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Abstract

The contrast agent concentration, the time of repetition (TR) and magnetic field strength are sig-
nificant parameters that influence for the accurate signal intensity (SI) in quantitative Magnetic
Resonance Imaging (MRI). Therefore, this study was conducted to investigate and refine the de-
pendence and the optimal effect of Time of Repetition (TR) on the relationship between signal in-
tensity and Gd-DTPA (Gadolinium-diethylene-triaminepenta-acetic acid) concentration, after ap-
plying two-dimensional (2D) Spin Echo (SE) pulse sequence under low-field MRI. In addition to
that, the optimal concentration of Gd-DTPA at given sequence parameters at low-field MRI was al-
so evaluated. A water-filled phantom was constructed for a range of Gd-DTPA concentrations (0 - 6
mmol/L) and the mean signal intensities (SIs) were assessed in the defined region of interest on
T1-weighted images with different TR values (40 - 2000 ms). The generated signal-concentration
curves for Gd-DTPA revealed that increasing TR was associated with the increase of the overall SIs
and the maximum relationship between SI to concentration. Moreover, the required Gd-DTPA
concentration to produce the maximum SI was associated to decrease with the increase of TR. In
addition to this, the application of beyond 100 ms TR values in this study with relatively higher
concentrations (beyond 1 - 2 mmol/L) has resulted predominantly non-linear patterns in the sig-
nal-concentration curves and it appears the saturation or decay of the SIs due to T2 effect. From
these results, it can be suggested that the selection of relatively lower Gd-DTPA concentration (<1
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mmol/L) with less than 800 ms (<800 ms) TR values can produce a better linear relationship be-
tween the concertation and SIs in T1-weighted SE low field contrast-enhanced MRI. Furthermore,
this study also outlined the significance and necessity of the optimization of TR in SE sequence in
low field MRI prior to a particular examination.
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1. Introduction

After introducing Magnetic Resonance Imaging (MRI) contrast agents (CAs) into the clinical setting, it has be-
come a powerful medical imaging tool with a wide array of applications [1]. Gadolinium (Gd**) based para-
magnetic agents are the most commonly utilized CAs in the clinical setting as they have a range of applicability
[2] [3]. Due to the low intrinsic sensitivity of MRI, the higher local concentration of the CA at the target site
may be necessary to produce higher image contrast [2]. The application of the higher level of concentration is
able to increase the signal to noise ratio on perfusion images [4]. Nevertheless, the contrast enhancement of Gd-
DTPA (Gadolinium-diethylene-triaminepenta-acetic acid) does not linearly correlate with higher concentrations
[5], [6]. At lower concentrations T1 shortening effect becomes more dominant, whereas at higher concentrations
of Gd-DTPA, T2 shortening effect becomes more dominant, which causes deterioration in signal intensity [6],
[7]. Furthermore, the intrinsic and extrinsic factors such as proton density, spin relaxation time [5], image acqui-
sition parameters [4], [8], magnetic susceptibility effect [9], magnetic field strengths [1] and type of pulse se-
quence [6], [8] also play significant roles in the association of signal enhancement and quality of the acquired
information.

Although most of the current diagnostic imaging and research is actively engaged in high-field MRI, more
inexpensive way to perform experiments is the utilization of low-field MRI [10]. In addition to this, low-field
open MRI provides more convenient and more comfortable examination procedures for a patient [11], specifi-
cally, one with heavy-weight [12] and claustrophobia. Moreover, low-field MRI can minimize the chemical shift
and orthopaedic hardware artifacts and facilitate high magnetic field homogeneity better than the high field MRI
[12]. Therefore, a comprehensive determination of the effects of imaging parameters and contrast concentration
in low-field MRI is vital to produce optimum signal intensity for diagnostic and economic implications, for new
clinical applications and screening procedures [10].

In the literature, the effect of time of repetition (TR/time between two successive excitation RF pulses or time
between consecutive 90° RF pulses [13]) [4], time of echo (TE) [14], time of inversion (T1) [8] and magnetic
field strength [1] on the signal intensities (SIs) with different types of contrast agents and concentrations using
various pulse sequences have been discussed frequently. Thus far, the optimization of time of repetition (TR) on
a range of Gd-DTPA concentrations in low field MRI using spin-echo (SE) sequence has not received sufficient
attention. TR is an extrinsic pulse parameter which can be controlled by the operator to produce optimum T1, T2
or PD images. In addition to this, TR is one of the parameters which controls the overall scan time [15]. At the
same time, SE sequence is the most readily available pulse sequence in the clinical settings with higher signal to
noise ratio, a wide range of contrast behaviour (T1 or T2 or PD-weighted), and insensitivity to signal loss caused
by external field in homogeneities [16]-[19].

Therefore, this paper seeks to investigate the dependence and the optimal effect of TR into the relationship
between the signal intensity and Gd-DTPA concentration, after applying two-dimensional (2D) Spin Echo (SE)
pulse sequence under low-field MRI. In addition to that, the optimal concentration of Gd-DTPA at given sequence
parameters under low-field MRI was also evaluated and it may provide the guidance on contrast-enhanced im-
aging procedures.

2. Theoretical Background

The longitudinal relaxation time (T1) maps can be constructed by applying a series of T1-weighted images at diffe-
rent TR values from spin-echo sequence on the solution to the Bloch equation as below:
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where S, TR, and T1 are the signal intensity, time of repetition and longitudinal relaxation time, respectively. Sy
is the signal intensity of the medium after complete T1 relaxation at TE = 0, which controls by the proton density
and instrument factors. TE and T2 are the time of echo, and transverse relaxation time [17], [20]-[22]. Because
T1-weighted images were obtained withconstant TE value andwith the condition of TE << T2 [17], the SI of
Equation (1) could be simplified as below [23]:

Sa [1— exp’% ] 2

The slope of the regression curve between the longitudinal relaxation rate (1/T1) and contrast concentrations
(C) gives the T1 relaxivity constant of the contrast agent (rl) as expressed below [24]: where the 1/T10 is the
relaxation rate of the solvent without application of contrast solution.

L ©)
T1 T10

3. Materials and Methods
3.1. Phantom Construction

Two phantoms constructed with nine vials in each (plastic 3 ml vials which have the approximate inner diameter
of 10 mm) were applied to get the measurements (Figure 1). The vials of the phantom filled only with distilled
water were used to measure the field in homogeneity. Another Gd-DTPA mixed, a distilled water-based (Mag-
nevist, Schering, Germany) multiple vial phantom was constructed with a known range of Gd-DTPA concentra-
tions (0, 0.1, 0.25, 0.5, 0.75, 1, 2, 4, 6 mmol/L) (greater than the physiologic range (0 - 2 mmol/L) [25]) to in-
vestigate the optimum effect of TR on signal enhancement. The surrounding area of the vials was filled with dis-
tilled water.

3.2. Image Acquisition

All imaging was performed using a Hitachi AIRIS Vento (Hitachi Medical Corporation, Tokyo, Japan) whole
body open clinical MR scanner operated at 0.3 T with the birdcage head coil. The vials of the phantom were
placed vertically in the is o-centre of the scanner with their longitudinal axes perpendicular to the imaging plane.
The T1-weighted images were acquired from the two-dimensional (2D) SE pulse sequence with variable times
of TR (40, 60, 80, 100, 200, 300, 400, 600, 800, 1000, 2000 ms). Minimum possible TE value of 13.1 ms was
selected to minimize the T2 effect. Other selected imaging parameters were: flip angle = 90°, acquisition matrix
size = 256 x 192, field of view (FOV) = 180 mm x 180 mm, number of signal averages (NSA) = 4. According to
the structure of the vials, 2 - 4 trans-axial images (Figure 1) were acquired in each TR value. Slice thickness and

(a) TR= 60 ms (b) TR= 400 ms (c) TR=2000 ms

Figure 1. The trans-axial images of the Gd-DTPA mixed phantom taken at TR = 60, 400 and 2000 ms. The arrangement of 1 - 9
vials of each image illustrate the Gd-DTPA concentrations of 0, 0.1, 0.25, 0.5, 0.75, 1, 2, 4 and 6 mmol/L, respectively. De-
fined ROI is demonstrated by a black or white circular outline inside the vials.
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inter-slice gap were selected as 5 mm and 7 mm, respectively. The temperature was maintained at approximately
25°C within the gantry and the phantom and monitored every 30 minutes during the scan period. Two image
acquisitions were performed with the same parameters and the results were averaged.

3.3. Image Analysis

The mean signal intensities of each vial were measured using Image J (National Institutes of Health, USA)
software by placing a circular region of interest (ROI) including fifteen innermost pixels of the vials to avoid the
partial volume effects. The background noise and field in homogeneity were corrected by considering the mean
signal intensity values of the phantom which only consisted with vials of distilled water. After three repetitive
measurements averaged signal intensities to concentration curves were generated at different TR values to iden-
tify the optimum effect.

4. Results
4.1. Signal-Concentration Curves at Range of TR

Sample MR images correspond to TR values of 40,400, and 2000 ms were demonstrated in Figure 1. The mean
signal intensities as a function of Gd-DTPA concentrations with respect to the different TR values from 40 ms -
2000 ms have been presented in Figure 2. According to the resulted curves, the maximum signal intensities
were reported at different concentrations in different TR values. However, the SI enhancement was approxi-
mately linearly proportional to the Gd-DTPA concentration less than 1 mmol/L in most of the selected TR val-
ues. Moreover, overall Sls were increased with increasing TR.

4.2. The Obtained Maximum Signal Intensities at Different TR Values

Figure 3 demonstrates the relationship between the obtained maximum Sls with different TR values. This graph
indicates that the maximum Sl gradually increases when the TR is increased up to 1000 ms in this study, but af-
ter 1000 ms it appears to be saturated.

4.3. The Maximum Signal Intensities and the Required Gd-DTPA Concentration

The relationship between the different Gd-DTPA concentrations which exhibit the maximum Sls with a range of
TR has been presented in Figure 4. When TR is increased, the required Gd-DTPA concentration which leads to
the maximum Sl is decreased gradually.

4.4. The Ratio between the Maximum Signal Intensity and the Required Gd-DTPA
Concentration

The ratios between the maximum Sls at each TR value and the required Gd-DTPA concentrations which produced
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Figure 2. The obtained mean Sis as a function of the contrast agent
concentrations, at different TR values which range from 40 ms -

2000 ms.
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Figure 3. TR versus obtained maximum Sls. The maximum SI is in-
creased gradually up to TR = 1000 ms, then appears to be saturated.
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Figure 4. The Gd-DTPA concentration which required for producing
the maximum Sls at each TR value. This concentration decreases when
TR increases.

these maximum Sls are plotted in Figure 5. Based on this figure, the maximum SI, with lowest possible contrast
concentration was achieved at TR value of 2000 ms in this study.

5. Discussion

As mentioned before the concentration of Gd-DTPA does not linearly correlate with the Sis [5], [6]. Further-
more, intrinsic and extrinsic parameters [4] also play an important role in the association of signal enhancement.
The applied pulse sequence [6] and the magnetic field strength [1] are extrinsic parameters which have a major
influence on signal enhancement. Therefore, in this study, the dependencies of Gd-DTPA signal intensities on
the TR values at various concentration levels were quantified in low-field MRI with SE [26] pulse sequence us-
ing the serial dilution method [4], [5].

Indeed the TR will directly affect the level of T1 weighting [17]. Optimal T1-contrast can be achieved using a
relatively short TR (TR = T1) whereas the contrast is more weighted towards PD when TR >> T1. However,
even with long TR values, the resulted images can be expressed T1-weighting factor into some extent on me-
diums with long T1-relaxation time [15], [17]. According to the study results (Figure 2), when the selected TR
values were progressively lengthened from 40 to 2000 ms, the overall Sls tended to increase. Furthermore, the
required concentration of the contrast agent, which leads to the maximum SI, also depended on TR and this val-
ue decreased with the increase of TR (Figure 4). When applying the lower TR values such as 40 ms, a positive
correlation of SI was obtained at concentration levels up to 6 mmol/L but when TR value was higher (at
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Figure 5. The ratios between the reported maximum Sls at each TR values and
the required Gd-DTPA concentrations which produced these maximum Sls.

TR = 2000), the positive correlation was reported only up to 0.5 mmol/L (Figure 2). However, according to the
obtained results, the SI enhancement was approximately linearly proportional to the Gd-DTPA concentration
less than 1 mmol/L in most of the selected TR values.

The T1 relaxation time of most samples increases as the magnetic field increases due to the increase in water
tumbling, which causes a mismatch between hydrogen and lattice [27]. At low magnetic fields, on the other
hand, T1 is short, which requires the use of short TR to preserve the T1 image contrast. The presence of Gd-
based contrast media further reduces the T1 relaxation time making use of short TR to maintain the T1 contrast.
As illustrated in Figure 1, the contrast between different Gd-DTPA samples was more pronounced on the image
acquired with a shorter repetition time (TR = 40 ms), because of the stronger T1 weighting. Furthermore, shorter
TR will move the turn over-seen to higher Gd-DTPA concentration [5].

As expected from Equation (3), Figure 2 confirmed the behaviour of the Gd-DTPA which demonstrated the
dominant T1-shortening effect at lower concentrations by increasing the Sls, whereas the dominant T2-shorte-
ning effect at higher concentrations by the appearance of saturation or decay of Sls. This behaviour was in good
agreement with the previously reported studies [4]-[6] with Gd-DTPA in different mediums. However, this re-
flects the idea that although the image is highly T1-weighted, at higher concentrations the signal response be-
came non-linear due to the T2 (or T2*) effect [15], [28]. This process is more prominently visible with the ap-
plication of longer TR values, as explained by Equation (3). At a high concentration of the Gd-DTPA with long-
er TR, signal plateaus are caused due to complete T1 relaxation processes (or almost completion) between pulses,
resulting PD-weighted images instead of T1 weighted [5]. A previous study done with SE T1-weighted imaging
at 0.3 T demonstrated a similar pattern: which the Sls were linearly proportional to Gd-DTPA concentrations at
lower levels whereas it became non-linear at higher concentrations. In addition to this, maximum SI was de-
tected at 5.95 mmol/L with the selection of TR/TE = 411 ms/15 ms in the above study [6]. But the reported
maximum Sl at TR/TE = 400 ms/13.1 ms in the current study was 2 mmol/L. Although an exact aetiology can’t
be definitively determined, this disparity may arise from the effect of temperature or other parameter difference.
Another in-vitro study conducted with SE under 0.35 T magnetic strength (Nuclear Magnetic Resonance imag-
ing unit) demonstrated that the Sis were enhanced from different degrees, in the range of 0 - 5 mmol/L
Gd-DTPA concentrations with TR/TE ratio of 500/28. The highest possible signal intensity in that study was
observed at 1.5 mmol/L [29]. These results confirm the high sensitivity of Gd-DTPA Sls on the extrinsic pulse
parameters.

The ratio between the maximum Sls at each TR value and the required concentrations to produce these maxi-
mum Sls (Figure 5) revealed that the maximum signal enhancement can be obtained at lower concentrations
(0.75 mmol/L) when higher TR values (2000 ms) are applied. Conversely, it is important to mention that in-
creasing TR causes to increase the scan time since the scan time in a SE sequence is directly proportional to TR
[15]. Moreover, a higher TR value weakens the T1-weighted contrast. Therefore, when applying conventional
SE sequence, the maximum TR is a limited factor.

As noted above, different papers have reported different values for the maximum linear relationship between
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S| and the concentration of contrast agents in T1-weighted imaging. However, these results with the current ex-
periment clearly indicate that TR is one of the several significant extrinsic image parameters affecting the
strength of the SI depending on the contrast agent concentration even at low-field MRI. Therefore, the optimum
balance between the TR, SI, and contrast concentration is necessary to produce ideal MR images. As demon-
strated in this study, it is suggested to perform a phantom experiment to calibrate and optimize the pulse para-
meters prior to quantitative imaging as because there is no standard theoretical way to choose the optimal pulse
parameters under different settings which require for precise estimation and diagnosis [25].

6. Conclusions

An optimal TR value is essential in any magnetic field for deriving an accurate signal to concentration curves in
quantitative MRI. Therefore, in this study, the dependence and the optimal effect of TR towards the SI to the
concentration of Gd-DTPA were evaluated using 2D-SE pulse sequence in low-field MRI (0.3 T). The results of
the present study clearly indicate that TR is one of the major influential factors for generating the SI depending
on Gd-DTPA concentrations.

These results revealed that higher TR values produce a non-linear pattern at the higher concentration levels of
Gd-DTPA even in low-field MRI under SE sequence. The SI enhancement was approximately linearly propor-
tional to the Gd-DTPA concentration less than 1 mmol/L in most of the selected TR values. In addition to this,
the overall Sl tends to increase with the increasing of TR values but it expenses more time with less T1-weigh-
ted contrast. Therefore, it can be proposed that the selection of low Gd-DTPA concentration level (<1 mmol/L)
with less than 800 ms (<800 ms) TR values can produce a better linear relationship between the concertation and
Sis in SE sequence under low field contrast-enhanced MRI. Furthermore, this study also outlined the signific-
ance and necessity of the optimization of TR in SE sequence in low field MRI prior to a particular examination.
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