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Intravoxel Incoherent Motion 
Magnetic Resonance Imaging with 
Integrated Slice-specific Shimming 
for old myocardial infarction: A 
Pilot Study
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Qing-Lei Shi2 & Shuai Li2

Currently, little is known regarding the value of quantitative parameters derived from the intravoxel 
incoherent motion (IVIM) magnetic resonance imaging (MRI) with integrated slice-specific shimming 
(iShim) sequence in detecting old myocardial infarction and myocardial fibrosis. This study was 
to investigate the value of IVIM-MRI with iShim sequence in diagnosing old myocardial infarction 
and fibrosis. Thirty-five patients with both old myocardial infarction and myocardial fibrosis and 
12 healthy volunteers were prospectively enrolled to undergo cardiac diffusion-weighted imaging 
(DWI) using seven b-values (0, 20, 60, 80, 120, 200 and 600 s/mm2). The iShim sequence was used for 
IVIM data acquisition, and the diffusion parameters, D, D* and f values for IVIM, and conventional 
apparent diffusion coefficient (ADC) were evaluated on the anterior, posterior and lateral walls of the 
ventricular septum using the short axis of the heart. Significant differences were found in the D, D* and 
f values between healthy subjects and patients with old myocardial infarction and myocardial fibrosis 
(P = 0.000), with the median value of the D and f significantly smaller in the myocardial infarction and 
fibrosis than in the normal control but the median value of D* significantly greater in the myocardial 
infarction and fibrosis than in the normal control. In the receiver operating curve analysis, the areas 
under the curve were 0.939, 0.988 and 0.959 for the D, D* and f values, respectively. The sensitivities 
and specificities were 84.6% and 94.4% for D, 88.9% and 84.6% for D* and 100% and 93.1% for the f 
values, respectively. In conclusion, the IVIM-derived parameters (D, D* and f) obtained using the iShim 
DWI technique showed high capacity in diagnosing old myocardial infarction and myocardial fibrosis 
by providing diffusion and perfusion information, which may have great importance in future clinical 
practice.

Myocardial infarction is one of the leading causes of death and disability worldwide, and its incidence in China 
is increasing annually. Myocardial fibrosis at the sites of old myocardial infarction is a determining factor of 
ventricular remodelling, which changes the mechanical and electrical activities of the heart and eventually leads 
to heart failure and death in severe cases. Thus, detection of myocardial fibrosis plays an important role in clin-
ical treatment strategies. In recent decades, late gadolinium enhancement (LGE) in cardiac magnetic resonance 
(CMR) has become the gold standard for evaluating myocardial infarction and localised fibrosis1,2. However, a 
considerable number of patients cannot undergo enhanced cardiac scanning because of contrast agent allergy, 
renal fibrosis or other reasons.

Diffusion-weighted imaging (DWI) is a quantitative detection method that can detect the diffusion 
of water molecules in the tissues; it is an imaging technique widely applied in many whole-body systems in 
clinical practice. However, the apparent diffusion coefficient (ADC) in traditional DWI is calculated using a 
single-exponential model based on the premise that the diffusion motion of water molecules in tissues follows 
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a single Gaussian distribution, ignoring the effect of perfusion on the expansion motion. Moreover, myocardial 
ischaemic injury is generally caused by changes in myocardial perfusion. Thus, accurate assessment of myocardial 
diffusion and perfusion abnormalities is valuable in the diagnosis of cardiac ischaemic diseases.

The intravoxel incoherent motion (IVIM) theory, proposed by Le Bihan et al.3, enables evaluation of living 
tissue diffusion movement and micro-vessel perfusion in vivo using quantitative parameters obtained from the 
multi-b-value DWI of a double-exponential decay model. At present, the proposed theory has been widely used 
in studies of the head and neck4, liver5 and vertebral body6, with a relatively high diagnostic value. IVIM can 
reflect the diffusion and perfusion of living tissues through multi-parameter measurements. Therefore, IVIM may 
play an important supplementary role to conventional CMR in patients with heart disease who cannot tolerate 
drug therapy7,8. We hypothesized that the IVIM-DWI had a good value in diagnosing old myocardial infarction 
and myocardial fibrosis. This study consequently was performed to investigate the value of the diffusion coeffi-
cient (D value), perfusion coefficient (D* value) and perfusion fraction (f value) measured by the IVIM-DWI in 
diagnosing old myocardial infarction and myocardial fibrosis in comparison with healthy volunteers.

Patients and Methods
Patients.  Thirty-five patients with both old myocardial infarction and fibrosis were prospectively enrolled 
between May 2016 and September 2018, comprising 28 males and 7 females aged 36–75 years with a mean age 
of 53.6 years. Another 12 healthy volunteers were also prospectively enrolled as the controls, comprising seven 
males and five females aged 23–53 years with a mean age of 35.7 years. The inclusion criteria were as follows: ① 
for patients, a definite medical history of myocardial infarction with duration of infarction ≥6 months; ② for 
healthy volunteers, no previous history of cardiopulmonary or cerebrovascular diseases and ③ for all subjects, 
multi-b-value DWI and contrast-enhanced magnetic resonance imaging (CE-MRI) were performed. The exclu-
sion criteria were as follows: ① patients with severe arrhythmia or those failing to cooperate with the study and 
② patients who could not undergo MRI examination (because of claustrophobia, implantation of pacemakers 
or defibrillators, etc). This study was approved by the Institutional Review Board of Handan Central Hospital, 
and written informed consent was obtained from all subjects including the healthy volunteers. All methods were 
performed in accordance with the relevant guidelines and regulations.

MRI acquisition.  Imaging was performed with a 3.0-T MRI scanner (Magnetom Skyra 3.0 T, Siemens 
Healthcare, Erlangen, Germany) with a phased array surface coil. Respiration navigator and electrocardiogram 
(ECG) triggering technique were used in the course of the scanning. The planes included in the cardiac morphol-
ogy examination included the routine two-chamber plane, four-chamber plane and a series of short-axis cine. 
Myocardial perfusion and delayed myocardial enhancement were performed in all the subjects. The IVIM-DWI 
was performed on the short axis of the heart with b-values of 0, 20, 60, 100, 150, 200 and 600 s/mm2. The scanning 
parameters were as follows: frequency-coded field-of-view of 306 mm, phase-coded field-of-view of 75%, repe-
tition time of 2,200.0 ms, echo time of 67 ms, layer thickness of 8 mm, scanning interval of 1.5–3.5 mm, number 
of excitation as 8.00 times, with local shimming, respiration navigator and ECG triggering technique integrated 
during the acquisition. Regarding directions of diffusion gradients, a three-scan trace diffusion gradient scheme 
was applied. In this scheme, the directions of diffusion gradient are orthogonal and line up with the directions of 
x, y and z axis.

MRI analysis.  The LGE-positive segments of old myocardial infarction were analysed by two radiologists 
with 6 and 10 years of experience, respectively, in cardiovascular imaging diagnosis. The IVIM parameter maps 
were reconstructed using a prototype software (Body Diffusion Toolbox, Siemens Healthcare). In this experi-
ment, a more numerically-stable ‘segmented’ analysis procedure was performed, which is commonly used by 
most researchers to calculate the relevant parameters. In this method, because the value of D* is significantly 
greater than that of D, the b-value is significantly greater than ~1/D* (e.g. for D* ~10 µm2/ms, b > 100 s/mm2) and 
the influence of the pseudo-diffusion term on the signal decay is quite small. Thus, in this higher b-value regime, 
the bi-exponential model can be simplified into an exponential fit equation:

= − − ∗S S ((1 f) exp( b D))b 0

Operationally, D value is determined from such a mono-exponential fit to data above a chosen threshold (in 
this study, b > 170 s/mm2), whose zero intercept Sint is used along with the unweighted (b = 0) signal S0 to deter-
mine the f value, according to the following formula:

= −f S S S( )/int0 0

Thus, finally, D* was calculated from the measured D and f values, in accordance with the partially-constrained 
nonlinear fit method, using the bi-exponential model. In the case of parametric map analysis, an additional step 
was included (residual masking) to avoid overfitting the mono-exponential voxels. Subsequently, the parameter 
maps obtained for IVIM were transferred into a Syngo via workstation for measurement. To locate the infarcted 
myocardium with enhanced accuracy, short-axis delayed-enhancement positive images were selected in the 
delineated region of interest of the infarcted myocardium. Meanwhile, normal myocardium was evaluated at the 
anterior, posterior and lateral walls of the ventricular septum. Eventually, the D, D* and f values were obtained, 
and all the parameter values were expressed as mean ± standard deviation.

Statistical analysis.  The SPSS19.0 statistical software (IBM SPSS Statistics for Windows, Version 19.0. 
Armonk, NY, USA) was used for the analysis of the experimental data. Measurement data were expressed 
as mean ± SD (standard deviation). The rank sum test was performed for the D, D* and f values of the 
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myocardium, in the old myocardial infarction of the patients and the normal myocardium of the healthy vol-
unteers. Furthermore, the diagnostic value for the fibrosis of myocardial infarction was evaluated by receiver 
operating characteristic (ROC) curve analysis for the D, D* and f values, followed by the calculation of accuracy, 
sensitivity, specificity and the positive and negative predictive values in diagnosing the fibrosis of myocardial 
infarction. A P < 0.05 was considered to be statistically significant.

Results
General characteristics of IVIM-DWI.  Original DWI images of the left ventricular short axis at seven 
different b-values were obtained in all the 35 patients with old myocardial infarction and the 12 healthy vol-
unteers. When b = 0 s/mm2, the cardiac blood flow signal showed a high intensity and slightly raised signals in 
the myocardium. With increasing b-values, the cardiac blood flow signal decreased gradually to no signal, and 
the myocardium signal decreased gradually; the signal intensity of the myocardium was relatively low when the 
b-value was 600 s/mm2. Among the 35 patients with old myocardial infarction, 96 LGE-positive segments were 
found among 560 segments scanned in these 35 patients (16 segments for each patient). With the increase in the 
b-value, there was an increased trend in the signals of infarcted myocardium and a decreased trend in those of the 
surrounding normal tissues, resulting in a significant contrast (Figs. 1, 2, 3 and 4). Furthermore, pseudo-colour 
images of the D, D* and f values were created, showing the infarcted and normal myocardium of the two groups 
(Figs. 2 and 4) from the results of the parameters shown in Table 1.

Dynamic change of IVIM-DWI-associated parameters (D, D* and f values).  There were significant 
differences in the mean D, D* and f values between the 35 patients with infarcted myocardium and the 12 indi-
viduals with normal myocardium (Z = −5.028, −5.582 and −5.257, P < 0.05). Furthermore, the area under the 
curves (AUC) in ROC analysis of the D, D* and f values in the two groups were 0.939, 0.988 and 0.959, respec-
tively (Table 2). The sensitivity and specificity in the healthy volunteer group and the myocardial infarction group 
were 84.6% and 88.9% for the D, 100% and 94.4% for D* and 84.6% and 93.1% for f values, respectively (Fig. 5). 
Power analysis with the G* Power 3.1.9.2 version (Franz Faul, Uni Kiel, Germany) showed that if the statistical 
power was 80%-90% with the α = 0.05, the total sample size would be 27–36 for one tail and 34–44 for two tails.

Discussion
In the calculation of apparent diffusion coefficient (ADC) value, a least square method is used to fit the value 
because there is a linear relationship between b values and the logarithmically converted signal intensity. An 
equation of mean square difference (MSE) can be calculated using all the acquired b values. After the equation 
is established, the first derivative MSE equation is calculated, and then, the b value that can help getting the 
minimal MSE is calculated. For the calculation of D, D* and f values, a similar method was used according to a 
dual-exponential algorithm. As in other IVIM studies, a more numerically stable “segmented” analysis procedure 

Figure 1.  A male patient aged 56 years with old myocardial infarction. (A) Magnetic resonance imaging (MRI) 
with delayed enhancement was performed with LGE (late gadolinium enhancement)-positive area of infarction 
indicated by the arrows. B-H. IVIM-DWI images of the same patient. The IVIM-DWI images were shown 
with b values of 0 (B), 20 (C), 60 (D), 80 (E), 120 (F), 200 (G), and 600 (G) s/mm2. Both the signal intensity 
of the infarcted myocardium and cardiac blood pool demonstrated high signal intensity. With the increase in 
the b value, the signal intensity of the blood pool decreased, with an optimal contrast at b = 120 s/mm2. IVIM, 
intravoxel incoherent motion; DWI, diffusion-weighted image.
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was performed. Because D* is significantly greater than D, when the b-value is significantly greater than 1/D*, the 
influence of the pseudo-diffusion term on the signal decay is quite small. Thus, in this higher b-value regime, the 
algorithm can be simplified into a mono-exponential equation, whereby D and f can be estimated. With D and f 
values calculated previously, D *values can be calculated by using a partially constrained nonlinear fit of the entire 
dataset according to the dual-exponential algorithm. The DWI is an important examination method in functional 
MRI at present. However, the ADC value, calculated using the traditional single-exponential model, fails to con-
sider the signal loss resulting from water molecular displacement caused by the intra-tissue microcirculation 
perfusion, thereby affecting the accuracy of tissue ADC value evaluation. Notably, the IVIM double-exponential 
model can calculate the D value (tissue diffusion movement), D* value (change of diffusion coefficient caused by 
microcirculation perfusion) and f value (perfusion fraction), by acquiring DWI images at several b-values (>4). 
Thus, such a model can be used to evaluate tissue diffusion and microcirculation perfusion simultaneously, indi-
cating the great potential of this technique to accurately evaluate the myocardial perfusion and water molecular 
diffusion4–8. Additionally, the IVIM-DWI can provide micro-perfusion information, while avoiding the risks of 
contrast agent allergy and gadolinium-related renal fibrosis, as it avoids the need to inject the contrast agents.

The infarcted myocardium of anterior and inferior segments was displayed as high signal on DWI (Fig. 1). 
In order to decrease measurement errors, regions of interest (ROI) were firstly drawn on high b value images, 
and then, the relevant ROI was produced in the pseudo-color images automatically with recording of the rel-
evant value of D, D* and f. Through analysis of these values in infarcted and normal myocardium, fibrosis of 
myocardium was evaluated through changes of pseudo-color. Using the IVIM dual-exponential algorithm for 
measurement of functional parameters, the D value indicates the diffusion status of water molecules inside the 
myocardium, and the infarcted myocardium showed decreased D values correlating to the LGE-positivity. Data 
acquisition in IVIM-DWI currently relies generally on the echo-planar imaging (EPI) technology in clinical 

Figure 2.  Pseudo-color images of D (A), D* (B) and f (C) value in IVIM-DWI images in the same 56-year-
old man as in Fig. 1. (A) The D value of the infarction (white arrows) of the interventricular septum was 
significantly lower than that (arrow head) of the normal lateral wall myocardium. (B) The D* value of the 
infarction (white arrows) of the interventricular septum was significantly greater than that (arrow head) 
of the normal lateral wall myocardium. (C) The f value of the infarction of the interventricular septum was 
significantly greater than that of the normal lateral wall myocardium. The D, D* and f values of the infarction 
of the interventricular septum were 0.0016 × 10−3 mm2/s, 0.79 × 10−3 mm2/s and 0.14, respectively. (D) In 
the fitting curves, the measured signal intensity points are distributed near the fitted curves, which reflect a 
higher image quality without obvious impact by respiratory movement and heart beat. Meanwhile, the dual-
exponential algorithm demonstrates a better fitting effect than mono-exponential algorithm. D value, diffusion 
coefficient; D* value, perfusion coefficient; f value, perfusion fraction; IVIM, intravoxel incoherent motion; 
DWI, diffusion-weighted image.
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Figure 3.  Images of a 51-year-old healthy volunteer were shown. (A) No abnormal signal was detected in the 
late gadolinium enhancement (LGE) images. (B–H) Diffusion weighted images had the b value of 0 (B), 20 (C), 
60 (D), 80 (E), 120 (F), 200 (G), 600 (H) s/mm2 respectively. The myocardial signal decreased with increase of 
the b values. The myocardium had a uniform signal.

Figure 4.  Pseudo-color images of D (A), D* (B) and f (C) value in IVIM-DWI images in the same 51-year-
old healthy volunteer as in Fig. 3. The D, D* and f values of the left ventricular myocardium were uniform. 
The D, D* and f values of the interventricular septum were 0.0028 × 10−3 mm2/s, 0.61 × 10−3 mm2/s and 0.22, 
respectively. D value, diffusion coefficient; D* value, perfusion coefficient; f value, perfusion fraction; IVIM, 
intravoxel incoherent motion; DWI, diffusion-weighted image. (D) The measured signal intensity points are 
distributed near the fitting curves, which reflect a higher image quality without obvious impact by respiratory 
movement and heartbeat. Meanwhile, the dual-exponential algorithm demonstrates a better fitting effect than 
mono-exponential algorithm.
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practice. Nevertheless, the complexity of cardiac anatomy and physiological movement affects the image quality 
in the DWI, which in turn affects the accuracy of IVIM-DWI parameters. In this experiment, iShim sequence was 
used for the IVIM-DWI imaging, which is an improvement in the traditional EPI sequence compared with the 
traditional DWI7. In comparison with the conventional single-shot EPI sequencing, the advantages of the iShim 
sequencing lie in the facts that: (1) corresponding b-values can be selected reasonably according to the require-
ments of the experiment, especially when the b-values are small, so as to improve the fitting accuracy of the D* 
value8; (2) it can reduce image distortion; the iShim sequence scans a B0-Map before scanning each slice, and the 
signal changes of the B0-Map are used to correct the distortion of EPI, thereby contributing to the improvement 
in the distortion caused by the heterogeneity of the main magnetic field; (3) it can exert a better fat-suppression 
effect; specifically, the sequence can achieve a more thorough suppression of fatty tissue signals, by improving 
the accuracy of fat-selective pulses and using a slice-selection gradient-reversal fat-suppression technique; (4) 
it optimises the image acquisition mode, allows higher acquisition times, increases the signal-to-noise ratio and 
further improves the accuracy of parameter fitting. The setting of the b-value is also quite important in improving 
the accuracy of the parameter values. A lower b-value is more sensitive to perfusion of microcirculation, which, 
however, is prone to producing a ‘T2 penetration’ effect. Higher b-values may express a higher sensitivity to the 
diffusion of water molecules, but are also accompanied by a higher risk of image anatomical deformation and 
distortion that may affect the accuracy of the measurement9–11. In addition, in view of the continuous beating of 
the heart and the respiratory movement of the chest, breathing navigation technology and ECG-gated technology 
also play critical roles in improving the image quality. In this study, six low b-values, ranging 0–200 s/mm2, and 
one high b-value of 600 s/mm2 was selected for short axis DWI, in combination with the application of reduced 

Parameters

Normal myocardium Infarcted myocardium

Z PMedian Inter-quartile range Median Inter-quartile range

D (×10−3 mm2/s) 0.0032 0.0016 0.0012 0.0007 −5.028 0.000

D* (×10−3 mm2/s) 0.5500 0.1650 0.8500 0.1250 −5.582 0.000

f (%) 0.2300 0.1475 0.1200 0.0700 −5.257 0.000

Table 1.  Parameters of D, D* and f values between normal and infarcted myocardium (median, inter-quartile 
range). Note: D, diffusion coefficient; D*, perfusion coefficient; f, perfusion fraction.

Variables Cut-off Value Senstivity Specificity AUC

D value 0.00155 84.6% 88.9% 0.939

f value 0.165 84.6% 93.1% 0.959

D* value 0.74 100% 94.4% 0.988

Table 2.  Receiver operating characteristics (ROC) curve analysis.

Figure 5.  Comparison of the area under the receiver operating characteristics (ROC) curve of the intravoxel 
incoherent motion-diffusion-weighted imaging (IVIM-DWI) parameters of D, D* and f value between normal 
and infarcted groups. The area under the curve (AUC) was 0.939, 0.988 and 0.959, for D, D* and f value, 
respectively. D value, diffusion coefficient; D* value, perfusion coefficient; f value, perfusion fraction.
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field-of-view and local shimming. Meanwhile, respiratory navigation and ECG gating techniques were also used 
to improve the quality of the scanned images. Consequently, images of 35 patients with old myocardial infarction 
and 12 healthy volunteers were screened and included for analysis, without significant loss of myocardial signal 
and a clear display of myocardial contour.

In 2003, Callot et al.12 confirmed the feasibility of IVIM imaging for the first time by using IVIM technology 
in the canine heart. Delattre et al.13 used an IVIM model of in vivo cardiac MRI and measured the parameters of 
IVIM in the human heart for the first time. In addition, Rapacchi et al.14 measured IVIM imaging of 10 normal 
human hearts by the EPI technology. In view of the results of these studies, all the experiments indicated that 
the D, D* and f values of 17-segment MRI of the left ventricle were not completely equal, despite the existence of 
some differences in the parameters, similar to the results of the present study. In our study, normal myocardial 
parameters were obtained in 12 healthy volunteers. D values of the anterior and inferior left ventricular septum 
were larger than those of the free wall myocardium, while converse results were found for the D* and f values, 
indicating significant differences among the parameters. The results suggested differences in the myocardial per-
fusion blood flow of the anterior descending branch, the right coronary artery and the circumflex branch. The 
17-segment model is currently widely applied worldwide for left ventricle segmentation9,11,15. Different segments 
of the left ventricle are supplied by the anterior descending branch, the circumflex branch and the right coronary 
artery. Because most of the Chinese population have the right dominant type of coronary artery, the anterior 
wall and anterior ventricular septum of the left ventricle are thus mainly supplied by the anterior descending 
branch, the inferior wall and inferior septum are mostly supplied by the right coronary artery, and the lateral wall 
is predominantly supplied by the circumflex branch. The blood flow of the anterior descending branch and the 
right coronary artery is generally larger than that of the left circumflex artery. Thus, the results of this experiment 
were reasonable to certain extent. Power analysis showed that the total sample size in our study is enough to draw 
the conclusion with well over 80% power. In a study conducted by Kociemba et al.16, a 1.5 T MR scanner was 
used, and DWI sequences with b-values of 0, 50, 100 and 200 s/mm2 were used for cardiac scanning. The results 
showed that the DWI possessed high sensitivity and specificity in the detection of acute myocardial infarction. 
Furthermore, in a study by Laissy et al.17, the ADC value in the healthy volunteers was higher than in patients with 
myocardial infarction in different periods, when the b-value of a 1.5 T MR scanner was approximately 300 s/mm2, 
consistent with the results demonstrated in our study. Our study indicated that the D and f values of infarcted 
myocardium in 35 patients with old myocardial infarction were significantly lower than those in the 12 healthy 
volunteers and that the D* value was significantly higher than that of the normal myocardium. We speculated 
that this was related to decreased blood perfusion caused by ischaemic necrosis and infarcted myocardium with 
decreased blood flow. Moreover, the AUCs of the D, D* and f values were 0.939, 0.988 and 0.959, respectively, 
with no significant difference in the diagnostic efficiency. Furthermore, the infarcted myocardium of 35 patients 
with old myocardial infarction showed high signal on DWI in a bi-exponential model. When b = 0 s/mm2, the 
signal intensity of the blood pool was high, which easily affected the display of the subendocardial infarcted 
myocardium18–22. With an increasing b-value, the intracardiac blood pool showed low signals, and thus, a higher 
b-value might induce a more obvious contrast between infarcted and normal myocardium, aiding the diagnosis 
of infarcted myocardium.

Quantitative detection of fibrosis in old myocardial infarction plays an important role in evaluating the degree 
of left ventricular dysfunction and progression to heart failure23–26. At present, delayed enhancement is the gold 
standard for the diagnosis of fibrosis in old myocardial infarction, which, however, possesses deficiencies due 
to the requirement for injection of contrast agent, long scanning time and no quantitative indicators. However, 
the IVIM-DWI technology can display and quantitatively detect myocardial fibrous scars without the need for 
gadolinium-containing contrast agents, with corresponding precision, confirmed experimentally27–29. The mech-
anism leading to decreased D and f values but increased D* value in the fibrosis of myocardium in IVIM of MRI 
may include the following several aspects. As increase of the fibrous connective tissue component in the fibrous 
myocardium, especially increase of the collagen fiber composition, the Brownian motion of water molecules of 
the fibrous myocardium is damaged, resulting in decrease of the D and f values. Fibrosis of the myocardium is 
accompanied by degeneration of myocardial cells to cause increase of the tissue space of the myocardial collagen 
fibers, leading to decreased perfusion and subsequent increase of the D* value. In our study using the IVIM 
dual-exponential algorithm for imaging the myocardium with several b values, the D, D* and f values can be 
simultaneously obtained to reflect the water movement, dispersion and blood microcirculation perfusion state. 
As increase of the b values, the myocardial signal begins to attenuate, and the infarcted myocardium is of high 
signal. The D, D* and f values measured quantitatively with the LGE standard in the normal and infarcted myo-
cardium were analyzed to determine the cut-off value, sensitivity, specificity and AUC, which demonstrated high 
values of these parameters in diagnosis of myocardial infarction. The results of the current study also supported 
the hypothesis that IVIM-DWI can diagnose old myocardial infarction more easily, and the parameters of the 
D, D* and f values can quantitatively evaluate the extent and degree of myocardial infarction fibrosis. Therefore, 
the IVIM-DWI has a certain value in demonstrating the blood perfusion and water molecular diffusion of old 
myocardial infarction.

This study has some limitations including a limited cohort, retrospective nature, non-randomization, sin-
gle center study and only Chinese ethnicity involved. Future studies will have to solve the problems for better 
outcomes.

In conclusion, the IVIM-derived parameters (D, D* and f) obtained using the iShim DWI technique showed 
high capacity in diagnosing old myocardial infarction and myocardial fibrosis by providing diffusion and perfu-
sion information, which may have great importance in future clinical practice.

Received: 22 August 2019; Accepted: 12 December 2019;
Published: xx xx xxxx

https://doi.org/10.1038/s41598-019-56489-6


8Scientific Reports |         (2019) 9:19766  | https://doi.org/10.1038/s41598-019-56489-6

www.nature.com/scientificreportswww.nature.com/scientificreports/

References
	 1.	 Pattanayak, P. & Bleumke, D. A. Tissue characterization of the myocardium: state of the art characterization by magnetic resonance 

and computed tomography imaging. Radiol Clin North Am 53, 413–423, https://doi.org/10.1016/j.rcl.2014.11.005 (2015).
	 2.	 Varga-Szemes, A. et al. Infarct density distribution by MRI in the porcine model of acute and chronic myocardial infarction as a 

potential method transferable to the clinic. Int J Cardiovasc Imaging 30, 937–948, https://doi.org/10.1007/s10554-014-0408-x (2014).
	 3.	 Le Bihan, D. et al. Separation of diffusion and perfusion in intravoxel incoherent motion MR imaging. Radiology 168, 497–505, 

https://doi.org/10.1148/radiology.168.2.3393671 (1988).
	 4.	 Mulkern, R. V. et al. Biexponential apparent diffusion coefficient parametrization in adult vs newborn brain. Magn Reson Imaging 

19, 659–668, https://doi.org/10.1016/s0730-725x(01)00383-6 (2001).
	 5.	 Luciani, A. et al. Liver cirrhosis: intravoxel incoherent motion MR imaging–pilot study. Radiology 249, 891–899, https://doi.

org/10.1148/radiol.2493080080 (2008).
	 6.	 Ward, R. et al. Analysis of diffusion changes in posttraumatic bone marrow using navigator-corrected diffusion gradients. AJR Am 

J Roentgenol 174, 731–734, https://doi.org/10.2214/ajr.174.3.1740731 (2000).
	 7.	 Xiang, S. F. et al. STROBE-A preliminary investigation of IVIM-DWI in cardiac imaging. Medicine (Baltimore) 97, e11902, https://

doi.org/10.1097/MD.0000000000011902 (2018).
	 8.	 Zhang, H. et al. Integrated Shimming Improves Lesion Detection in Whole-Body Diffusion-Weighted Examinations of Patients 

With Plasma Disorder at 3 T. Invest Radiol 51, 297–305, https://doi.org/10.1097/RLI.0000000000000238 (2016).
	 9.	 Abdullah, O. M. et al. Orientation dependence of microcirculation-induced diffusion signal in anisotropic tissues. Magn Reson Med 

76, 1252–1262, https://doi.org/10.1002/mrm.25980 (2016).
	10.	 Cohen, A. D., Schieke, M. C., Hohenwalter, M. D. & Schmainda, K. M. The effect of low b-values on the intravoxel incoherent 

motion derived pseudodiffusion parameter in liver. Magn Reson Med 73, 306–311, https://doi.org/10.1002/mrm.25109 (2015).
	11.	 Steidle, G. & Schick, F. Addressing spontaneous signal voids in repetitive single-shot DWI of musculature: spatial and temporal 

patterns in the calves of healthy volunteers and consideration of unintended muscle activities as underlying mechanism. NMR 
Biomed 28, 801–810, https://doi.org/10.1002/nbm.3311 (2015).

	12.	 Callot, V., Bennett, E., Decking, U. K., Balaban, R. S. & Wen, H. In vivo study of microcirculation in canine myocardium using the 
IVIM method. Magn Reson Med 50, 531–540, https://doi.org/10.1002/mrm.10568 (2003).

	13.	 Delattre, B. M. et al. In vivo cardiac diffusion-weighted magnetic resonance imaging: quantification of normal perfusion and 
diffusion coefficients with intravoxel incoherent motion imaging. Invest Radiol 47, 662–670, https://doi.org/10.1097/
RLI.0b013e31826ef901 (2012).

	14.	 Rapacchi, S. et al. Low b-value diffusion-weighted cardiac magnetic resonance imaging: initial results in humans using an optimal 
time-window imaging approach. Invest Radiol 46, 751–758, https://doi.org/10.1097/RLI.0b013e31822438e8 (2011).

	15.	 Togao, O. et al. Differentiation of high-grade and low-grade diffuse gliomas by intravoxel incoherent motion MR imaging. Neuro 
Oncol 18, 132–141, https://doi.org/10.1093/neuonc/nov147 (2016).

	16.	 Kociemba, A. et al. Comparison of diffusion-weighted with T2-weighted imaging for detection of edema in acute myocardial 
infarction. J Cardiovasc Magn Reson 15, 90, https://doi.org/10.1186/1532-429X-15-90 (2013).

	17.	 Laissy, J. P. et al. Cardiac diffusion-weighted MR imaging in recent, subacute, and chronic myocardial infarction: a pilot study. J 
Magn Reson Imaging 38, 1377–1387, https://doi.org/10.1002/jmri.24125 (2013).

	18.	 Prakosa, A. et al. Methodology for image-based reconstruction of ventricular geometry for patient-specific modeling of cardiac 
electrophysiology. Prog Biophys Mol Biol 115, 226–234, https://doi.org/10.1016/j.pbiomolbio.2014.08.009 (2014).

	19.	 Stoeck, C. T. et al. Dual-phase cardiac diffusion tensor imaging with strain correction. PLoS One 9, e107159, https://doi.org/10.1371/
journal.pone.0107159 (2014).

	20.	 Vadakkumpadan, F. et al. Image-based models of cardiac structure in health and disease. Wiley Interdiscip Rev Syst Biol Med 2, 
489–506, https://doi.org/10.1002/wsbm.76 (2010).

	21.	 Wei, H. et al. Assessment of cardiac motion effects on the fiber architecture of the human heart in vivo. IEEE Trans Med Imaging 32, 
1928–1938, https://doi.org/10.1109/TMI.2013.2269195 (2013).

	22.	 Youn, J. C. et al. Contrast-enhanced T1 mapping-based extracellular volume fraction independently predicts clinical outcome in 
patients with non-ischemic dilated cardiomyopathy: a prospective cohort study. Eur Radiol 27, 3924–3933, https://doi.org/10.1007/
s00330-017-4817-9 (2017).

	23.	 Ambale Venkatesh, B. et al. Association of longitudinal changes in left ventricular structure and function with myocardial fibrosis: 
the  Mult i -Ethnic  Study of  Atheroscleros is  s tudy.  Hy per tension  64 ,  508–515,  https : / /doi .org/10.1161/
HYPERTENSIONAHA.114.03697 (2014).

	24.	 Hassanein, A. S. et al. Automatic synthesis of cine viability MRI images for evaluation of coronary heart disease. Conf Proc IEEE Eng 
Med Biol Soc 2014, 5117–5120, https://doi.org/10.1109/EMBC.2014.6944776 (2014).

	25.	 Marie, P. Y. et al. Comprehensive monitoring of cardiac remodeling with aortic stroke volume values provided by a phase-contrast 
MRI sequence. J Hypertens 34, 967–973, https://doi.org/10.1097/HJH.0000000000000889 (2016).

	26.	 Shah, R. V. et al. Insulin resistance, subclinical left ventricular remodeling, and the obesity paradox: MESA (Multi-Ethnic Study of 
Atherosclerosis). J Am Coll Cardiol 61, 1698–1706, https://doi.org/10.1016/j.jacc.2013.01.053 (2013).

	27.	 Akcakaya, M., Basha, T. A., Chan, R. H., Manning, W. J. & Nezafat, R. Accelerated isotropic sub-millimeter whole-heart coronary 
MRI: compressed sensing versus parallel imaging. Magn Reson Med 71, 815–822, https://doi.org/10.1002/mrm.24683 (2014).

	28.	 Pashakhanloo, F. et al. Submillimeter diffusion tensor imaging and late gadolinium enhancement cardiovascular magnetic resonance 
of chronic myocardial infarction. J Cardiovasc Magn Reson 19, 9, https://doi.org/10.1186/s12968-016-0317-3 (2017).

	29.	 Wu, L. M. et al. Quantitative diffusion-weighted magnetic resonance imaging in the assessment of myocardial fibrosis in 
hypertrophic cardiomyopathy compared with T1 mapping. Int J Cardiovasc Imaging 32, 1289–1297, https://doi.org/10.1007/s10554-
016-0909-x (2016).

Author contributions
Study design: Shi-Feng Xiang, Xue-Qiang Zhang, Bu-Lang Gao. Data collection: Shi-Feng Xiang, Xue-Qiang 
Zhang, Su-Jun Yang, Yun-Yun Gao. Data analysis: Shi-Feng Xiang, Xue-Qiang Zhang, Su-Jun Yang. Study 
supervision: Bu-Lang Gao, Qing-Lei Shi, Shuai Li, Yun-Yun Gao. Writing of the original paper: Shi-Feng Xiang. 
Revision of the paper: Bu-Lang Gao. Approval: All authors.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to X.-Q.Z.
Reprints and permissions information is available at www.nature.com/reprints.

https://doi.org/10.1038/s41598-019-56489-6
https://doi.org/10.1016/j.rcl.2014.11.005
https://doi.org/10.1007/s10554-014-0408-x
https://doi.org/10.1148/radiology.168.2.3393671
https://doi.org/10.1016/s0730-725x(01)00383-6
https://doi.org/10.1148/radiol.2493080080
https://doi.org/10.1148/radiol.2493080080
https://doi.org/10.2214/ajr.174.3.1740731
https://doi.org/10.1097/MD.0000000000011902
https://doi.org/10.1097/MD.0000000000011902
https://doi.org/10.1097/RLI.0000000000000238
https://doi.org/10.1002/mrm.25980
https://doi.org/10.1002/mrm.25109
https://doi.org/10.1002/nbm.3311
https://doi.org/10.1002/mrm.10568
https://doi.org/10.1097/RLI.0b013e31826ef901
https://doi.org/10.1097/RLI.0b013e31826ef901
https://doi.org/10.1097/RLI.0b013e31822438e8
https://doi.org/10.1093/neuonc/nov147
https://doi.org/10.1186/1532-429X-15-90
https://doi.org/10.1002/jmri.24125
https://doi.org/10.1016/j.pbiomolbio.2014.08.009
https://doi.org/10.1371/journal.pone.0107159
https://doi.org/10.1371/journal.pone.0107159
https://doi.org/10.1002/wsbm.76
https://doi.org/10.1109/TMI.2013.2269195
https://doi.org/10.1007/s00330-017-4817-9
https://doi.org/10.1007/s00330-017-4817-9
https://doi.org/10.1161/HYPERTENSIONAHA.114.03697
https://doi.org/10.1161/HYPERTENSIONAHA.114.03697
https://doi.org/10.1109/EMBC.2014.6944776
https://doi.org/10.1097/HJH.0000000000000889
https://doi.org/10.1016/j.jacc.2013.01.053
https://doi.org/10.1002/mrm.24683
https://doi.org/10.1186/s12968-016-0317-3
https://doi.org/10.1007/s10554-016-0909-x
https://doi.org/10.1007/s10554-016-0909-x
http://www.nature.com/reprints


9Scientific Reports |         (2019) 9:19766  | https://doi.org/10.1038/s41598-019-56489-6

www.nature.com/scientificreportswww.nature.com/scientificreports/

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-56489-6
http://creativecommons.org/licenses/by/4.0/

	Intravoxel Incoherent Motion Magnetic Resonance Imaging with Integrated Slice-specific Shimming for old myocardial infarcti ...
	Patients and Methods

	Patients. 
	MRI acquisition. 
	MRI analysis. 
	Statistical analysis. 

	Results

	General characteristics of IVIM-DWI. 
	Dynamic change of IVIM-DWI-associated parameters (D, D* and f values). 

	Discussion

	Figure 1 A male patient aged 56 years with old myocardial infarction.
	Figure 2 Pseudo-color images of D (A), D* (B) and f (C) value in IVIM-DWI images in the same 56-year-old man as in Fig.
	Figure 3 Images of a 51-year-old healthy volunteer were shown.
	Figure 4 Pseudo-color images of D (A), D* (B) and f (C) value in IVIM-DWI images in the same 51-year-old healthy volunteer as in Fig.
	Figure 5 Comparison of the area under the receiver operating characteristics (ROC) curve of the intravoxel incoherent motion-diffusion-weighted imaging (IVIM-DWI) parameters of D, D* and f value between normal and infarcted groups.
	Table 1 Parameters of D, D* and f values between normal and infarcted myocardium (median, inter-quartile range).
	Table 2 Receiver operating characteristics (ROC) curve analysis.




