
  

 

Abstract— DT-MRI has been widely used to quantify my-
ocardial fiber and laminar orientations. These structural 
orientations influence both the spread of excitation and the 
reorganization of the myocardium during contraction and 
are altered in disease states. Studies have sought to validate 
DT-MRI but questions remain about the accuracy of the 
method and its sensitivity to the time post-fixation and imag-
ing parameters, including b-value, number of diffusion di-
rections and image voxel size. The advent of high-spatial res-
olution ex vivo MRI and structure tensor (ST) analysis pro-
vides a means of direct validation of DT-MRI and assess-
ment of sensitivity to the b-value, the number of diffusion di-
rections and the image voxel size. We find that, with the fixa-
tion method we used, structure does not change with time 
(up to 72 hours). We show that DT-MRI and ST/HR-MRI 
are markedly similar measures of fiber orientation but DT-
MRI and ST are much less similar measures of laminar ori-
entation. DT-MRI performance is not sensitive to the num-
ber of directions, with similar structural orientations meas-
ured with 6 or 12 directions. Likewise, DT-MRI perfor-
mance is generally insensitive to b-value, but laminar meas-
urement is moderately more accurate at b = 500 than for 
higher b-values. 

I. INTRODUCTION 

The cardiac ventricles have a specialized architecture 
consisting of a regular fiber-orientation which courses 
through a conserved and complex myolaminar arrange-
ment (these structures are also known as laminae or 
sheets). Measurement of orientations of both the fibers 
and laminae is of interest because they have roles in elec-
trophysiological and biomechanical function in health and 
disease. Changes in fiber orientation and myolaminar slid-
ing are thought to be the principle mechanisms of myo-
cardial thickening in systole [1-3]. Fiber orientation influ-
ences the spread of myocardial activation and laminar or-
ganization also substantially influences activation [4]. In 
the rat, myofiber and myolaminar structure are present 
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throughout the myocardium (except in the immediate sub-
epicardium)[5] and three principal orthogonal structural 
directions are present: (i) along the fiber axis; (ii) perpen-
dicular to the fiber axis in the sheet plane; and (iii) normal 
to the sheet plane - a structural arrangement is known as 
orthotropy [4]. Whole-heart computational modeling re-
quires detailed structural atlases and DT-MRI is often the 
method of choice for generating these geometries [6]. It 
has been proposed that DT-MRI can be used to measure 
both cardiac fiber and laminar orientations [7, 8], howev-
er, questions remain about the accuracy of DT-MRI de-
rived laminar orientation, and, to a lesser degree, fiber 
orientation. Studies have been carried out to validate DT-
MRI fiber and laminar orientation measurement [9, 10], 
with more recent work using structure tensor (ST) analy-
sis of high-resolution MRI (HR-MRI) images [11]. De-
spite these studies the microanatomical feature imaged in 
DT-MRI and the sensitivity of these measurements to DT-
MRI imaging parameters (such as number of gradient di-
rections and the b-value) has not been precisely deter-
mined. A monoexponential diffusion model is used in all 
conventional DT-MRI studies, assuming there is a single 
diffusion compartment in each voxel. However, im-
portantly, it has been demonstrated in ex vivo perfused 
hearts that there are multiple diffusion components in the 
myocardium (i.e. nonmonoexponential diffusion, with 
more than one spin compartment) [12, 13]. These have 
been classified as a slow component and a fast component 
[12]. The slow component has been attributed to com-
partmentalization of intra- and extracellular water pools 
and the fast component to diffusion in the vascular space 
compartment combined with some intracellular diffusion 
[12]. At low b-values (< 1000s/mm2) the fast-component 
of diffusion predominates, and still influences orientation 
measurements at higher b-values.  As it is known that 
blood vessels generally run parallel to myocardial fibers 
[14], the effect of summation of the direction of slow and 
fast diffusion in the standard monoexponential diffusion 
model is not an important practical concern for the meas-
urement of fiber orientation; and indeed it has been shown 
that the fiber orientations calculated from the fast and 
slow components of diffusion are related [12]. However, a 
consequence of two-component diffusion is that the ortho-
tropic diffusion that has been proposed may be complicat-
ed by non-orthotropic fast diffusion which could result in 
inaccurate measures of laminar orientation. The aim of 
this study is to examine the sensitivity of the monoexpo-
nential diffusion model to imaging parameters by as-
sessing accuracy against high-spatial resolution MRI (HR-
MRI) images of the same heart. It has recently been 
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shown that DT-MRI determined fiber orientation changes 
with time post embedding in ex vivo fixed non-perfused 
hearts, although the global architectural organization does 
not change [15]. We have therefore explored the sensitivi-
ty of orientation measurements to time post-fixation for 
both DT-MRI and HR-MRI. 

II. METHODS 

A.  Heart Preparation and Perfusion Fixation 
Full details are provided in [11], briefly, a male Wistar rat 
weighing 336 g was euthanized in accordance with the 
UK Home Office Animals (Scientific Procedures) Act 
1986, the heart removed and retrograde perfused with: (i) 
HEPES-Tyrodes to clear blood; (ii) 2,3-Butanedione 2-
monoxime (BDM) to prevent contraction; then (iii) MRI 
contrast agent (0.1% Gd-DTPA) and fixative (4% formal-
dehyde). The heart was imaged 2 hours after fixation. 

B. HR-MRI and DT-MRI Acquisition and Reconstruc-
tion 

A series of imaging experiments were carried out (at 
20°C) in order to explore sensitivity of measurement to 
time, b-value, and number of gradient directions (Table I). 
DT-MRI was carried out using the same spectroscope 
with a set of 6 or 12 optimized directions using a 3D dif-
fusion-weighted spin-echo sequence with TE = 15 ms, TR 
= 500 ms, at a resolution of 200 x 200 x 200 µm. HR-MRI 
was carried out using a FLASH (Fast Low Angle SHot) 
MRI sequence in a Bruker (Ettlingen, Germany) 9.4T 
spectroscope with 20 averages and echo time (TE) = 7.9 
ms repetition time (TR) = 50 ms, with 20 averages taking 
18h to acquire at a resolution of 50 x 50 x 50 µm. 

C. Comparison of Structure Tensor and Diffusion Ten-
sor Orientations 

The structure tensor analysis was described in [16]. No 
registration was required as the heart was not moved dur-
ing the 72 hours of imaging, and the MRI voxel dimen-
sions allowed simple alignment. A model cardiac geome-
try, with a manually fitted LV long-axis, was registered to 
the heart MRI by affine registration (as in [16]). The ori-
entation angles reported are defined in detail in [17]. Ele-
vation angles are measured from the cardiac short-axis 
(SA) plane. The fiber helix angle ( H) is the angle be-
tween the transverse plane and the projection of the fiber 
vector onto the circumferential-longitudinal plane. The fi-
ber transverse angle ( T) is the angle between the circum-
ferential-longitudinal plane and the projection of the fiber 
vector onto the transverse plane. The angle between the 
transverse plane and the projection of the laminar normal 
vector onto the radial-longitudinal plane is N. The angle 
between the longitudinal-radial plane and the projection of 
the laminar normal vector onto the transverse plane N. 

III. RESULTS  

A. Accuracy of DT-MRI and Sensitivity of ST/HR-MRI 
and of DT-MRI to Time Post-Fixation 

This was initially explored with 6-direction DT-MRI and 
b = 1000 and the analysis is shown in Fig. 1 and Fig. 2. 
DT-MRI fiber orientation measurement is shown to be 
highly accurate by comparison to ST/HR-MRI with a dif-
ference of 5° or less across >70% of the wall, and an av-
erage difference of 5.4± H T 
for the first DT-MRI scan (annotated as scan 1 in Table I, 
see Table II for results from other scans). DT-MRI lami-
nar orientation measurement, however, has low accuracy 
compared to ST/HR-MRI, with the minimum difference 
of 7° and a difference of 20° or greater across 50% of the 
wall (see Fig. 1 & Fig. 2) and an average difference of 
24.2±31.3° for N and 22.2±27.2° ’’N for the first 
DT-MRI scan (scan 1 in Table I, see Table II for results 
from other scans). The standard deviations are large be-
cause within the sampled region the sheet angle varies in a 
complex fashion and can a wide range of values. HR-MRI 
ST has low sensitivity to time post fixation for all fiber 
and laminar orientation measures, with a maximum mean 

T values (see Table II for 
average differences in the other orientation measures). 
Likewise, sensitivity of DT-MRI to time post- fixation is 
low with similar orientation measures for scans 1, 7 and 
11 (other imaging parameters were unchanged between 
these scans). It can be seen in the following paragraphs 
and in Table II that these findings also apply qualitatively 
to 12-direction DT-MRI and across the range of b-values 
explored (500-2500 s/mm2).   

TABLE I.  IMAGING PROTOCOL 

Scan  

Imaging Parameters 

Start  
Timea  

End 
Time Type Directions 

b-
value 

(s/mm2) 

Scan 
Durationb 

1 2:00 3:50 DT 6 1000 1.83 
2 3:50 7:46 DT 12 1000 3.93 
3 7:46 9:36 DT 6 1000 1.83 
4 9:36 13:32 DT 12 500 3.93 
5 13:32 15:22 DT 6 1000 1.83 
6 15:22 19:18 DT 12 2000 3.93 
7 19:18 21:08 DT 6 1000 1.83 
8 21:08 39:20 FL NA NA 18.20 
9 39:20 41:10 DT 6 1000 1.83 
10 41:10 45:06 DT 12 1500 3.93 
11 45:06 46:57 DT 6 1000 1.83 
12 46:57 65:09 FL NA NA 18.20:12 
13 65:09 66:59 DT 6 1000 1.83 
14 66:59 70:55 DT 12 2500 3.93 
15 70:55 72:45 DT 6 1000 1.83 

a. time post-fixation, (h:m), a. units (h:m),b. units (hr);  DT = DT-MRI, FL = FLASH.    
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B. Sensitivity of DT-MRI to Number of Directions 

This was initially explored with b = 1000 and the analysis 
is shown in Fig. 3 and Table II. Sensitivity of DT-MRI to 
the number of directions is low for both fiber and laminar 
orientation measurements. As the scans with 6 and 12 di-
rections were carried out at different times post-fixation, 
the differences in orientations measured are due to a 
summation of the effects associated with different imag-
ing time and different direction number. It can be seen by 
comparing Fig. 3 to Fig. 2 that sensitivity to the number 
of directions is less than to the imaging time. The detailed 
results for the four orientation measures are shown in Ta-
ble II. As for sensitivity to time, it can be seen in the fol-
lowing paragraph and in Table II that finding related to 
the number of directions also apply qualitatively across 
the range of b-values explored (500-2500 s/mm2).   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

C. Sensitivity to b-value 
This was initially explored with 6-directions and the anal-
ysis is shown in Fig. 4. Sensitivity of HR-MRI to b-values 
in the range 1000 – 2500 s/mm2 is low with a maximum 
difference of 14° and an average difference of ~2° be-
tween all b-values and all orientations measured. Howev-
er, Fig. 4 shows that DT-MRI with a b-value of 500 
s/mm2 does perform better than DT-MRI with the other b-
values explored.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

TABLE II.  SENSITIVITY SUMMARY STATISTICS 

Ta Nb Para- 
meter 

H(°) 
m±s.d.d  

T(°) 
m±s.d. 

N(°) 
m±s.d. 

N(°) 
m±s.d. 

 time (parameter = time, h:m, measured from end of fixation) 
S 8 39:20 0 0 0 0 

Sc  1
2 65:09 2.4±11.1 2.9±11.7 2.6±11.7 2.3±11.2 

D 1 3:50 5.4±13.5 4.1±15.2 24.2±31.3 22.2±27.2 
D 7 21:08 5.7±13.9 5.2±15.7 25.9±30.8 24.6±30.0 

D 1
1 46:57 5.9±14.2 5.6±16.4 25.7±32.6 22.4±27.6 

number of gradient directions (parameter = number of directions)  
D 1 6 5.4±13.5 4.1±15.2 24.2±31.3 22.2±27.2 
D 2 12 6.1±13.3 4.0±14.6 21.9±30.2 18.8±27.7 
D 7 6 5.7±13.9 5.2±15.7 25.9±30.8 24.6±30.0 
b-value  (parameter = b-value, s/mm2) 
D 4 500 7.2±13.4 4.6±16.7 33.6±60.5 16.7±27.1 
D 2 1000 6.1±13.3 4.0±14.6 21.9±30.2 18.8±27.7 

D 1
0 1500 7.0±13.3 5.0±15.3 21.3±33.7 18.8±29.1 

D 6 2000 7.0±13.3 5.1±15.3 21.5±33.2 19.9±29.0 

D 1
4 2500 8.3±14.3 7.1±16.7 20.6±35.8 19.2±29.7 

a – T indicates scan type S for ST/HR-MRI, D for DT-MRI:, b –scan number, as in Table I; 
c - all orientations  are expressed as absolute difference to scan number 8 (see Table I). 

d - m±s.d.- mean ± standard deviation 

 

Fig.  1. Myocardial structural orientations in the mid-equatorial septal 
block, imaged in scan 1 (see Table I). DT - DT-MRI, ST – Structure 
Tensor analysis of HR-MRI. 
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Fig.  2. Transmural angle profiles exploring sensitivity to time (time 
elapsed from end of perfusion to end of imaging). All orientations are 
expressed absolute difference to scan number  (see Table I). 
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Fig.  3. Transmural angle profiles exploring sensitivity to number of 
gradient directions (abbreviated as dir here). 
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Fig.  4. Transmural angle profiles exploring sensitivity to b-value (in 
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IV. DISCUSSION 
We found that there is low sensitivity of either ST or 

DT myocardial orientation measurements to time post-
fixation. This would seem to contradict the findings of 
[15] who reported progressive changes following transfer-
ring fixed tissue to an embedding medium, and hypothe-
sized that this was due to osmotic gradients. We did not 
transfer the heart from fixation medium to an embedding 
medium and therefore such osmotic gradients would be 
minimized. We found that DT-MRI fiber orientation 
measurement is highly accurate compared to ST/HR-MRI 
(in agreement with our previous studies [16, 18]), and that 
this measure was not sensitive to time post-fixation, num-
ber of directions, or b-value. It has been shown that fiber 
orientation determined from the fast and slow compart-
ments of intra-voxel diffusion are globally similar, possi-
bly due to micro-vascular orientation coinciding with my-
ofiber orientation [14]. Myofiber orientation measurement 
by DT-MRI is therefore not affected to a large degree by 
the monoexponential diffusion simplification underlying 
DT-MRI. We found that DT-MRI laminar orientation 
measures differed significantly from ST/HR-MRI, con-
firming our previous studies [16, 18]) and that this meas-
ure was not sensitive to time post-fixation or the number 
of gradient directions. Interestingly, DT-MRI performed 
moderately better at low b-values (b=500 s/mm2) than at 
higher b-values (b=1000-2500, s/mm2). It was predicted 
by [12] that laminar measurement would be more accurate 
at high b-values and the reason that our results show the 
opposite is not known. How our findings will influence 
myocardial measurement will depend on the accuracy re-
quired. High accuracy may be required for modeling of 
myocardial mechanics, and may be less important for 
modeling electrophysiology where electrophysiological 
simulations may be insensitive to precise structural organ-
ization in some circumstances [19]. A limitation of this 
study is that currently one region of one rat heart has been 
quantified. Future studies will extend this to more cardiac 
locations and more hearts. The current study only investi-
gates DT-MRI on 200 µm isotropic voxels with 6 or 12 
gradient directions. Other diffusion imaging models (e.g. 
High Angular Resolution Diffusion Imaging) may per-
form better. Other studies have found sensitivity to imag-
ing parameters (e.g. [20] to b-value in brain). The organ 
imaged, and the physiological/post-mortem state of the 
tissue is likely to be an important determinant of sensitivi-
ty. To our knowledge this is the first sensitivity analysis of 
cardiac DT-MRI with direct comparison to macroscopic 
tissue structural measurements.  
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