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Abstract
The purpose of this study was to investigate the effects of cardiac pulsation in diffusion tensor
imaging (DTI) of the rat brain. DTI data were acquired either with or without different cardiac
gating delays. For each case, two sets of identical DTI data were acquired for a bootstrap analysis
to measure the uncertainty in estimating mean diffusivity (MD), fractional anisotropy (FA) and the
primary eigenvector direction. The 95% confidence interval of the primary eigenvectors was
substantially reduced (21 ~ 25 %) when cardiac gating with triggering delay of 70 ms (~ half of R-
R peak duration) was used in comparison to studies without gating or when gating with a
triggering delay of 0 ms was used. Standard deviations of MD and FA estimates were also reduced
by 12 – 26 % and 13 – 24 %, respectively. For voxels with mean FA values larger than 0.15 and
smaller than 0.95, the decrease in CI and standard deviations of MD and FA by cardiac gating
with triggering delay of 70 ms were significant (p < 0.05). These results demonstrate the
importance of cardiac gating in acquisition of in vivo high resolution DTI data.
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INTRODUCTION
Diffusion tensor imaging (DTI) has been widely used to study the brain (Le Bihan et al.,
2001). While this technique is commonly applied to the human brain, only a limited number
of studies of the rat brain in vivo (Xue et al., 1999) or ex vivo (Huang et al., 2004) have been
published. In vivo imaging studies of intra-cranial rat brain tumor or other neurological
disease models may be important as these studies provide greater experimental control,
histological confirmation, and follow-up studies of underlying cellular and molecular
mechanisms. However, considering the small size of the rat brain (~1 cc) in comparison to
the human brain (~ 1500 cc), in vivo DTI of the rat brain is challenging.
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Besides the challenge of imaging the small brain, it is unclear as to whether in vivo DTI of
the rat brain benefits from cardiac gating. A number of human DTI studies have
demonstrated that cardiac pulsation introduces uncertainties in diffusion tensor orientations
as well as in DTI-based metrics, and therefore cardiac gated DTI has been often
recommended (Brockstedt et al., 1999; Chung et al., 2010; Jones and Pierpaoli, 2005;
Pierpaoli et al., 2003; Skare and Andersson, 2001). Brockstedt et al (Brockstedt et al., 1999)
reported that the average standard deviation of the apparent diffusion coefficients (ADC)
was significantly higher without cardiac gating than with cardiac gating. Similar benefits of
gating have been reported for other DTI metrics (Jones and Pierpaoli, 2005; Pierpaoli et al.,
2003; Skare and Andersson, 2001). Chung et al (Chung et al., 2010) reported that by using
cardiac gating and partial Fourier acquisition, the 95% confidence interval (CI) of the
primary eigenvector in the white matter was 18% smaller than without cardiac gating. While
these studies demonstrate the added benefit of cardiac gating in DTI studies, no such studies
have been performed in rodents that have much faster heart rates. Hence, the purpose of this
study was to investigate the effect of cardiac pulsation on in vivo DTI of the rat brain.

MATERIALS AND METHODS
Animal Models and Preparation

Four- to six-week-old female Fisher rats (n=8) were used to study the effect of cardiac
gating. For the imaging study, the animal was mounted on a cradle after general anesthesia
was induced using 3% isoflurane in oxygen. The head of the rat was secured in a nose cone
and a restraining device with ear pins to minimize motion induced artifacts. In addition, the
neck and shoulders were held in place by a restraining device to minimize the effect of any
body motion, including respiratory or involuntary jerk motion, on the brain. Subdermal
needle electrodes and a rectal thermister were placed and connected to a small animal vital
signs monitoring device (SA Instruments, NY, USA) to monitor electrocardiogram and core
body temperature. During the scan, anesthesia was maintained with 1.5% isoflurane in
oxygen. The animal body temperature was maintained at 37 (±1) °C during the scan by
directing a thermostatically controlled warm air source.

Data Acquisition
All MR studies were performed on a 4.7T horizontal bore magnet (Magnex Scientific Inc.,
Abingdon, Oxon, UK) attached to a Varian Inova console (Varian, Inc., Palo Alto, CA,
USA) equipped with 25 G/cm gradients with rise times to full amplitude of 200 μs. A dual
coil system; a 7 cm microstrip volume coil to transmit and a 2.5 cm surface coil to receive
the RF signal (Insight Neuroimaging Systems, LLC. Worcester, MA, USA) was used for all
imaging studies. Twenty axial slices were selected to cover most of the cerebral cortex. In
order to minimize the difference in the slice locations between subsequent scans, the center
of the imaging slice at the mid-point between the rostral end of cerebrum and the caudal end
of the cerebellum detected in the mid-sagittal image was selected. A pulsed gradient spin
echo sequence was modified to acquire 2D multi-slice images with diffusion weighting
along six directions optimally selected for anisotropy measurement (Jones et al., 1999) in
addition to the non diffusion-weighted image. The scan was repeated with diffusion
gradients in the opposite direction to reduce the cross-term effect from imaging gradients by
taking the geometric average of the two (Neeman et al., 1991). The imaging parameters
were TR = 2 s, TE = 35 ms, FOV = 3 cm, slice thickness=1 mm, matrix size = 128 × 128,
and number of acquisitions = 2. The strength and duration of diffusion gradients were 12 G/
cm and 7 ms, respectively, and diffusion time was 20 ms, resulting in a b-value of
approximately 891 s/mm2. Scan time per animal was about 2 hours for each cardiac gating
option. Two cardiac gating options per animal were used to measure the effect of cardiac
gating as described in the next section.
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Cardiac Gating
The effect of cardiac gating on rat brain DTI was assessed using normal rats (n = 8). Five
rats were used to compare cardiac triggering delay (from the rising edge of R peak) = 0 and
~ 70 ms corresponding to an acquisition in the middle of two adjacent R-peaks. In the
remaining three rats, DTI data were acquired with or without cardiac gating. When gating
was used, the triggering delay was 70 ms. In each case, two sets of identical DTI data were
acquired for a bootstrap analysis to measure uncertainty in the primary eigenvector direction
(Jones, 2003). Briefly, one test DTI data set was generated by randomly selecting diffusion
weighted images from two raw data sets. With two data sets of 13 different diffusion
weightings (b = 0, 6 diffusion weighting directions, and 6 opposition directions), there are
8192 (213) combinations of raw images as test data sets. We randomly selected 200 test data
sets for bootstrap analysis. Each test DTI data set was used to calculate mean diffusivity
(MD), fractional anisotropy (FA) and primary eigenvector. For each voxel in the brain,
mean and standard deviation (SD) of MD and FA were calculated. The mean primary
eigenvector was calculated by averaging the dyadic tensors of 200 bootstrap primary
eigenvectors and determining the primary eigenvector of the mean dyadic tensor, using the
method suggested by Basser and Pajevic (Basser and Pajevic, 2000). Angular differences
between the bootstrap primary eigenvectors and the mean primary eigenvector were
calculated. Since the distribution of angular difference is one-tailed, the 95% CI of the
primary eigenvector was determined as the angular difference at the 190th position in the
sorted angular differences. The analysis was only performed for the voxels with MD ≥ 0.5
and MD ≤ 1.0 μm2/ms, in order to avoid regions with predominantly cerebrospinal fluid or
areas that did not include the brain. Wilcoxon rank sum test was used for comparison of
median values and t-test was used for comparison of mean values unless specified
otherwise. This data analysis was performed using in-house software written in Matlab (The
MathWorks, Inc. Natick, MA).

RESULTS
Representative raw images and directionally encoded color (DEC) maps are shown in Fig. 1.
For representation, images from slices 2, 5, 8, 13, and 19 are shown. The image slice
positions were consistent across all animals as we used the in-house re-positioning and
restraining device described in the methods section. Out of 20 slices, the first and last
images were excluded from the analysis since they usually had large partial volume effects.
Signal to noise ratio (SNR) in the cortical ribbon of the raw images without diffusion
weighting was approximately 72. DEC maps show major white matter tracts, such as the
corpus callosum (solid arrow), as well as the radial alignment of neurons in the cortical
region (block arrows) which was also observed in high resolution ex vivo DTI of the mouse
brain (Zhang et al., 2002). Visual inspection of the raw images indicated that all images
were free of any noticeable motion artifacts.

Bootstrap analysis was conducted to investigate the effect of cardiac gating in terms of MD,
FA, and 95% CI of the primary eigenvectors. Figures 2 and 3 show these parametric maps
for a rat brain with a triggering delay (Td) of 0 and 70 ms, respectively. There was no
discernable difference between the two figures in terms of mean MD (first row) and mean
FA (third row). However, the standard deviations (SD) of MD and FA of Fig. 2 (Td = 0 ms)
appeared higher than those of Fig. 3 (Td = 70 ms). CI also appeared higher in Fig. 2 than in
Fig. 3. These differences were generally higher near the cortical surface or ventricles, but
were also easily noticeable across the entire brain parenchyma.

Fig. 4 shows histograms for SD of MD (denoted as SD(MD)), SD of FA (denoted as
SD(FA)), and CI from all animals. The histograms on the top row (Fig. 4a, b, and c)
compare two different Td; 0 ms (dashed lines) and 70 ms (solid lines). The median of
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SD(MD) with Td = 0 ms (0.023, interquartile range (IQR): 0.016 – 0.036) was significantly
higher (p < 0.01) than that with Td = 70 ms (0. 020, IQR: 0.014 – 0.029). The median of
SD(FA) with Td = 0 ms (0.033, IQR: 0.025 – 0.046) was significantly higher (p < 0.01) than
that with Td = 70 ms (0.028, IQR: 0.022 – 0.037). The median of CI with Td = 0 ms (18.6
deg, IQR: 10.6 – 39.7) was also significantly larger (p < 0.01) than that with Td = 70 ms
(15.2, IQR: 8.9 – 30.0). The histograms on the bottom row (Fig. 4d, e, and f) show
comparison between non-gating and gating with Td = 70 ms. The medians without cardiac
gating (SD(MD) = 0.024, IQR:0.017 – 0.035; SD(FA) = 0.035, IQR: 0.027 – 0.047; CI =
19.1, IQR: 11.3 – 37.4) were significantly higher (p < 0.01) than those with cardiac gating
with Td = 70 ms (SD(MD) = 0.021, IQR: 0.014 – 0.030; SD(FA) = 0.030, IQR: 0.023 –
0.040; CI = 15.8, IQR: 9.3 – 31.0). Thus, using cardiac gating with the appropriate
triggering delay reduced the uncertainty in DTI measurements.

Fig. 5 shows the uncertainty in DTI metrics as a function of FA. The plots on the top row
(Fig. 5a, b, and c) show comparison between Td = 0 ms and 70 ms. All three measures,
SD(MD), SD(FA), and CI, were reduced by 26 ± 10 %, 24 ± 9%, and 25 ± 13 %,
respectively, when using Td = 70 ms, compared to using Td = 0 ms. The differences
between the mean uncertainties of two gating delays were significant for all FA values (p <
0.05). The bottom row presents plots that compare the uncertainties of DTI metrics
measured without cardiac gating and with cardiac gating. All three measures, SD(MD),
SD(FA), and CI, were reduced by 12 ± 4 %, 13 ± 5%, and 21 ± 4 %, respectively, by using
cardiac gating with Td = 70 ms, compared to images acquired without cardiac gating. The
differences of the mean uncertainties with and without cardiac gating were significant for all
FA values (p < 0.05). Although not shown in Fig. 5, the SDs of eigenvalues with cardiac
gating with Td = 70 ms were significantly smaller than those with either Td = 0 ms or no
cardiac gating for all FA values (p < 0.05).

Fig. 6 shows the average uncertainty measures depending on the imaging slice position. The
position of slice 1 corresponds to the back of the eyes and that of slice 20 to the caudal end
of the cerebellum. In general, the slice averages of SD(MD), SD(FA), and CI with cardiac
gating with Td = 70 ms were lower than those measured with either cardiac gating with Td =
0 ms or no cardiac gating. The average uncertainty measures were lowest near the frontal
slices between slice 4 and slice 10, and increased in both rostral and caudal ends of the
brain. Particularly slices 2 and 3 along the olfactory bulb showed markedly increased
uncertainties. This observation might be due to decrease in the ratio of brain volume to
surface area in both ends where the effect of cerebrospinal fluid is relatively larger than the
mid slices.

DISCUSSION
In this study, we observed that the 95% CI of the primary eigenvector was reduced
substantially (21 – 25 %) by acquiring the data near diastole using cardiac gating with a
triggering delay of 70 ms. It has been suggested that cardiac pulsation in human DTI studies
can increase uncertainty in primary eigenvector as well as in DTI-based metrics (Brockstedt
et al., 1999; Chung et al., 2010; Jones and Pierpaoli, 2005; Pierpaoli et al., 2003). A single-
shot EPI sequence is commonly used in human DTI studies. Since this sequence uses a long
echo train after each shot, the benefit of cardiac gating is reduced when full Fourier
acquisition is used as shown by Chung et al (Chung et al., 2010). However, in case of partial
Fourier acquisition, it has been reported that 95% CI of the primary eigenvector in the white
matter was 18% smaller with cardiac gating than without cardiac gating (Chung et al.,
2010). These findings are similar to our results as we observed 21 to 25 % smaller CI with
cardiac gating using a single-shot spin echo sequence. Since the cardiac pulse duration of the
rats in our study was approximately 140 to 160 ms and we used an echo time of 35 ms, it
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may be possible to use a fast spin echo sequence with two or three echoes per each trigger to
increase the signal-to-noise ratio or to minimize the scan time, without being affected by the
cardiac pulsation artifact.

Substantial decreases in 95% CI of the primary eigenvectors can also have significant
influence in DTI-based tractography, although the current study was not designed to assess
this effect on tractography. In order to assess the cardiac pulsation effect on tractography, it
will be necessary to acquire data with a much higher spatial resolution than used in the
present study. Since multiple DTI data sets with different cardiac gating delays were
required for the bootstrap analysis in this study, it was not feasible to increase the scan time
further to achieve the necessary spatial resolution. In addition, it is desirable to have more
than six diffusion weighting gradient directions if possible, in order to reduce the inherent
uncertainty in diffusion tensor estimation. Using a simulated data of tensors with FA = 0.9
and SNR = 15, Jones (Jones, 2004) reported that 95% CI of the primary eigenvector can be
around 6 degrees with 6 diffusion weighting directions. The mean CI of the primary vector
for 0.85 < FA < 0.95 was 2.8 ~ 4 degrees in our study. Considering the high SNR of our data
set (~70 for b = 0), our results are in good agreement with the simulation result reported by
Jones (Jones, 2004). The same study by Jones suggested that at least 30 diffusion weighting
directions are required for robust estimation of the tensor orientation (Jones, 2004). We have
demonstrated that cardiac gating can substantially improve the accuracy in estimating the
diffusion tensor orientation even for DTI data with 6 diffusion weighting directions.

Mean diffusivity (MD) and fractional anisotropy (FA), are the most commonly used DTI
measures throughout various brain studies, such as stroke (Moseley et al., 1990), tumor
(Kim et al., 2008; Moffat et al., 2005; Poptani et al., 1998), multiple sclerosis (Filippi et al.,
2001), and brain injury (Inglese et al., 2005). In this study, we also found that the
uncertainty in measuring MD and FA was substantially reduced when cardiac gating was
used. This was because cardiac pulsation affected not only the orientation of primary
eigenvectors, but also all three eigenvalues of diffusion tensor (data not shown). The
uncertainty was measured in terms of standard deviation of the estimated MD or FA for
same voxels from 200 test data sets. Reduction of uncertainty in measuring DTI metrics can
lead to increased sensitivity in detecting early pathological changes and in reducing false
positives. The results from the current study with the rat brain and a recent clinical study by
Chung et al. (Chung et al., 2010) suggest that more accurate measurement of MD and FA
can be made when cardiac gating is used.

Future DTI studies of rat brain may benefit from the recent developments in the MRI
hardware and software. Of particular interest is the availability of parallel imaging
(Pruessmann et al., 1999; Sodickson and Manning, 1997), which leads to a substantial
reduction in image acquisition times. The reduced scan time can be used to increase the
imaging quality by allowing more repetitions or to increase the number of diffusion
weighting directions toward Q-ball (Tuch, 2004) or diffusion spectrum imaging (Wedeen et
al., 2005) methods in order to measure the complete 3D pattern of diffusion. Another
potential area of improvement is the improvement in SNR by using a quadrature coil to
maximize the efficiency (Kamiryo et al., 1995) or using a cryogenic coil to minimize the
thermal noise (Baltes et al., 2009). Improved SNR will allow achieving better spatial
resolution for smaller brain structures and also improve the accuracy of diffusion tensor
estimation which is sensitive to the noise level. With these exciting technical developments
on the horizon, it will become more important to minimize physiological artifacts, such as
cardiac pulsation effect presented in this study, for successful in vivo DTI studies of the
rodent brain in future.
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Research Highlights

• Cardiac gating reduces the 95% confidence interval of primary eigenvector
orientation by 21 ~ 25 %.

• Cardiac gating reduces standard deviation of mean diffusivity measurement by
12 ~ 26 %.

• Cardiac gating reduces standard deviation of fractional anisotropy measurement
by 13 ~ 24 %.
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Abbreviations

DTI diffusion tensor imaging

ADC apparent diffusion coefficient

CI confidence interval

MD mean diffusivity

FA fractional anisotropy

ROI region of interest

DEC directionally encoded color

SNR signal to noise ratio

SD standard deviation

Td triggering delay
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Figure 1.
Representative raw images (non-diffusion weighted, top row) and directionally encoded
color images (bottom row). From left, the images correspond to slices 2, 5, 8, 13, and 19,
respectively. SNR in the cortical ribbon of the raw image was approximately 72. In
directionally encoded color images, the signal intensity is weighted by FA and the color
represents the orientation of the primary eigenvector; red: left-right, green: dorsal-ventral,
blue: caudal-rostral. Major white matter tracts, such as the corpus callosum (solid thin
arrow), can be observed clearly. It also shows radial alignment of neurons in the cortical
ribbon (block arrows).
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Figure 2.
Representative maps of DTI metrics and their uncertainties measured using cardiac gating
with triggering delay of 0 ms. From left, the images are for slices 2, 4, 6, 8, 10, 12, 14, 16,
and 18. The maps are displayed only for the region with MD ≥ 0.5 and MD ≤ 1.0 μm2/ms,
in order to avoid regions with cerebrospinal fluid or any other non-brain area. For the scale
bars on the right, the units of MD and CI are μm2/ms and degrees, respectively.
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Figure 3.
Representative maps of DTI metrics and their uncertainties measured using cardiac gating
with triggering delay of 70 ms, for the same rat shown in Fig. 2. From left, the images are
for slices 2, 4, 6, 8, 10, 12, 14, 16, and 18. The maps are displayed only for the region with
MD ≥ 0.5 and MD ≤ 1.0 μm2/ms, in order to avoid regions with cerebrospinal fluid or any
other non-brain area. For the scale bars on the right, the units of MD and CI are μm2/ms and
degrees, respectively.
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Figure 4.
Histograms of the uncertainty measures from all animals (total number of voxels = 150043).
The plots in the top row (a, b, and c) are from cardiac gating with Td = 0 ms (thin dashed
lines) and Td = 70 ms (thick solid lines). The plots in the bottom row (d, e, and f) are for
data without cardiac gating (thin dashed lines) and cardiac gating with Td = 70 ms (thick
solid lines).
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Figure 5.
Comparison of the uncertainty measures from all animals as a function of FA. Each FA
value on the x-axes represents a range of the given FA ± 0.05. The plots in the top row (a, b,
and c) are from cardiac gating with Td = 0 ms (black bars) and Td = 70 ms (white bars). The
plots in the bottom row (d, e, and f) are for data without cardiac gating (black bars) and
cardiac gating with Td = 70 ms (white bars). The error ranges represent standard deviations.
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Figure 6.
Comparison of the uncertainty measures from all animals as a function of slice position.
Slice 1 is located at the back of the eyes while slice 20 is at the caudal end of the cerebellum.
Both slices 1 and 20 were not included in the analysis. The plots in the top row (a, b, and c)
are from cardiac gating with Td = 0 ms (thin dashed lines) and Td = 70 ms (thick solid
lines). The plots in the bottom row (d, e, and f) are for data without cardiac gating (thin
dashed lines) and cardiac gating with Td = 70 ms (thick solid lines). For clarity in
presentation, standard errors are displayed as the error ranges.
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