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Motivation: Studying ex vivo tissue requires preservation by formalin-�xation or freezing. E�ects of these methods on tissue parameters compared to fresh tissue is unknown.

Goal(s): We investigated how freezing/thawing and �xation a�ect T1, T2, and MT properties in brain tissue. We created a protocol to apply MR methods (T2-MESE, biexponential T1, qMT, ihMT, NODDI) to

pathology specimens in the Michigan Alzheimer’s Disease Research Center (MADRC) repository.

Approach: We scanned the same ex vivo sheep brain samples fresh, frozen/thawed, and �xed, and compared their relaxation and MT properties.

Results: E�ects of �xation are most prominent in white matter and especially in�uence T1 and T2 relaxation.

Impact: Thawed tissue exhibits more similar relaxation and MT properties to fresh tissue than �xed tissue does. In MR studies that use ex vivo tissue samples, such as those correlating MR to histology, thawed

tissue may be preferable to formalin-�xed.

Introduction
MR techniques sensitive to myelin content and relaxation properties are used in the in vivo study of white matter (WM) pathology. Although many MR methods like T2 multi-echo spin-echo (T2-MESE),

quantitative magnetization transfer (qMT), T1 and NODDI are sensitive to myelin content and pathology, the correspondence between pathological and MR signal changes are unknown. To study the

pathological underpinnings of MR signal changes in disease, investigators often use post-mortem formalin-�xed tissue to correlate the MR �ndings with histological measures . Formalin �xing of tissue,

however, can alter the physicochemical and relaxation properties of myelin. Freezing at -80°C also preserves post-mortem tissue, but ice crystals may a�ect tissue integrity. Our research study will scan ex vivo

post-mortem tissue samples from the Michigan Alzheimer’s Disease Research Center (MADRC). To choose between frozen or �xed tissue available in the brain bank, we investigated e�ects of freezing/thawing

and of formalin �xation on the T1, T2, and MT properties of ex vivo sheep brain tissue samples.

Methods
Tissue was dissected and placed in histology cassettes to immobilize and enable �xation after MR acquisition. Each cassette was submerged in Fluorinert FC-770 (3M, St. Paul, MN) to minimize B0 �eld

inhomogeneity and inserted into the 7T MRI (Varian/Agilent) for MR studies at ~15°C. T2 data were collected via a MESE scan with two averages (TR/echo spacing=4000/5 ms; matrix size 128×128). T1 IR data

were collected with spin-echo EPI readout at 21 TI times (TR/TE=8000/36 ms; matrix size 64×64). Five slices were acquired with thickness 2mm, FOV 35mm, and in-plane resolution 273 × 273 microns. Single-slice

MT data were collected with a gradient echo scan (TR/TE=120/3 ms; matrix size 128×128). Following fresh sample data collection, the cassettes were placed in a -80°C freezer to replicate the MADRC protocol.

After three weeks the samples were thawed for 48 hours, scanned with the above protocol, placed in formalin for 36 hours for �xation, washed in normal saline solution for 12 hours, and scanned again. MESE

data were analyzed with non-negative least squares (NNLS) regression using the extended phase graph formalism to estimate a T2 spectrum for each voxel . A biexponential �t was performed on the IR data to

calculate the fast/slow relaxing eigenvalues . A nonlinear parametric �t using a standard MT model was performed to estimate qMT parameters . We repeated these steps for six samples, and show

representative results for one.

Results
Figure 1 shows the T2 analysis; for this sample the average T2 peak for non-myelin water was lower for �xed tissue (27ms WM, 40ms GM) than fresh (58ms WM, 58ms GM) and thawed tissue (51ms WM, 58ms

GM). Figure 2 shows the T1 analysis and an increase in R1 and R1  with �xation. Figure 3 shows the MT model analysis and illustrates a higher MTR from �xed tissue and not much WM/GM contrast in the

T2  (T2 of solid component) map.

Discussion
The observed shift to shorter T2 in the non-myelin water component in the formalin-�xed tissue is consistent with prior studies . Additionally, we did not see di�erences in the T2 properties of the

fresh/thawed samples, consistent with [9-10]. The MWF maps do not exhibit the same WM/GM contrast as in [1-3], but do show an increase in MWF in �xed tissue as in [4], and we hypothesize that our low

temperature (15°C) and high �eld (7T) study may a�ect T2 analysis. Similar to in vivo human results in [6] we �nd WM R1  to be smaller than GM R1 . Presumably, this di�erence is due to increased protein

content in GM vs. WM. Conversely, R1  in WM is larger than GM, likely due to increased cholesterol and galactocerebroside content of WM. We see a higher MTR in �xed tissue, consistent with [4]. Among the

limitations of our study that we plan to address in the next phase of experiments is the tissue age; the �xed tissue is older than the frozen tissue in comparison to the fresh tissue. Tissue aging is not taken into

account in the current results. Despite the best e�ort to make comparisons in the same ROIs, �xation (and freezing/thawing) can shrink/expand the tissue and make placement of exact ROIs challenging. We did

not conduct the experiments at physiological temperature, which may also a�ect tissue characteristics.

Conclusion
We found that both �xation and freezing a�ect relaxation properties. E�ects of �xation are most prominent in WM, so when studying ex vivo tissue, thawed tissue may be preferable to formalin-�xed. Our next

step involves comparing these quantitative maps to histology to look for correlations and relationships between the two types of analyses.
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Fig 1. T2-MESE analysis. Coronal section of ex vivo sheep brain at globus pallidus level was scanned fresh, thawed, and formalin-�xed (also used in Fig. 2-3). (a) SE images marked with WM/GM ROIs (30 voxels

each). (b) Observed and �tted signal decay curves vs. echo time for one WM/GM voxel. The model used the �rst 64 echoes; 192ms of echo train. A similar ROI for WM and GM was chosen for data in Figs. 2-3. (c)
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T2 spectra over WM/GM ROIs; the two peaks are associated with myelin/non-myelin water. The long T2 peak shifts to shorter values for �xed tissue. (d) MWF maps calculated with 10 ms cuto�.

Fig 2. Biexponential T1 analysis of IR data from same sample obtained with 21 inversion times logarithmically spaced from 10 ms to 5 s. (a) Observed and �tted IR curves vs. inversion time for WM/GM voxel in

top left of each ROI. (b) Fitted R1  parameter map and (c) �tted R1  parameter map, calculated using the model in [6]. There is an increase in R1  and R1  with �xation and �xation appears to increase

R1  in WM more than in GM.

Fig 3. Quantitative MT data and results. Data were collected at four RMS B1 values of 17.6, 8.8, 4.4 and 2.2 µT and 25 o�-resonance frequencies from -60kHz to +60kHz at 5 kHz increments. (a) MT  signal vs. 25

o�-resonance frequencies (RMS B1 �eld = 17.6 µT) for WM/GM voxel in top left of each ROI. (b) MTR maps calculated using the average of the images at -10kHz and 10kHz. (c) Fitted T2  map. (d) Fitted R M /R

map. Maps in c and d estimated with a standard MT model . Maps in (b) and (d) exhibit more GM/WM contrast than maps in (c). MTR is highest in �xed tissue WM.

Fig 4. Average parameter values in the WM/GM ROIs indicated in Fig 1a. Fixation signi�cantly changes WM estimates derived from MESE data. R1  of GM is much greater than in WM with variable changes with

freezing/thawing and �xation. R1  increase is more pronounced in �xed than in frozen/thawed specimen. Similarly, MTR increases more with �xation than with freezing/thawing, and more in WM than in GM.

T2  changes very little, though subtle WM/GM contrast in fresh tissue is washed out with freezing/thawing or �xation.
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