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Synopsis

Ex vivo histology remains the gold standard against which MRI biophysical models, e.g. the MR g-ratio which characterises the fraction of a
fibre’s diameter that is myelinated, are evaluated. The MR g-ratio model requires a measure of myelin density, for which magnetization transfer
saturation (MT) has been used as a biomarker. However, changes occurring post mortem, e.g. autolysis, temperature changes and fixation,
significantly alter the MRI signal. Here we investigate how these changes impact MT. We found that MT decreased post mortem but greatly
increased upon fixation. These effects are similar to reported changes of other established MRI myelin-markers.

Purpose

Validation of in vivo MRI-based biophysical models characterizing microstructure in the human brain tissue such as the myelin g-ratio (1) requires
comparison to gold standard histology methods, which are mostly based on formalin fixed ex vivo tissue samples (2). However, the MRI signal and its
parameters can significantly change from in vivo to ex vivo due to, e.g. (i) autolysis (varying post-mortem interval, PMI (3)), (ii) fixation (e.g. crosslinking of
proteins (3,4)), and (iii) temperature changes (5). Consequently, it is necessary to characterize these changes for those specific MRI parameters used in
biophysical models such as (1). The purpose of this pilot study is to investigate these changes for the magnetization transfer (MT) saturation (6), a semi-
quantitative MRI (QMRI) myelin-marker that has been used for MR g-ratio mapping (7,8). Using a comprehensive gMRI protocol (9,10) in a longitudinal
design (from in vivo via unfixed in situ, to fixed ex vivo), we compare the MT marker to previously tested qMRI parameters: (i) the clinically more established
but less quantitative myelin marker, the MT ratio (11), as well as to the longitudinal (T1) and apparent transverse (T2*) relaxation times.

Methods

Animal preparation: A female Sprague-Dawley rat (380g) was sacrificed after in vivo measurement under deep general anesthesia (5% isoflurane) by
employing carbon dioxide inhalation. Animal experiments were approved by the local authorities of the State of Hamburg and conform to the guidelines set
by the European Union. A rectal temperature probe was used during in situ imaging. MRI: The gMRI data of the rat brain was measured longitudinally: we
started with in vivo MR, then after sacrifice, we carried out in situ MRI of the unfixed brain (in intervals of 1Thour for 10 hours), and finally after 20 days of
immersion fixation we performed ex vivo MRI. Data were acquired on a 7T Bruker Clinscan small animal MRI system using a multi-echo spoiled gradient
echo (SPGR) sequence with predominantly proton density (PDw; flip angle = 60), T1w- (210), and magnetization transfer (MTw; 60 with a 4ms Gaussian
pulse 2kHz off-resonance prior to excitation) weighting. Two protocols were used (i) for in vivo / in situ MR, and (ii) for ex vivo MRI. Each had a TR of 30ms
and echoes were acquired with 1.26ms echo-spacing from TE = 2ms to TE = 13.34ms (MTw, 10 echoes) or 18.6ms (PDw and T1w, 14 echoes). Protocol
(i) had a resolution of 0.3 mm isotropic and a total scan time of about 18 min, whereas protocol (ii) had a resolution of 0.17 mm isotropic and a total scan
time of about 50 min, and was acquired with 4 repetitions. Processing: Quantitative maps of MT, T1, T2*, as well as MTR maps and effective proton density
(the latter is not used here) (6,9,10,12) were calculated using in-house software in Matlab. To define regions-of-interests within WM and GM (Figs. 2-5), we
segmented the MT maps at each time point using SPM Mouse (13) and SPM12. The in vivo gMRI data are not used for figure 2-5 because of severe
physiological artefacts (see Fig. 1).

Results and Discussion

Our most important result was that MT was increased after fixation (Fig. 2,3,4) (as opposed to all other gMRI parameters). MT is independent of underlying
T1 and thus behaved similar to the more quantitative but time-consuming z-spectrum magnetization-transfer imaging (qMT, (14)) — a more established
myelin marker (15), supporting previous findings that MT saturation is a good proxy for gMT (8). In situ, MT (and T2*) decreased (increased) with increasing
PMI and decreasing temperature but greatly increased (decreased) upon fixation. T2* (GM and WM) and MT (WM) showed less strong correlation to
temperature effects than MTR and T1 (Fig. 5), indicating temperature changes and autolysis processes are differently affecting these metrics. While the
observed temperature-dependence of T1 agrees to a recent experiment (5), the observed increase in T2* with decreasing temperature contradicts their
findings. This difference between Birkl's and our study might be caused by the varying environmental influence ex vivo and in situ.

Conclusion
The fact that fixation effects in MT are similar to reported changes in the myelin-marker obtained from quantitative z-spectrum magnetization-transfer
imaging (14,15), is an indication that MT is an equally sensitive but more efficient biomarker and thus. should be more widely used.
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Figures

Figure 1: MT map measured with in vivo, in situ, and ex vivo MR
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Figure 1: MT map acquired using in vivo, in situ (1 hour after scarification, unfixed), and ex vivo (after 20 days immersion fixation) MRI. Depicted are
representative image quality in the three tissue status, indicating that the in vivo multi-parameter-mapping (MPM) protocol suffered from severe motion
artifacts. The artifacts were probably due to residual cardiac pulsation and breathing that remained after anesthetizing the rat. Thus, we excluded the in vivo
MPWMs for the rest of the analysis.

Figure 2: Changes from in-situ to ex-vivo situation in gray matter
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Figure 2: Detailed assessment of effects of autolysis and fixation in a gray matter (GM) mask is performed by depicting the histogram of the MT (a), MTR
(b), T1 (c), and T2* (d) maps, longitudinally, using the time points 1 to 9 hours after scarifications, and 20 days after immersion fixation. The maximum of

the histogram follows the same trend as the median of each metric in GM (for details see Fig. 4). The width of the histogram, however, provides additional
information: it changes substantially after fixation (increased for MT, MTR, T1, and decreased for T2*).

Figure 3: Changes from in-situ to ex-vivo situation in white matter
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Figure 3: Detailed assessment of effects of autolysis and fixation in white-matter (WM). The same as in Fig. 3 is depicted using a WM mask. For the
maximum of the histograms, the same trend as in Fig. 3 is observed. The width of the histograms of the MT and T2* values (a and d) show similar trends
as in GM. The width of the histograms of the MTR and T1 values (b and c) behave differently as in GM: it stays the same or is even slightly decreases.

Figure 4: Relative change from in sifu to ex vivo situation
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Figure 4: Fixation effects are assessed by relative change (to first time-point) of the median values of MT (black), MTR (green), T1 (red), and T2* (yellow) in
GM (a) and WM (b), using longitudinal MRI of one unfixed rat brain (in situ) after scarification, and ex vivo MRI after immersion fixation (20 days). Changes of
in situ metrics are small in GMand WM (T2*: +10%, other metrics: -10%). After fixation MTR, T1, and T2* decrease strongly (T1: -40%, T2*: -70%, MTR:
-60%), while MT increases slightly (GM: +1%, WM: +15%). Temperature and autolysis effects are analyzed in Fig. 5.

Figure 5: Correlation with temperature
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Figure 5: To disentangle temperature (blue curve in Fig. 2) from other effects such as autolysis, the correlation between MT, MTR, T1, and T2* curves and
temperature is evaluated for the time points 2h to 9h after scarification. In GM, MT, MRT, and T1 are strongly and significantly correlated to temperature,
whereas T2* is not. In WM, MTR and T1 are strongly and significantly correlated to temperature, T2* is less strongly but still significantly correlated, and MT
is not. These results indicate that T2* (GM and WM) and MT (WM) metrics are stronger affected by autolysis than temperature effects.
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