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Abstract

Non-invasive imaging techniques are highly desirable as an alternative to conventional biopsy for 

characterizing remodeling of tissues associated with disease progression, including end-stage heart 

failure. Cardiac diffusion tensor imaging (DTI) has become an established method for 

characterizing myocardial microstructure. However, the relationships between diffuse myocardial 

fibrosis, which is a key biomarker for staging and treatment planning of the failing heart, and 

measured DTI parameters have yet to be systematically investigated. In this study, DTI was 

performed on left ventricular specimens collected from patients with chronic end-stage heart 

failure due to idiopathic dilated cardiomyopathy (n=14) and from normal donors (n=5). Scalar 

DTI parameters, including fractional anisotropy (FA), mean (MD), primary (D1), secondary (D2), 

and tertiary (D3) diffusivities, were correlated to collagen content measured by digital microscopy. 

Compared to hearts from normal subjects, the FA in failing hearts decreased by 22%, whereas the 

MD, D2 and D3 increased by 12%, 14%, and 24% respectively (P < 0.01). No significant change 

was detected for D1 between the two groups. Furthermore, significant correlation was observed 

between the DTI scalar indices and quantitative histological measurements of collagen (i.e., 

fibrosis). Pearson's correlation coefficient (r) between collagen content and either FA, MD, D2, 

and D3 was -0.51, 0.59, 0.56 and 0.62 (P < 0.05), respectively. The correlation between D1 and 

collagen content was not significant (r = 0.46, P = 0.05). Computational modeling analysis 

indicated that the behaviors of the DTI parameters as a function of the degree of fibrosis were well 

explained by compartmental exchange between myocardial and collagenous tissues. Combined, 
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these findings suggest that scalar DTI parameters can be used as metrics for noninvasive 

assessment of diffuse fibrosis in failing hearts.
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Introduction

End stage heart failure (HF) is a major public health problem with high mortality, morbidity 

and cost to the healthcare systems in the US and Europe (1,2). The disease is characterized 

by adverse changes in cardiac structure and function as a result of mechanical, 

neurohormonal, and cardiorenal factors (3). One of the main factors leading to HF is the 

development of pathological myocardial fibrosis. Abnormally high collagen content 

adversely impacts the mechanical (4) and electrical (5) behaviors of the myocardium, and 

has been linked to increased risk of ventricular and atrial tachyarrhythmias and sudden 

cardiac death (6).

Myocardial fibrosis has been classified into reparative or reactive (7). In myocardial 

infarction (MI), fibrotic scar forms as macroscopic patches of collagen following myocytes 

necrosis to protect the myocardium from rupturing, and is thus called reparative fibrosis. On 

the other hand, collagen that develops in the remote zone to infarcts or in non-ischemic 

cardiac disease (such as dilated cardiomyopathy or cardiac hypertrophy) manifests as 

microscopic collagen depositions in the interstitial space and is termed reactive or diffuse 

fibrosis. Diffuse fibrosis is known to increase ventricular stiffness and leads to pump 

dysfunction (7,8), and has been suggested to play a more detrimental role in structural 

remodeling in ischemic disease than the fibrotic scarring (9). To date, tissue biopsy and 

histology remain the gold-standard method for quantifying structural remodeling in HF for 

staging and treatment planning of the disease (10,11). However, the invasive and laborious 

nature of the histological procedures presents a practical limitation on the number of sites 

and time points that can be practically performed. Hence, non-invasive imaging techniques 

for quantifying myocardial diffuse fibrosis are highly desirable.

Magnetic resonance diffusion tensor imaging (MR-DTI, or DTI for short), which captures 

the dependence of tissue water diffusion on the molecular environment (12), has emerged as 

an established, non-invasive alternative to histology for characterizing myocardial tissue 

microstructure. Technically, DTI yields a second-rank, symmetric matrix that describes both 

the direction and magnitude of the diffusion anisotropy, which can in turn be used to infer 

the underlying tissue organization, geometry and content. For example, the direction in 

which diffusion is the fastest (i.e., the eigenvector of the largest diffusion tensor eigenvalue) 

has been found to coincide with the local fiber orientation in freshly excised (13), perfused 

(14), and formalin-fixed (15) myocardium. Moreover, the eigenvector of the second 

diffusion tensor eigenvalue has been associated with the orientation of myocardial sheet 

structure (16). So far, DTI has been used to characterize the structures of normal hearts in a 

variety of small and large animal models (17–21), in addition to humans (22,23)
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Although cardiac DTI has been utilized to study cardiac pathologies of both ischemic and 

nonischemic origins, there is a lack of data to quantify diffuse fibrosis in disease conditions. 

Studies of ischemic injury reported a reduction in the degree of diffusion anisotropy coupled 

with an increase of water diffusivity in the infarct zone in humans, albeit no histological 

validation was provided (24,25). Similar DTI changes to those observed in clinical studies 

were reported in animal models of ischemic injury, which attributed the changes to a 

combination of myocytes death, fiber disarray, and the subsequent forming of fibrotic 

scarring as confirmed histologically (26,27). Furthermore, the ability of diffusion weighted 

imaging to delineate both infarct and infarct-border zones was demonstrated by correlating 

diffusion coefficient maps to late gadolinium enhancement images and histological collagen 

stain (28).

Additionally, DTI has been utilized in assessing nonischemic cardiac disease, such as 

dyssynchronous HF (29), hypertrophic cardiomyopathy (30), and dilated cardiomyopathy 

(31,32). Most studies in this category, however, focused on quantifying fiber orientation 

changes due to nonischemic disease (29–31). Besides changes in the fiber orientation, the 

diseased myocardium (e.g., hypertrophy or dilated cardiomyopathy) was reported to have 

decreased diffusion anisotropy (30,32) and increased water diffusivity (32). One DTI study 

was performed on aging animal model of dilated cardiomyopathy and qualitatively 

associated the scalar DTI parameters to calcium and collagen depositions in the diseased 

hearts (32). Although the latter changes can be associated with myocardial fibrosis, the exact 

relationships between myocardial diffuse fibrosis and the DTI scalar parameters remain yet 

to be quantitatively determined.

Beyond the empirical observations, to better understand the origin and predict the behavior 

of the relationship, it is also useful to explore the biophysical basis of dependence of the 

measured DTI indices on myocardial collagen content. Compartmental exchange models 

have been used to approximate the behavior of the MRI signal arising from a heterogeneous 

microscopic environment (33,34), which is to be expected of the fibrotic myocardium. In the 

so-called fast-exchange situation, water spins spend much shorter time in the compartments 

than the temporal-length scale of their molecular dynamics. Then the MRI parameters (e.g., 

relaxation rate and diffusion constants) of the aggregate system behave like the fractional 

volume-weighted sum of the same parameters of the individual compartments. Conversely 

under the slow-exchange limit, the overall MRI signal is simply the proportional 

superposition of the signals from the individual compartments, as if the latter are completely 

independent. Bi-compartmental slow exchange models have been used to describe the MRI 

diffusion signal, including DTI, observed in the myocardium (35,36). Although it is unclear 

whether the behavior of the fibrotic myocardium is better described by the fast or slow-

exchange model, either mechanism provides a possible starting point to explain the role in 

which diffuse fibrosis contributes to the MRI signal of the diseased myocardium.

Taken together, the present study aims to quantify the relationship between the DTI 

parameters and diffuse fibrosis, and to explore the biophysical explanations of the

relationships. While fiber orientation remodeling associated with heart diseases has been 

examined in previous studies (29,30), the current work focuses on the scalar DTI 

parameters. To reduce measurement subjectivity, histological examination of the 
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myocardium is performed using state-of-the-art, whole-field digital microscopy for 

comprehensive endocardium-to-epicardium evaluation, followed by quantitative image 

analysis (37). Findings of the current study are expected to be important for assessing the 

utility of DTI, and to pave the way for the technique to be used in eventual in vivo studies on 

HF patients.

Methods

Study Population and Specimen Collection

The study was approved by the Institutional Review Board at the University of Utah. The 

study group comprised 14 patients with chronic end-stage HF due to idiopathic dilated 

cardiomyopathy who required implantation of a left ventricular assist device (LVAD) for 

either bridge to heart transplantation or destination therapy in 2010. All patients met the 

medical policy guideline of New York Heart Association (NYHA) class IIIb/IV for HF. The 

control group consisted of five donors whose hearts were determined to be functionally and 

structurally normal but were not suitable for transplantation due to non-cardiac reasons.

Heart specimens were collected at the time of LVAD implantation by excising 

approximately a 1 × 1 × 1 cm3 transmural plug from the left ventricular apex. The normal 

hearts were collected as intact specimens, and a similar section from the left ventricular apex 

was obtained for histology. All specimens were fixed in 10% buffered formalin for at least 

24 h prior to further examination. The average time between fixation and MR imaging was 4 

± 2 weeks. The DTI parameters were shown to remain constant 24 hours after the initial 

cross-linking due to formalin fixation for several weeks (38,39). Quantitative correlation 

between DTI and histology was performed on specimens obtained from the same heart taken 

few millimeters apart. Similar regions were analyzed in both HF and control groups. Sample 

preparation and correlation procedure followed previously published studies (37,40).

Demographic, clinical, echocardiographic, hemodynamic, and laboratory data were 

collected 48-72 h prior to surgery and tissue collection. The collected information from the 

end-stage HF patients and the normal donors are shown in Table 1. HF in the diseased group 

was confirmed by left ventricle ejection fraction, which was almost 4 times lower versus the 

normal group. All HF subjects had non-ischemic cardiomyopathies and are expected to 

predominantly have diffuse fibrosis.

MRI Acquisition and Analysis

MRI experiments were conducted on a Bruker 7.0 T horizontal bore MRI scanner (Bruker 

Biospin, Germany) interfaced with 12.0 cm-diameter actively shielded gradient insert 

(BGA12S) capable of producing magnetic field gradients of up to 600 mT/m. Each heart 

specimen was placed in a sealed container filled with susceptibility matching fluid (Fomblin, 

Solvay Solexis, NJ, USA). A combination of a linear volume coil (72 mm inner diameter) 

for signal transmission and a quadrature surface coil (25 mm inner diameter) for signal 

reception were used to acquire the DTI datasets.

DTI acquisition was performed using a standard multi-slice diffusion-weighted spin echo 

sequence with the following imaging parameters: 2000/30 ms TR/TE, 64 × 64 matrix size 
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with 1.5 mm in-plane resolution, 4 transverse slices, with 1.0 mm thickness. Diffusion was 

encoded along a set of 12 optimized gradient directions (41), using a pair of trapezoidal 

gradient pulses of 0.25 ms rise time, 4.00 ms duration , and 10.00 ms separation , 

equivalent to a nominal b-value of 1500 s/mm2. The average signal-to-noise ratio (SNR) for 

the non-diffusion weighted image (B0) was 80. The total scan time for each specimen was 

approximately 28 min.

Post-processing computation was performed using custom-codes written in Matlab (Version 

R2010a, Mathworks, MA) as described previously (12). Briefly, diffusion tensors were 

estimated on a pixel-by-pixel basis from the MR diffusion images and diagonalized to yield 

the 3 eigenvalues (D1, D2 and D3, in sorted descending order and commonly referred to as 

primary, secondary, and tertiary diffusivities, respectively) and eigenvectors, which are 

equivalent to the speeds and principal axes of diffusion, respectively. The diffusion tensor 

eigenvalues were in turn used to obtain the mean diffusivity (MD) and fractional anisotropy 

(FA), which represent the magnitude of diffusion and degree of anisotropy, respectively, and 

are commonly used scalar indices for characterizing tissue microstructure (42). MD and FA 

were reported as averages over the entire myocardial area on all 4 image slices for each 

specimen. The average area of the selected regions of interest (ROIs) across all samples was 

0.79 ± 0.08 cm2 per slice (n = 19, mean ± SEM). To determine the underlying source of 

observed changes in the MD or FA, averages of the principal diffusivity terms D1, D2, and 

D3 were similarly obtained.

Histology: Whole-Field Digital Microscopy

For histology, specimens were dehydrated in progressively higher concentrations of alcohol, 

cleared through xylene and embedded in paraffin. One representative, 4 μm-thick, section 

from each specimen was obtained and mounted on a glass slide. It was then evaluated on a 

whole-field basis spanning the entire myocardial wall (epicardium to endocardium) using a 

ScanScope XT digital histopathology system equipped with the ImageScope 10.0 image 

analysis software (Aperio Technologies, CA) as described previously (37). Quantitative 

histological measurements to quantify diffuse fibrosis percentage in the heart specimen were 

conducted using Masson's trichrome stain for collagen content evaluation. The collagen 

content was automatically quantified by identifying, counting and expressing the number of 

blue-staining pixels as a percentage of the total tissue area (37). Because of the relatively 

low spatial resolution of the DTI scans (1.5 mm), which was insufficient to directly visualize 

the interstitial content, the degree of diffuse fibrosis was approximated by the total collagen 

detected on the whole histological slide (endocardium to epicardium).

Statistical Analysis

Statistical analysis was performed using GraphPad Prism (Version 5.0a, GraphPad Software 

Inc., CA). Variables were reported as mean and standard error of the mean (SEM). All 

parameters measured in the current study, including both DTI and histological indices, were 

compared between the failing and normal control groups using a two-tailed unpaired t-tests. 

A P-value less than 0.05 was considered to be statistically significant. Correlation between 

DTI and histological indices was determined by evaluating the Pearson's correlation 

coefficients  for all pairings of MRI and histology parameters.
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Computational Compartmental Analysis

Computational simulations were performed as a means to explain the behavior of the DTI 

experiment in the myocardium with varying amount of fibrosis. Monte Carlo simulations of 

DTI parameters that would have been measured in standard DTI experiments were 

conducted assuming that the diffusion signal originated from either fast or slow 

compartmental exchange between myocardial and collagenous tissues. As a first 

approximation, the myocardium was assumed to consist of the non-fibrous and fibrous 

compartments. The non-fibrous compartment lumps together the normal myocardial 

constituents including myocytes and supporting cells, and normal interstitial and vascular 

spaces in a single compartment. The fibrous compartment comprises the total collagen 

content in the tissue. For fast-exchange, the MRI signal intensity  for the jth diffusion 

encoding gradient direction  was modeled after a two-compartment MR diffusion equation 

(43) adapted for DTI,

[1]

where  and  denoted the diffusion tensors for the myocardial (non-fibrous) and 

collagen compartments, respectively, and b is the scalar diffusion encoding sensitivity. 

Similarly, the slow-exchange signal equation followed one given previously (44),

[2]

In both Eq. [1] and [2], the adjusted fractional volume , given as

[3]

was used instead of the nominal fractional volume  for the collagen compartment size in 

order to account for the small but non-negligible level of collagen content  intrinsically 

found in the normal myocardium.

The mean principal diffusivities determined for the experimental control group in the current 

study (or D1, D2 and D3 of 0.88, 0.64 and 0.51 x10-3 mm2/s, respectively) were used to 

construct the diagonal . The mean collagen content for the same group (7%) was used 

as . Because DTI parameters for the collagenous compartment were not directly measured 

in the current study, diffusion properties previously reported (45,46) for collagenous tissues 

(or 1.2 x10-3 mm2/s each D1, D2 and D3) were used for the diagonal . Due the rather 

low anisotropy of diffusion in collagenous tissues, with FA reported in the 0.05-0.12 range 

(46,47),  was assumed to be isotropic.

To avoid the directional dependence of measurement accuracy inherent in each set of 

encoding gradient directions (41), the diagonal  was randomly rotated in 3D space and 

used in Eqs. [1] and [2] to estimate the diffusion signal intensities under simulated but same 

Abdullah et al. Page 6

NMR Biomed. Author manuscript; available in PMC 2015 November 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



experimental conditions (e.g., diffusion encoding directions and b-value) employed in the 

current study. Moreover, for evaluating the impact of image noise, Gaussian noise 

comparable to that found in the experimental data (i.e., SNR of 80) was added to the signal 

intensities, which were then used to compute the scalar DTI parameters, including D1, D2, 

D3, and FA, of the fibrotic myocardium. In this fashion, DTI parameters under fast and slow 

compartmental exchange were separately obtained 1000 times and averaged for each level 

of collagen content (i.e., ) over the range seen in the current study (4% to 32%).

To compare the simulation results to experimental data, the slopes of the simulated DTI 

profiles (D1, D2, D3, and FA) as a function of collagen content were obtained, and compared 

to the slope of the linear regression line obtained from the experimental data. Slopes were 

normalized to units of percentage change per unit of collagen fraction percentage, with the 

average collagen percentage of the control group taken as the baseline.

Finally, to examine the sensitivity of the choice of  on the estimated diffusivities, the 

simulations were performed with varying  by 7 ± 1% (i.e.,  was set to 6% and 8% in 

separate runs). The difference between the estimated diffusivities to those obtained from the 

nominal case  were calculated and averaged across all simulated collagen fractions 

for both fast and slow exchange models.

Results

DTI

MR images and DTI-derived FA and MD maps obtained from a representative normal and 

HF myocardial samples are shown in Fig. 1. Qualitatively, compared to the normal control, 

lower FA and higher diffusivities were observed in the failing myocardium. The quantified 

and ROI-averaged values of the DTI parameters for the normal control and HF groups are 

detailed in Table 2. Consistent with the qualitative observations, the FA in HF specimens 

was on average 22% lower than normal specimens (0.21 ± 0.01 vs. 0.27 ± 0.02). In contrast, 

MD of the HF specimens was 12% higher than normal samples (0.76 ± 0.02 vs. 0.68 ± 0.01 

× 10-3 mm2/s). Together, the trends of MD and FA suggest that water motility is both higher 

and less anisotropic in HF than normal myocardial tissues.

The D1, D2, and D3 maps (also shown in Fig. 1) and the corresponding quantified values 

(Table 2) reveal that the above observed MD and FA changes are results of increases in the 

tertiary (24% higher in HF, or 0.63 ± 0.02 vs. 0.51 ± 0.02 × 10-3 mm2/s) and secondary 

diffusivities (14% higher in HF, or 0.73 ± 0.02 vs. 0.64 ± 0.01 × 10-3 mm2/s). The primary 

diffusivity was not significantly different (0.93 ± 0.02 vs. 0.88 ± 0.02 × 10-3 mm2/s, P = 

0.13).

Collagen Evaluation and DTI-Histology Correlation

Representative trichrome sections from control and HF myocardial samples are shown in 

Fig. 2. Compared to the control specimen (Fig. 2a), the HF slide (Fig. 2b) contains 

conspicuously higher content of the blue-staining interstitial collagen. Quantitative collagen 

content measurements are summarized in Table 2. The total collagen content, used as the 

metric of fibrosis, is nearly 3 times higher in HF than in normal myocardium (19.4 ± 2.0 
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versus 7.1 ± 1.1 percent area). The level of collagen intrinsic in the normal myocardium is in 

agreement with the ∼4-5% reported by a previous study (37).

The relationships between different DTI parameters and the total collagen content are shown 

as scatter plots in Fig. 3. Qualitatively, from the scatter of the data points around the fitted

lines, there appears to be more variability in D1 and FA, compared to D2 and D3. The 

observation is consistent with the Pearson's correlation coefficients between individual DTI 

parameters and total collagen content, which are listed in Table 3. Among the pairings 

examined, significant correlations were found between the collagen content (or fibrosis) and 

FA (  = –0.51), MD (0.59), D2 (0.56), and D3 (0.62). The correlation between D1 and 

collagen was relatively weaker ( = 0.46), and was not significant (P = 0.05).

Computational Compartmental Analysis

Plots of the Monte Carlo simulated DTI scalar parameters (D1, D2, D3, and FA) vs. collagen 

percentages are shown in Fig. 4. Overall, simulation results obtained using fast and slow 

exchange models were in close agreement with experimental data regression line. Both 

exchange models indicate that all DTI diffusivities would increase, whereas the FA would 

decrease, as the percent collagen content is increased. Moreover, simulations indicate that 

the rate of increase as function of collagen content in the secondary and tertiary diffusivities 

is at least twice as large as that of the primary diffusivity. Specifically, the average collagen 

content change seen in the current study (Table 2) between normal (baseline) and HF 

myocardium, 7% to 19%, would correspond to normalized slopes of 0.39, 0.87, and 1.3 for 

D1, D2, and D3, respectively, and -1.13 for FA (unit of normalized slope is % change per 

unit of collagen fraction percentage). In comparison, the corresponding quantities from 

experimental data are 0.51, 0.79, 1.15, and -1.08 for D1, D2, D3, and FA, respectively. 

Considering the simplifying assumptions used in the exchange models, both the trends as 

well as the magnitudes of the simulated DTI parameter changes are in strong agreement with 

the experimental measurements. Finally, the parameter sensitivity analysis suggested that 

when  was set to 6 or 8%, the estimated diffusivities deviated by 1% compared to the case 

when  was set to 7%.

Discussion

In this study, DTI was performed on left ventricular specimens obtained from patients with 

chronic end-stage HF due to idiopathic dilated cardiomyopathy at the time of left ventricular 

assist device implantation and from normal hearts. Results indicate that HF leads to both 

significant decrease in the degree of anisotropy (i.e., FA) and significant increase in the 

water diffusivity (MD, D2, and D3) of the myocardium. The trends of the observed changes 

are consistent with previous DTI studies of myocardial diseases. For example, reduction in 

the FA and the increase in diffusivities have been reported in studies on myocardial 

ischemic injury (48,49) and dilated cardiomyopathy (32). Similarly, the FA has been 

observed to decrease in a DTI study of hypertrophic cardiomyopathy (30). Histological 

measurements reveal that HF also leads to significant increase in myocardial collagen 

content (i.e., fibrosis), which is a hallmark of HF (10).
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Histological validation of DTI fiber orientation mapping in the myocardium has been 

extensively reported, in normal hearts (13–15) and, to a lesser extent, disease hearts (32,49). 

In contrast, few studies have correlated the DTI scalar parameters with histology, and when 

examined, the correlation was qualitative (32). The present study is the first to demonstrate 

that scalar DTI parameters are directly correlated to histology, as shown in Table 3 and Fig. 

3. Whereas the FA reduction or MD increase associated with HF and their correlation to 

tissue fibrosis are expected, a noteworthy observation in the current study is that the 

secondary (D2) and tertiary (D3) DTI eigenvalues exhibit a higher correlation with the 

degree of fibrosis than the primary diffusivity D1 (  = 0.56 and 0.62, respectively, compared 

to 0.46). These findings point out a potential role of the indices for characterizing 

myocardial pathology, and may provide clues to model the effect of fibrosis on the observed 

DTI signal in the myocardium.

Analysis of the numerical simulations revealed that the behavior of the scalar DTI 

parameters as a function of the collagen content, including the different sensitivities (i.e., 

magnitude of the slope) among the diffusivities and FA, can be readily explained by 

exchange between myocardial and collagen compartments. Moreover, the fact that little 

difference is seen between simulations using fast and slow exchange models suggests that 

the behaviors of the scalar DTI parameters largely depend on the mere presence of collagen, 

with little or no influence from the type of underlying mechanism of compartmental 

exchange.

The key assumptions made in the numerical compartmental analysis were that the diffusion 

in the fibrous myocardial compartment is isotropic (i.e., FA = 0), and the intrinsic collagen 

fraction  in the normal myocardium in Eq. [3] is 7%. While the first assumption is valid 

when collagen fibers in the compartment are oriented randomly, or when the collagen is 

organized but point in a random direction with respect to the myofibers, it would be invalid 

if the organized collagen follows the same orientation as the myofibers. If the latter had been 

the case, the simulations would predict the FA of the HF myocardium as a function of 

collagen content under both fast and slow exchange models to have shallower slopes and 

deviate away from experimental data points. Consequently, the high degree of agreement 

between the simulation and empirical results indicate that the assumption of zero FA for the 

fibrous compartment used in the exchange analysis is valid. Secondly, the parameter 

sensitivity analysis suggested that the estimated diffusivities obtained from both exchange 

models are relatively insensitive to the choice of .

Despite the large bulk motion of the heart during the cardiac cycle, in vivo cardiac DTI has 

been shown both feasible and reproducible in clinical patients (22,23,50–52). Our study 

paves the way for in vivo clinical trials to evaluate the ability of DTI to assess diffuse 

fibrosis in vivo. Furthermore, DTI can complement other MRI techniques to characterize 

myocardial fibrosis in diseased hearts. For example, post contrast T1-mapping has been used 

as a tool to quantify diffuse fibrosis (53). However, there has been some concern on the use 

of gadopentate dimeglumine agents in patients with renal failure (54). Hence, it is desirable 

to explore alternative mechanisms of MRI contrast, especially mechanisms that do not rely 

on exogenous contrast agents. In this regard, DTI may be an alternative or adjunct method to 

T1-mapping for detecting and quantifying diffused fibrosis. Even though the observed 

Abdullah et al. Page 9

NMR Biomed. Author manuscript; available in PMC 2015 November 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



correlation between DTI and fibrosis is modest, the strength of correlation was similar to 

those reported in initial T1 mapping studies (53). Recent advances in T1 mapping studies 

incorporated modeling of the extracellular volume fraction via relaxation difference between 

pre- and post-gadolinium contrast administration, which has been shown to improve 

quantification of diffuse fibrosis (55,56).

In order to improve the accuracy of DTI to quantify diffuse fibrosis, other factors that may 

affect the DTI measurements have to be taken into account, such as edema, fiber disarray, 

and age effects. Edema was detected using T2 mapping in patients with dilated 

cardiomyopathy (57). In a recent study of ischemic reperfusion injury in mice, edema was 

associated with reduced FA and increased MD (58). Edema was not directly monitored in 

the current study, and care should be taken in future in vivo DTI studies to rule out the 

presence of edema. Fiber disarray is another factor that was shown to reduce FA but not MD 

(30), and therefore has to be accounted for when performing cardiac DTI. Finally, aging 

hearts were shown to undergo remodeling processes that impact their mechanical and 

electrical properties (59). Aging hearts were shown to be slightly more fibrotic (with mean 

fibrosis area being 5% in young vs. 11% in aging hearts) and stiffer when compared to 

younger hearts (59). Thus, future studies validating DTI to measure diffuse fibrosis should 

also control for age in the studied population.

There are few other caveats that need to be taken into account in interpreting the results of 

the current study. First, due to logistical constraints, the sample sizes of the study, 14 for HF 

and 5 for normal myocardial specimens, are relatively small, which may have prevented 

some of the observed differences (e.g., D1) or correlations (D1 vs. collagen content) from 

reaching statistical significance. However, the significant differences detected and the 

smaller variability shown by the DTI parameters compared to histology (as indicated by the 

SEM values in Table 2) may actually point to a potential advantage of DTI – that DTI can 

provide rapid and noninvasive assessment for tissue fibrosis with larger spatial coverage 

than what is currently achievable by histological sectioning. Finally, the current study was 

conducted on fixed excised specimens, and the findings may or may not be the same as 

those observed from in vivo cardiac DTI. Since both HF and control samples were fixed, 

regardless of the impact of fixation on the DTI parameters, the differences observed between 

the groups likely reflected the additional effects introduced by the disease. Moreover, the 

DTI observations were correlated to histological measurements, which in both the current 

and other studies were also performed on fixed samples and generally taken to be the gold 

standard.

In conclusion, the present study suggests that DTI scalar parameters can complement 

conventional histology and T1-mapping for quantifying diffuse fibrosis. Given the recent 

technical advances and increasing interest of in vivo cardiac DTI (23,50–52), these findings 

are timely and point to a potential role for DTI in evaluating the tissue collagen content in 

the nonischemic diseased hearts.
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FA fractional anisotropy
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Figure 1. 
Representative DTI scalar maps from control and failing heart cores. The top panel shows a 

MR image without diffusion weighting (B0), FA, MD, D1, D2, and D3 maps for normal (a-

f), whereas the lower panel shows the failing core (g-l). A transverse view is shown, with the 

endocardium located at the top. The pericardial fat visible in the B0 image (white arrows in 

a and g) was segmented out in the DTI processing step. The DTI parameters are shown in 

falsecolor according to the colorbars, and all diffusivities had the same color scaling with 

units of 10-3 mm2/s.
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Figure 2. 
Histological evaluation of control and failing heart cores. Masson's trichrome histological 

images of collagen content (20x magnification, collagen stains in blue) from a representative 

control (a) and failing (b) heart cores. The black arrow in (a) points to perivascular collagen, 

which was included as part of the total collagen calculation reported in this study.
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Figure 3. 
Quantitative correlation between DTI scalar parameters and collagen content. Scatter plots 

of FA, D1, D2 and D3 as a function of collagen content are shown with the experimental data 

(displayed as solid squares for the control group, and as x for the failing group) and the 

linear regression fit (solid black line) and the 95% prediction interval (dashed lines). The 

linear regression coefficient (r) and its corresponding P value are reported with each plot.
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Figure 4. 
Monte Carlo computer simulation of DTI scalar parameters as function of collagen content 

(%). The standard DTI measurements were simulated when the underlying diffusion signal 

was assumed to originate from either fast (dotted blue line, with upper standard deviation 

error bars) or slow (solid red line with lower standard deviation error bars) exchange 

between the two compartments. The experimental data and their regression fit line are 

overlaid on each plot in gray (x for individual measurements, and solid gray line for the 

linear regression fit). Little difference was seen between fast and slow exchange model 

predictions compared to the variability observed in the experimental data.
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Table 1

Baseline characteristics of the 14 patients with chronic HF due to idiopathic dilatedcardiomyopathy, and 5 

normal donors. ICMP (ischemic cardiomyopathy), NYHA (New York Heart Association), LVEF (left 

ventricle ejection fraction), LVEDD (left ventricular end-diastolic diameter), LVESD (left ventricular end-

systolic diameter), RAP (right atrial pressure), PASP (systolic pulmonary artery pressure), MPAP (mean 

pulmonary artery pressure), PCWP (pulmonary capillary wedge pressure), PVR (pulmonary vascular 

resistance), CI (cardiac index), BUN (blood urea nitrogen).

Parameter HF Patients
(N=14)

Normal Donor
(N=5)

Age, years 52 ± 14.8 21 ± 3.6

Male gender 84% 60%

HF etiology

 IDC 100% n/a

 ICMP 0% n/a

NYHA class

 II 6% n/a

 III 47% n/a

 IV 47% n/a

LVEF, % 16 ± 6.1 62 ± 6

LVEDD, cm 6.8 ± 0.99 4.1 ± 0.41

LVESD, cm 6.2 ± 1.0 2.7 ± 0.32

RAP, mm Hg 12 ± 5.9 7 ± 3.1

PASP, mmHg 49 ±13.5 -

MPAP, mm Hg 34 ± 9.9 -

PCWP, mm Hg 22 ± 10.0 7.2 ± 1.6

PVR, Woods units 4.1 ± 3.2 -

CI, LPM/m2 1.8 ± 0.7 3.5 ± 0.5

Hemoglobin, g/dl 13 ± 1.5 13.9 ± 1.3

Sodium, mEq/L 136 ± 3.2 139 ± 2.1

BUN, mg/dl 24 ± 7.7 14.2 ± 5.8

Creatinine, mg/dl 1.21 ± 0.4 1.1 ± 0.1

Total bilirubin, mg/dl 1.31 ± 0.7 0.32 ± 0.23
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