758 3.075
39 78 117 purple 0.204 96.722 3.074

Table 2: Concentrations of Water and Dioxane in the Water-Dioxane Experiment

The large outer tube was included as a data point in this experiment and contained the lowest
dioxane concentration. Note that the concentration of water and dioxane in the lipid MLV
experiments was nominally closest to the highlighted row in the table i.e. 15% v/v

dioxane/water corresponds to a water concentration of 48,169 mM and a dioxane concentration

of 1,531 mM.
Molar Molar
fraction | fraction Water Dioxane
of of concentration | concentration

water | Dioxane (mM) (mM)
0.99 0.01 52873 534
0.98 0.02 50527 1031
0.97 0.03 48337 1495
0.96 0.04 46290 1929
0.93 0.07 40873 3076
0.90 0.10 36337 4037
0.85 0.15 30221 5333
0.80 0.20 25409 6352
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Table 3: Summary of the Results of Experiments to Measure £, in Lipid MLVs

Gradients of best-fit lines (with standard errors) for both uncorrected and corrected exchange-

induced frequency shifts £, against lipid concentration. r* values are also shown for the best fit

lines together with p values for the mean r* values from a two-sided t-test.

Page 50 of 58

Corrected for Water-Dioxane Frequency Shift
SE on SE on
Gradient of fe gradient of fe Gradient of fe gradient of fe
v. lipid v. lipid v. lipid v. lipid
concentration concentration concentration concentration
Experiment  Repetition (ppb/mM) (ppb/mM) r’ P (ppb/mM) (ppb/mM) r P
1 0.208 0.027 0.937 0.023 0.046 0.058
GC 2 0.208 0.027 0.935 0.023 0.032 0.111
Mean 0.208 0.027 0.936  0.002 0.023 0.037 0.085 0.576
POPC 1 1 0.043 0.025 0.421 0.045 0.006 0.930
1 0.006 0.018 0.025 0.043 0.009 0.844
POPC 2 2 0.011 0.021 0.067 0.045 0.009 0.866
3 0.010 0.020 0.059 0.043 0.008 0.869
Mean 0.018 0.022 0.143  0.460 0.044 0.008 0.877  0.006
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FIGURE LEGENDS

Figure 1. Results of Measuring f; in Lipid Experiments

Exchange-induced frequency maps in the GC (a) and POPC (g) experiments. The exchange-
induced frequency maps are scaled between -2 and +3 Hz. The magnitude images at TE = 9.6
ms are shown in figures (b) and (h) together with ROIs used to obtain the mean and standard
deviation of f, in each tube. The lipid concentrations in each tube increase from green (A lowest
concentration) to yellow, pink, cyan, orange, and purple (F highest concentration) (see Table 1).
The large blue ROI indicates the surrounding PBS and the black circles are air bubbles that were
excluded from the ROI analysis. The graphs in (c) and (i) show the mean exchange-induced
frequency in each ROI plotted against the cerebroside (c) or POPC (i) concentration in each
tube. The graphs in (f) and (1) show the corrected £, values plotted against the cerebroside (f) or
POPC (1) concentration in each tube. The peak area ratios (R) measured in the GC (d) and
POPC (j) experiments are plotted against the relevant lipid concentration in each tube; the value
from the surrounding PBS has been added as the ‘0 mM’ value. These values, together with the
linear relationship from the best-fit of f,,; v. R (Figure 2c) were used to calculate a predicted
additional frequency shift shown in (e) and (k) for GC and POPC respectively. The corrected
values in (f) and (1) were obtained by subtracting the additional frequency shift (i.e. the
frequency shift minus the intercept of the best-fit line) in () and (k) from the original frequency
shifts in (c) and (i) respectively. In figures (c-f) and (i-1) the best-fit lines are given, together

with the r* values. The error bars on each point indicate the standard deviation in each ROI.

Figure 2. Results of Measuring f,., in Water-Dioxane Experiments

Exchange-induced frequency f,,., map for the different water/dioxane concentrations shown in
Table 2 (a) scaled between -139 and+ 91 Hz. Peak area ratio R (dioxane:water) plotted against
the inverse of the water molar fraction for the water/dioxane mixtures at different concentrations
to test the predicted relationship in Equation 2 (b). The best-fit line is shown together with the r*

value. The measured interaction-induced water-dioxane frequency shift f,,, for the
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water/dioxane mixtures at different concentrations plotted against the measured peak area ratio
R (dioxane:water) (c). The best-fit line is shown together with the r* value and this relationship
was used together with the measured peak area ratios in each lipid tube to correct the measured
f. values in the lipid experiments. The error bars on each point in the graphs indicate the
standard deviation in each ROI. Note that the total frequency difference between dioxane and
water peaks would be given by the interaction-induced shift f,,, plotted here in addition to the
expected chemical shift difference between dioxane and water (1.04 ppm) (4) and thus remains

positive over the whole range of peak area ratios.

Figure 3. Results of Measuring f,., v. Dioxane Concentration in Water-Dioxane Experiments

Exchange-induced frequency f,., plotted against dioxane concentration (black xs). For
comparison with Leutritz et al. (16), a linear fit was performed over the four lowest dioxane
concentrations giving a gradient of —0.0206 + 0.0022 ppb/mM and r* = 0.9782. The
relationship given in (19) is shown to fit the data closely: r* = 0.9984. The error bars on each
point in the graphs indicate the standard deviation in each ROI therefore the point at the lowest
concentration has the largest error because it came from the largest (outer tube) ROI. Note that
the total frequency difference between dioxane and water peaks would be given by the
interaction-induced shift f,,.; in addition to the expected chemical shift difference between

dioxane and water (1.04 ppm) (4) and thus remains positive over the whole concentration range.

http://mc.manuscriptcentral.com/nbm
26



Page 53 of 58

©CoO~NOUTA,WNPE

NMR in Biomedicine - For Peer Review Only

Figure 1
(panel 1)

6
c 5
4
~3
3
g2
2 y =0.2085x - 1.9189
KE R?=0.937
<
0
[ 20 25 30 35 40
-1
5 % GC Concentration (mM)
-3
d o124
0122
&
© 0.120
H
@ 0.118
%0116
5 0.114
& 0112
F o110 ,}
$0.108
2
S 0.106
™
3 0.104
a
0.102 :
5 10 15 20 25 30 35 40
= GC Concentration (mM)
€ Tw
2
s 9 ;}
G o
g
o5
N
z
£o
f )}
8 2
=
B 9t
o
o 9
0 5 10 15 20 2 30 35 0
GC Concentration (mM)
f 2

1 y=0.0227x-1.9186
R?=0.0582

~

Corrected Afg: (ppb)
&

GC Concentration (mM)

Figure 1. Results of Measuring fe_in Lipid Experiments\nExchange-induced frequency maps in the GC (a) and
POPC (g) experiments. The exchange-induced frequency maps are scaled between -2 and +3 Hz. The
magnitude images at TE = 9.6 ms are shown in figures (b) and (h) together with ROIs used to obtain the
mean and standard deviation of fe in each tube. The lipid concentrations in each tube increase from green (A
lowest concentration) to yellow, pink, cyan, orange, and purple (F highest concentration) (see Table 1). The
large blue ROI indicates the surrounding PBS and the black circles are air bubbles that were excluded from
the ROI analysis. The graphs in (c) and (i) show the mean exchange-induced frequency in each ROI plotted
against the cerebroside (c) or POPC (i) concentration in each tube. The graphs in (f) and (I) show the
corrected f. values plotted against the cerebroside (f) or POPC (I) concentration in each tube. The peak area
ratios (R) measured in the GC (d) and POPC (j) experiments are plotted against the relevant lipid
concentration in each tube; the value from the surrounding PBS has been added as the ‘0 mM’ value. These
values, together with the linear relationship from the best-fit of f,.4 v. R (Figure 2c) were used to calculate a
predicted frequency shift shown in (e) and (k) for GC and POPC respectively. The corrected values in (f) and
(1) were obtained by subtracting the residual frequency shift (i.e. the frequency shift minus the intercept of
the best-fit line) in (e) and (k) from the original frequency shifts in (c) and (i) respectively. In figures (c-f)
and (i-1) the best-fit lines are given, together with the r? values. The error bars on each point indicate the
standard deviation in each ROI.
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Figure 1. Results of Measuring fe_in Lipid Experiments\nExchange-induced frequency maps in the GC (a) and
POPC (g) experiments. The exchange-induced frequency maps are scaled between -2 and +3 Hz. The
magnitude images at TE = 9.6 ms are shown in figures (b) and (h) together with ROIs used to obtain the
mean and standard deviation of fe in each tube. The lipid concentrations in each tube increase from green (A
lowest concentration) to yellow, pink, cyan, orange, and purple (F highest concentration) (see Table 1). The
large blue ROI indicates the surrounding PBS and the black circles are air bubbles that were excluded from
the ROI analysis. The graphs in (c) and (i) show the mean exchange-induced frequency in each ROI plotted
against the cerebroside (c) or POPC (i) concentration in each tube. The graphs in (f) and (I) show the
corrected f. values plotted against the cerebroside (f) or POPC (I) concentration in each tube. The peak area
ratios (R) measured in the GC (d) and POPC (j) experiments are plotted against the relevant lipid
concentration in each tube; the value from the surrounding PBS has been added as the ‘0 mM’ value. These
values, together with the linear relationship from the best-fit of f,.4 v. R (Figure 2c) were used to calculate a
predicted frequency shift shown in (e) and (k) for GC and POPC respectively. The corrected values in (f) and
(1) were obtained by subtracting the residual frequency shift (i.e. the frequency shift minus the intercept of
the best-fit line) in (e) and (k) from the original frequency shifts in (c) and (i) respectively. In figures (c-f)
and (i-1) the best-fit lines are given, together with the r? values. The error bars on each point indicate the
standard deviation in each ROI.
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Figure 2. Results of Measuring fu-4 in Water-Dioxane Experiments
Exchange-induced frequency f.-¢ map for the different water/dioxane concentrations shown in Table 2 (a)
scaled between -139 and+ 91 Hz. Peak area ratio R (dioxane:water) plotted against the inverse of the water
molar fraction for the water/dioxane mixtures at different concentrations to test the predicted relationship in
Equation 2 (b). The best-fit line is shown together with the r? value. The measured interaction-induced

water-dioxane frequency shift fy-q for the water/dioxane mixtures at different concentrations plotted against

the measured peak area ratio R (dioxane:water) (c). The best-fit line is shown together with the r? value
and this relationship was used together with the measured peak area ratios in each lipid tube to correct the
measured f. values in the lipid experiments. The error bars on each point in the graphs indicate the standard
deviation in each ROI. Note that the total frequency difference between dioxane and water peaks would be
given by the interaction-induced shift f,.q4 plotted here in addition to the expected chemical shift difference

between dioxane and water (1.04 ppm) (4) and thus remains positive over the whole range of peak area

ratios.
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Figure 3. Results of Measuring fw-d v. Dioxane Concentration in Water-Dioxane Experiments
Exchange-induced frequency fy-q plotted against dioxane concentration (black xs). For comparison with
Leutritz et al. (16), a linear fit was performed over the four lowest dioxane concentrations giving a gradient
of -0.0206 + 0.0022 ppb/mM and r? = 0.9782. The relationship given in (19) is shown to fit the data
closely: r? = 0.9984. The error bars on each point in the graphs indicate the standard deviation in each ROI
therefore the point at the lowest concentration has the largest error because it came from the largest (outer
tube) ROI. Note that the total frequency difference between dioxane and water peaks would be given by the
interaction-induced shift f,.q4 in addition to the expected chemical shift difference between dioxane and water
(1.04 ppm) (4) and thus remains positive over the whole concentration range.
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Investigating Lipids as a Source of Chemical Exchange-Induced MRI Frequency Shifts
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We measured exchange-induced frequency shifts (f;) in a model of cell membranes consisting of

13 multilamellar vesicles of cerebrosides and phospholipids. Using chemical shift imaging with dioxane
14 as an internal reference to remove susceptibility-induced frequency shifts, we found significant

15 increases in £, with increasing lipid concentration: 0.044 + 0.008 ppb/mM (r* = 0.877, p < 0.01). We
16 also measured and corrected for the water-dioxane frequency shift which was —0.021 = 0.002 ppb/mM
dioxane in agreement with previous measurements at low dioxane concentrations.
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