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Abstract

Previous ex vivo diffusion tensor imaging (DTI) studies on formalin fixed myocardial tissue 

assumed that, after some initial changes in the first 48 hours since the start of fixation, DTI 

parameters remain stable over time. Prolonged preservation of cardiac tissue in formalin prior to 

imaging has been seen many times in the DTI literature as it is considered orderly. Our objective is 

to define the effects of the prolonged cardiac tissue exposure to formalin on tissue 

microanatomical organization, as this is assessed by DTI parameters. DTI experiments were 

conducted on eight excised rodent hearts that were fixed by immersion in formalin. The samples 

were randomly divided into two equinumerous groups corresponding to shorter (~2 weeks) and 

more prolonged (~ 6–8 weeks) durations of tissue exposure to formalin prior to imaging. We 

found that when the duration of cardiac tissue exposure to formalin before imaging increased, 

water diffusion became less restricted, helix angle (HA) histograms flattened out and exhibited 

heavier tails (even though the classic HA transmural variation was preserved), and a significant 

loss of inter-voxel primary diffusion orientation integrity was introduced. The prolonged 

preservation of cardiac tissue in formalin profoundly affected its microstructural organization, as 

this was assessed by DTI parameters. The accurate interpretation of diffusivity profiles 

necessitates awareness of the pitfalls of prolonged cardiac tissue exposure duration to formalin. 

The acquired knowledge works to the advantage of a proper experimental design of DTI studies of 

fixed hearts.
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INTRODUCTION

Magnetic resonance diffusion tensor imaging (MR-DTI), also known as DTI, has emerged 

(Basser et al., 1994) as a powerful non-invasive tool for mapping the orientation-dependent 

microanatomical organization of the myocardium. To do so, it elegantly relates the self-

diffusion of water molecules that undergo Brownian motion to proton spin relaxation MR 

signals.

DTI calls for prolonged scanning times owing to the fact that (i) a minimum of seven 

acquisitions are required, (ii) averaging of multiple acquisitions is typically applied to 

improve the inherently low signal-to-noise ratio (SNR) thanks to the diffusion encoding 

being a negative contrast mechanism (Hsu et al., 2009). In addition, measuring diffusion in a 

beating heart is liable to motion-induced artifactual signal loss during the diffusion 

encoding. For these reasons, most cardiac DTI studies have been conducted in ex vivo 
conditions using excised hearts, especially when three-dimensional (3D) high spatial 

resolution whole organ data were required (Lombaert et al., 2012).

To prevent excised hearts (and other biological tissues) from degradation, chemical fixation 

(CF) of the sample has been a common laboratory practice. To ensure that the postmortem 
tissue represents the structural characteristics of the in vivo tissue as accurately as possible, 

it is of critical importance to minimize delays in the start of the fixation process after death 

(Dyrby et al., 2011; Eggen at al., 2012).

Among the various available fixatives, 10% neutral buffered formalin, often shortened to 

formalin, has been by far the most widely used solution for many decades (Werner at al., 

2000). Formalin is a non-coagulative additive liquid mixture comprising phosphate salts, 

distilled water and approximately 4% formaldehyde. It stabilizes both structure and 

metabolism of biological tissues by cross-linking proteins (Werner at al., 2000). Its huge 

popularity relies on its low cost, ease of preparation, rapid tissue penetration, excellent 

prolonged preservation of tissue morphological details, and capacity to circumvent pigment 

formation as a result of its neutral pH (Carleton, 1980; Werner at al., 2000; Dyrby et al., 

2011).

In the related literature that deals with 3D high spatial resolution DTI studies of excised 

fixed hearts, one may witness a great variation in the duration of tissue exposure to formalin 

before imaging, spanning from 48 hours to over a year. While a minimum exposure duration 

(of ~24–48 hours, depending on the specimen size) needs to be ensured (Carleton, 1980; Fox 

et al., 1985; Srinivasan et al., 2002; Webster et al., 2009) to allow for formalin to penetrate 

tissue and chemical reactions (i.e., formaldehyde group binding to proteins) to complete, 

previous ex vivo cardiac DTI studies have assumed that the prolonged tissue exposure to 

formalin does not alter the parameters used to characterize microstructural organization. The 

bases for this assumption were: (i) Histology-based experimental observations (Fox et al., 

1985) that the tissue reaches an equilibrium state after the initial crosslinking actions, and 

(ii) former findings from some individual non-cardiac longitudinal studies (Kim et al., 2009; 

Dyrby et al., 2011) demonstrating stability of DTI parameters over a prolonged (namely, 

several weeks for cervical spinal cord and three years for brain) period of tissue exposure to 
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formalin. A recent cardiac DTI study (Watson and Hsu, 2012) that aimed at evaluating the 

effects of fixation duration on DTI parameters showed that, after some initial changes (that 

took place the first 48 hours following the tissue immersion in the formaldehyde-based 

solution), the DTI parameters remained stable for up to seven days; however, it happens 

frequently (Jiang et al., 2007; Eggen et al., 2012; Mazumder et al, 2013a,b; Abdullah et al., 

2014) that the cardiac tissue is exposed to formalin for a much more prolonged period prior 

to imaging.

In summary, in spite of numerous ex vivo DTI studies using heart samples that were stored 

in formalin for either shorter or more prolonged time intervals before imaging, little is 

known regarding the effects of the fixation duration on DTI-derived parameters used to 

characterize cardiac tissue microstructure. The need for research into how the time interval 

of cardiac tissue exposure to formalin prior to imaging affects its diffusion magnetic 

resonance imaging (MRI) properties has been also recognised by other recent studies (Hales 

et al., 2011; Eggen et al., 2012).

In the present study, we use excised rodent hearts that were fixed by immersion in formalin 

to assess the effects of fixation duration on DTI-derived parameters that portray tissue 

microstructure. Such knowledge is of multifaceted importance, in that: (i) It works to the 

advantage of a proper experimental design of DTI studies of fixed myocardial specimens by 

providing unambiguous guidelines for specimen preparation. This is crucial for a 

prospective researcher who needs to be aware of all the potential contributing factors ahead 

of designing a project. (ii) It favours the accurate interpretation of the results, as well as their 

rigorous comparison across multiple populations, through avoiding pitfalls of misguided 

readings. (iii) The duration of exposure to fixative is one of the first steps of tissue handling, 

so it arguably dictates the quality of the final DTI results more than other steps that follow 

do. In addition to the above three factors, the increasing availability (Guilfoyle et al., 2003) 

of biological tissue specimen banks renders this knowledge even more valuable nowadays.

MATERIALS AND METHODS

Research Animal Model

We performed ex vivo studies on eight (N=8) Wistar Kyoto (WKY) aged male rats, obtained 

from an unrelated study (Hernandez et al., 2013). The WKY rat is a well-established animal 

model of normal non-pathologic cardiac behaviour. The rats were bought from Charles River 

Laboratories (Charles River Laboratories International, Inc., Wilmington, MA, USA). All 

animal procedures conformed to the guidelines set forth by the Animal Welfare and 

Research Committee of Lawrence Berkeley National Laboratory.

Heart Preparation

The rats were anaesthetized via deep isoflurane inhalation. The intact hearts were rapidly 

dissected and flushed with warmed isotonic saline. As soon as each excised heart had been 

rinsed clean of blood, it was weighed and instantaneously immersed in 60cc of the fixative 

solution, where it was stored at room temperature until imaging. For this study, 10% neutral 

buffered formalin (Sigma-Aldrich Corp., St. Louis, MO, USA) with pH=6.9–7.1 and 
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osmolality=1240–1360 milliosmoles/kg (Henwood, 2010) was used. All hearts were arrested 

in end diastole.

Other Study Design

To assess the impact of the length of cardiac tissue exposure time to formalin prior to 

imaging on DTI-derived parameters used to characterize microstructural organization, the 

excised samples were randomly divided into two equinumerous groups corresponding to 

different durations of tissue exposure to formalin prior to imaging: (i) The first study group 

comprised excised rat hearts (N=4) that were stored in formalin for a shorter time interval 

(but long enough to allow for the fixation process to complete (Wu et al., 2007; Wu et al., 

2009; Watson and Hsu, 2012; Abdullah et al., 2014), approximately 2 weeks (range: 14–15 

days). (ii) The second group comprised excised rat hearts (N=4) that remained in formalin 

for a more prolonged time interval, approximately 6–8 weeks (range: 41–58 days).

Imaging

Whole heart imaging was conducted on a Bruker BioSpec 7T horizontal bore MRI scanner 

(Bruker Biospin, Ettlingen, Germany) interfaced with the Paravision 5.1 software package. 

All MRI acquisitions were performed at typical room temperature, approximately 20°C.

For imaging, each heart was placed in a sealed 5 ml standard syringe filled with Fomblin 

(Solvay Solexis, Inc., West Deptford, NJ, USA) to increase contrast and eliminate 

susceptibility artifacts near the boundaries of the myocardium. Hearts were secured inside 

the containers using gauze to prevent the specimen from floating in the container. The long 

axis of each heart was aligned with the x-axis of the scanner. A custom-made radio 

frequency (RF) coil (single turn solenoid, wrapped around the syringe) was used for signal 

transmission and reception.

To acquire DTI data, a standard 3D spin echo readout sequence was used with the following 

parameters: echo time (TE) = 19.224ms, pulse repetition time (TR) = 500ms. The field of 

view (FOV) was 27×15.5×15.5 (mm), with a data matrix size = 169×97×97, resulting in an 

isotropic resolution of 0.160mm.

Diffusion encoding was carried out using a pair of trapezoidal gradient pulses with 

parameters: gradient duration (δ) = 4ms, inter-gradient separation (Δ) = 10ms, rise time = 

0.25ms, maximum strength of the gradient pulse (G) = 30G/cm, resulting in a nominal b 
value of 1000s/mm2, accounting for all imaging gradients and cross-terms between imaging 

and diffusion gradients. The diffusion-induced signal decay was measured along 12 

optimized (Papadakis et al., 1999) directions. All diffusion measurements were preceded by 

the acquisition of one reference (B0) image. The number of signal averages that was 

acquired was one and the total scan duration for each heart was approximately 17 hours.

Analyses

At first, the effective diffusion tensor D at each voxel was estimated by applying a nonlinear 

least-squares fitting algorithm (Koay et al., 2006) to the diffusion-weighted measurements Si 

(i = 1,...,Ng). After acquiring the six independent elements of D, the three eigenvalues d1, 
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d2, d3 (where d1≥d2≥d3), and the corresponding eigenvectors e1, e2, e3 were calculated at 

each voxel by performing tensor diagonalization. The eigenvectors represent the three 

principal axes of diffusion, whereas each eigenvalue is equal to the rate of diffusion along 

the direction that the paired eigenvector points.

The longitudinal diffusivity (λL), transverse diffusivity (λT), mean diffusivity (MD), and 

fractional anisotropy (FA) were subsequently derived from the three eigenvalues using the 

following formulae, respectively:

(1)

(2)

(3)

(4)

Since it was shown (Hsu et al., 1998) that the primary eigenvector of the diffusion tensor 

coincides with the local myocyte orientation, then, λL represents the water diffusivity 

parallel to the long axes of myocytes, while λT corresponds to water diffusivity 

perpendicular to the axonal myocardial cells.

Apart from the magnitude and degree of anisotropy of water diffusion, its orientation was 

also studied. To this end, helix angle (HA) maps were estimated, where helix angle is 

defined (Streeter et al., 1969) as the angle between the cardiac short-axis plane and the 

projection of the primary eigenvector onto the epicardial tangent plane. Such maps have 

been frequently employed to characterize the classic (Hsu et al., 2009) helix-like orientation 

pattern of the myocytes within the left ventricular wall.

Finally, we sought to assess the inter-voxel primary diffusion orientation coherence. To 

quantitatively map the level of principal diffusion orientation integrity, within a given voxel 

neighbourhood, we relied on the inter-voxel diffusion coherence index (IVDC) (Wang et al., 

2008). This DTI-derived vector homogeneity measure has been also employed in the past 

(Giannakidis et al., 2012) to gauge the extent of orientation derangement of the normal 

myocardial patterns associated with hypertensive hypertrophy. In contrast to other measures 

of primary eigenvector dispersion applied in the DTI literature such as the coherence index 

(Klingberg et al., 1999), IVDC has the supplementary favourable quality that it is insensitive 
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to the inherent eigenvector sign ambiguity (Beg et al., 2007). Below, we briefly describe the 

process of acquiring IVDC with respect to the primary eigenvector for our cardiac DTI 

study.

IVDC is a scatter matrix-based tool, so let us first define the scatter matrix. Consider an 

arbitrary voxel (i. j, k) that belongs to the cardiac wall, and a local area that consists of the 

voxel itself and its 26 nearest neighbours that span in the same short-axis cardiac slice and 

the slices right above and below. Then, the scatter matrix M(i,j,k) for the specific area is a 

symmetric positive semidefinite second-order dyadic tensor of size 3x3 given by

(5)

where e1l,m,n is the major eigenvector at the (l,m,n) voxel. Finally, the IVDC index is given 

by

(6)

where t1, t2, t3 are the eigenvalues of M(i,j,k) and t is the mean of these eigenvalues. IVDC 

is normalized such that it takes values between 0 and 1. A large value of this index at a 

specific voxel indicates a uniform primary water diffusion orientation distribution in this 

voxel’s neighborhood. On the other hand, smaller values of IVDC reflect a regional loss of 

the primary water diffusion orientation organization.

Region of Interest - Segmentation

The short-axis cardiac slice with the largest area (in the mid left ventricular region) was 

analyzed for each heart of the two study groups. The left ventricular wall was segmented 

semi-automatically using cubic splines (de Boor, 1978). The region of interest (ROI) was 

isolated in the B0 image. Extra care was taken to exclude papillary muscles and areas of 

signal dropout. Any voxel, at which the diffusion tensor diagonalization resulted in at least 

one negative eigenvalue, was excluded on thermodynamic grounds. The SNR was measured 

in the B0 images, as the quotient of the mean signal intensity of the myocardium divided by 

the standard deviation of the largest possible ROI placed in the image background.

Statistical Analysis

The mean and standard deviation measures of λL, λT, MD, FA, and IVDC parameter values 

over all the voxels within the ROI were computed and reported for every rat heart of the two 

study groups. To test the statistical significance of the differences in the parameter mean 

values between the two groups, the nonparametric Mann-Whitney test was employed. A 

value of p<0.05 was considered to be statistically significant. Mean SNR values and HA 
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probability density functions (PDFs), averaged over the four hearts of each group, were also 

computed and compared.

All post-processing computations described in Materials and Methods section were 

performed using custom-made code written in Matlab (Mathworks, Natick, MA, USA).

RESULTS

There was no statistically significant difference in the age of the rats at the time of heart 

excision (p=0.8857) and the heart weight to body weight ratio (p=0.9714) between the two 

groups.

It was observed (Fig. 1a) that extended exposure to formalin introduced a statistically 

significant (p<0.05) increase in measured λT, when compared to shorter exposure duration. 

λL demonstrated (Fig. 1b) a similar trend, but the changes did not reach the statistical 

significance level (p=0.1143). As a result of the λT and λL changes, a statistically significant 

(p<0.05) increase in measured MD (Fig. 1c) and a statistically significant (p<0.05) decrease 

in measured FA (Fig. 1d) were noted after increasing the tissue exposure to formalin prior to 

imaging. As an interim summary, we found that water diffusion in the myocardium became 

less restricted as tissue storage time to formalin before imaging increased.

The classic transition of HAs (namely, from negative values at the epicardium to zero at the 

mesocardium to positive values at the endocardium) was preserved (Fig. 2) after increasing 

the cardiac tissue exposure time to formalin before imaging. However, by inspecting (Fig. 3) 

the resulting HA probability density functions (PDFs), it may be seen that the prolonged 

exposure to fixative resulted in a flatter density with heavier tails. Additionally, it was 

observed (Fig. 4) that the prolonged tissue exposure to formalin prior to imaging caused a 

statistically significant (p<0.05) loss of the primary water diffusion orientation integrity. 

Finally, data-sets from the samples that remained to formalin for more prolonged period 

presented higher SNR values (range=130–155, mean=143) compared with data-sets from 

samples that were exposed to formalin for shorter period (range=107–137, mean=119), but 

the changes did not reach the statistical significance level (p=0.0571).

A summary of the quantitative results of this study is presented in Table 1.

DISCUSSION AND CONCLUSIONS

The Main Contribution of this Study

Cardiac DTI’s sensitivity to the duration of tissue exposure to formalin prior to imaging is 

still not well characterized. The objective of this study was to determine whether cardiac 

samples that were exposed to formalin for a more prolonged period (~ 6–8 weeks) before 

imaging preserved microstructural organization, compared to samples stored in formalin for 

a shorter period (~2 weeks) prior to imaging.

The key findings of this study were: (i) Water diffusion in the myocardium became much 

less restricted as the duration of tissue exposure to formalin prior to imaging increased, as 

indicated by the statistically significant increases in λT and MD, and the statistically 
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significant decrease in FA. λL also increased, but the changes did not reach the statistical 

significance level. (ii) The classic transition of HAs (namely, from negative values at the 

epicardium to zero at the mesocardium to positive values at the endocardium) was preserved 

after increasing the cardiac tissue exposure time to formalin before imaging. However, the 

resulting HA histogram flattened out and exhibited heavier tails. The heavier distribution 

tails mirror the notable increase in the longitudinally-oriented myocytes. (iii) The prolonged 

tissue exposure to formalin prior to imaging introduced a significant loss of inter-voxel 

primary water diffusion orientation integrity. Such abrupt changes and discontinuities 

between neighboring voxels do not resonate with the knowledge (acquired through invasive 

histology studies (Streeter et al., 1969)) of the smooth transmural variation in myocyte 

orientations within a healthy left ventricular wall. In addition, the fact that the SNR values 

were not different between the two groups, corroborates the assertion that the measured 

changes in the primary eigenvector orientation integrity represent actual structural changes, 

rather than an artefact of the measurement process.

Our results from the shorter fixation period samples appear comparable to the limited 

number of related studies that employed fixation periods shorter than two weeks. Similar FA 

values (0.25–0.28) were reported by Hales et al. (Hales et al., 2011), imaging Sprague 

Dawley rat hearts 24 hours post-fixation. Gilbert at al. (Gilbert at al., 2013) showed similar 

HA transmural variation in a Wistar rat heart imaged 2 hours post-fixation. Other DTI 

studies with fixation periods shorter than two weeks (Mazumder et al., 2013c; Watson and 

Hsu, 2012) have used different species and imaging protocols making comparisons difficult.

This study has many important implications: (i) The duration of cardiac tissue exposure to 

formalin before imaging profoundly affected the measured water diffusion magnitude, 

degree of anisotropy, and orientation. Such an important limiting parameter value should not 

be missing from the description of the experimental set-up, as is the case in many related 

studies (Chen et al., 2003; Walker et al., 2005; Helm et al., 2006; Li et al., 2009). (ii) 

Contrary to the related community’s current conception, changes in the DTI-derived cardiac 

microstructure keep on taking place beyond the initial 48 hours following the tissue 

immersion in formalin. (iii) The results question the use of DTI in microstructural studies of 

cardiac samples exposed to formalin for a prolonged period that exceeds six weeks prior to 

imaging. In fact, there are numerous ex vivo cardiac DTI studies, where the specimens 

remained in formalin for a prolonged period (for example, over a month in (Jiang et al., 

2007; Abdullah et al., 2014), six months in (Mazumder et al, 2013a,b), over a year in (Eggen 

et al., 2012), to name a few) prior to imaging. According to the findings of this paper, 

caution should be exercised in adopting the results from such studies. The accurate 

interpretation of diffusivity profiles necessitates awareness of the pitfalls of prolonged tissue 

exposure duration to formalin before imaging. The widespread use of cardiac (and other) 

chemically-fixed tissue samples for time-intensive high-resolution diffusion MRI studies 

entails the standardization of the optimal amount of tissue exposure time to formalin (as well 

as other fixation details).
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Biochemical Interpretation of the Results

Despite the fact that the biochemical mechanisms underlying fixation have not been 

sufficiently elucidated (Fox et al., 1985; Schmierer et al., 2008), next, we try to explain the 

findings of this study.

It was noted that the prolonged cardiac tissue exposure to formalin ahead of imaging 

induced greater increases in the transversal than longitudinal measured diffusivities, when 

compared with the shorter fixation period. Such advances possibly reflect (Eggen et al., 

2012) the myocyte membrane degradation, and thus increased membrane permeability, 

following the prolonged fixation time. Indeed, it has been demonstrated (Shepherd et al., 

2009) that by increasing the period of tissue exposure to a formaldehyde-based aqueous 

solution, this results in depletion of lipid membranes through reactions with carbon double 

bonds. Finally, the observed changes in the measured primary water diffusion orientation 

may relate to the extreme osmotic pressures exerted by formalin onto the myocytes (Fox et 

al., 1985; Hales et al., 2011).

Temperature Control

No discussion of water molecular motion would be complete without mentioning 

temperature, as changes in environmental temperature may bias (Kim et al., 2009; Dyrby et 

al., 2011) diffusivity measurements. In this study, constant temperature (~20°C) was 

maintained throughout the tissue handling and imaging experiments. Therefore, it is unlikely 

that temperature differences underlie the measured diffusivity differences between the two 

study groups.

All hearts of this study were fixed and preserved at room temperature, as colder 

temperatures encourage (Cromey and Lantz, 2015) the formation of trioxymethylene with a 

resulting white precipitate, while hotter temperatures generate (Carleton, 1980) 

formaldehyde fumes.

Tissue Decomposition

To halt the tissue decomposition process, specimens should be immersed in a fixative as 

rapidly as possible once they are dead. Particularly for cardiac microstructural organization, 

it has been shown (Eggen et al., 2012) that delays greater than three days in the start of the 

fixation process compromise DTI measurements. In this study, the time lapse between 

animal sacrifice and tissue immersion in formalin was insignificant. Consequently, it is 

unlikely that the measured differences are the result of the tissue decomposition process.

Different Types of Fixative & Chemical Fixation

The current study design used 10% formalin and the immersion fixation method to assess 

the effects of the ahead of imaging duration of cardiac tissue exposure to the fixative 

solution on the DTI-derived microstructural organization. However, it should be noted that 

other types of fixatives (for example coagulants, or combinations (Hales et al., 2011) of 

formaldehyde and glutaraldehyde) and fixation techniques (for example, perfusion fixation) 

also exist, and the different types of fixative and fixation method are likely to affect the 

diffusion MRI properties of the tissue differently (Shepherd et al., 2009; Webster et al., 
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2009). The impact of the fixative and chemical fixation type should be independently 

evaluated. The analysis tools used in this paper could prove valuable for such a study that 

would aim at evaluating the performance of the various fixatives and fixation methods.

Juxtaposition of Fixed & Freshly Excised/In Vivo Cardiac Tissue: Not the Theme of this 
Paper

In the wake of reported (Fox et al., 1985) changes occurring in the tissue physical 

characteristics during the CF process, there remains a concern that the DTI results of fixed 

hearts might not remain relevant for interpreting the in vivo tissue microstructural 

organization. Indeed, a few studies attempted to address the question whether one can 

extrapolate cardiac DTI results from fixed to freshly excised tissue, but the results were 

conflicting. That is to say, on the one hand, Mazumder et al. (2013c) demonstrated that 

formalin fixation resulted in the cardiomyocyte diffusion pattern becoming more isotropic, 

while, on the other hand, Gilbert et al. (2013) found no changes in cardiac microstructure 

following the formalin fixation process. In spite of the cardiac DTI parameter comparison 

between the ex vivo and in vivo settings being beyond the scope of this paper, the results 

obtained in this study (from the samples that remained in formalin for a shorter time period) 

appear to resonate with in vivo cardiac DTI results (Chen et al., 2004) acquired from the 

same animal. Further research is required to establish whether DTI parameters measured in 

fixed cardiac tissue preserve the same information as in freshly excised/in vivo tissue.

Comparison with Non-cardiac Tissues

In marked contrast to the results presented in this paper, two non-cardiac longitudinal studies 

(Kim et al., 2009; Dyrby et al., 2011) demonstrated stability of DTI parameters over a 

prolonged (namely, several weeks for cervical spinal cord and three years for brain) period 

of tissue exposure to formalin. The exact reasons for this discrepancy are unclear. One 

possibility is that deviations in the tissue preparation by the different organizations may have 

affected significantly the molecular profile of the tissues. An additional likely cause for this 

inconsistency may be the different composition of different tissues/species.

Limitations of this Study

A main weakness of this study was the relatively small sample size. Additionally, the effects 

of fixation duration were juxtaposed on DTI parameters from different animals, rather than 

multiple DTI measurements from the same animal. Subsequently, a further limitation of this 

study was that we were not able to acquire DTI data-sets for fixation durations between two 

and six weeks, and therefore we could not determine with precision any fixation duration 

where the microstructure changes take place or whether the change is more gradual over this 

period. Despite these limitations, the distinctness of the measured fixation duration effects 

was highlighted by the observed statistically significant differences between the two study 

groups.

A further cardiac study that measures the DTI changes at multiple time points following 

fixation in the same specimens should be performed to determine the period of stability for 

formalin fixation. Therefore, until such a study is performed, we recommend researchers (i) 

use caution when performing DTI evaluations of cardiac tissue that has been exposed to 
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formalin for more than two weeks prior to imaging, and (ii) avoid using heart samples 

exposed to formalin for six weeks or longer.

In Conclusion

Ex vivo DTI of rodent hearts, that were fixed by immersion in formalin, demonstrated 

significant differences in the measured water diffusion magnitude, degree of anisotropy, and 

orientation between samples that had been preserved in formalin for shorter (namely, ~2 

weeks) and more prolonged (namely, ~6–8 weeks) time period prior to imaging. Contrary to 

the related community’s current conception, it was found that changes in the DTI-derived 

cardiac microstructure keep on taking place beyond the initial 48 hours following the tissue 

immersion in formalin. The results suggest that the prolonged preservation of cardiac tissue 

in formalin has detrimental effects on its microstructural organization, as this is assessed by 

DTI. This study questions the use of DTI in microstructural evaluations of cardiac samples 

exposed to formalin for a prolonged period prior to imaging. The accurate interpretation of 

diffusivity profiles necessitates awareness of the pitfalls of the prolonged tissue exposure 

duration to formalin before imaging.
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Fig. 1. 
Region of interest (ROI) averages of (a) transversal diffusivity (λT), (b) longitudinal 

diffusivity (λL), (c) mean diffusivity (MD), and (d) fractional anisotropy (FA) for all hearts 

(N=8) of this study. The cross symbol corresponds to rat hearts (N=4) that were exposed to 

formalin for a shorter time interval (namely, ~2 weeks) prior to imaging, while the diamond 

symbol represents samples (N=4) that remained in formalin for a more prolonged time 

interval (namely, ~6–8 weeks) before imaging. ROI averages for each heart appear as 

symmetric error bars that are centered in the mean value and two standard deviations long. 

The unit of λT, λL, and MD is mm2/s.

Giannakidis et al. Page 14

Anat Rec (Hoboken). Author manuscript; available in PMC 2017 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
Visualization of helix angle (HA) maps from two representative rat hearts that were exposed 

to formalin for (a) a shorter time interval (namely, ~2 weeks) prior to imaging, and (b) a 

more prolonged time interval (namely, ~6–8 weeks) before imaging.
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Fig. 3. 
Group averages of the probability density functions (PDFs) of helix angles (HA) for the 

group of rat hearts (N=5) that were exposed to formalin for (a) a shorter time interval 

(namely, ~2 weeks) prior to imaging, and (b) a more prolonged time interval (namely, ~6–8 

weeks) before imaging. The bin size was chosen to be 10 degrees. Group averages for each 

HA density bin are represented by symmetric error bars that are centered in the mean value 

and two standard deviations long. * indicates statistically significant differences (p<0.05).
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Fig. 4. 
Region of interest (ROI) averages of the inter-voxel diffusion coherence index (IVDC) for 

all hearts (N=8) of this study. The cross symbol corresponds to rat hearts (N=4) that were 

exposed to formalin for a shorter time interval (namely, ~2 weeks) prior to imaging, while 

the diamond symbol represents samples (N=4) that remained in formalin for a more 

prolonged time interval (namely, ~6–8 weeks) before imaging. ROI averages for each heart 

appear as symmetric error bars that are centered in the mean value and two standard 

deviations long.
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Table 1

A summary of the quantitative results of the comparison study between rat hearts that were exposed to 

formalin for shorter (~2 weeks) and longer (~6–8 weeks) time intervals prior to imaging. All parameter values 

are group averages ± standard deviations. λL = longitudinal diffusivity, λT = transversal diffusivity, MD = 

mean diffusivity, FA = fractional anisotropy, IVDC = inter-voxel diffusion coherence index, SNR = signal-to-

noise ratio. All diffusivity values are expressed in mm2/s.

Shorter Longer p-value

λL 1885 ± 110 2094 ± 110 0.1143

λT 1323 ± 84 1716 ± 73 <0.05

MD 1510 ± 93 1842 ± 84 <0.05

FA 0.2334 ± 0.0049 0.1348 ± 0.0113 <0.05

IVDC 0.9467 ± 0.0128 0.9188 ± 0.0150 <0.05

SNR 119 ± 13 143 ± 10 0.0571
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