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Sampling Strategies for Hyperpolarized Carbon-13 Imaging 

(Sonam Iqbal Machingal) 

  

 

Abstract 

Introduction 

In hyperpolarized C-13 imaging, the magnetization obtained is in a non-equilibrium state and 

decays exponentially towards thermal equilibrium based on the T1 relaxation and metabolic 

turnover rate. During imaging, RF excitation and T1 relaxation contributes to the irreversible 

decay of the hyperpolarized magnetization. Various RF excitation schemes have been designed 

to efficiently utilize magnetization for hyperpolarized metabolic imaging. In this work, we 

present optimal techniques for C-13 imaging by designing flip angles taking into consideration 

the total imaging acquisition time, repetition time, metabolism and the T1 relaxation to maximize 

the lactate signal acquisition from the available magnetization. 

 Methods 

All simulations were done on Matlab. Verification of simulation results for the effect of total 

scan time and repetition time (TR) on the SNR was done with an excitation scheme defined by 

the optimal flip angle scheme. Images were acquired with a symmetric, ramp-sampled EPI 

readout. All scan parameters, other than the variable being verified (TR or total scan time) were 

kept constant (96 × 96 mm FOV, 32 × 32 matrix). 

 Results 

Optimal flip angle design is independent of the kinetic forward rate constant (kpl). Experimental 

data gives qualitatively similar images with varying TR and agree with total scan time 



	   v	  

simulations. An optimal study design is dictated by a total scan time window which is ~ 10s 

more than the relaxation time and a good T1 estimation. 

 Conclusions 

Designing a flip angle scheme as a solution to maximize the substrate signal results in images 

with increased SNR images. The kpl value of tumors need not be considered when designing flip 

angles. Also, TR does not have a significant effect on the SNR. These results provide certain 

freedom to use various pulse sequences and acquisition schemes that require a range of TRs. A 

good approximation of the T1 relaxation time of the metabolite at the region of interest is 

important to define the total scan time and to ensure that maximum signal is obtained. 
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1. INTRODUCTION 

Magnetic resonance imaging (MRI) has seen enormous developments since its invention 

in 1969. The absence of radiation along with its non-invasive nature makes it a desirable 

imaging tool. With the development of MR spectroscopic imaging, distinguishing various 

chemical metabolites has enabled probing into in vivo chemical and kinetic information 

[1]. Tumor cells are characterized deregulation of metabolic activity that can serve as 

markers for imaging abnormalities. One of the key biomarkers is the up-regulation of the 

lactose dehydrogenase (LDH) enzyme, which indicates altered energy metabolism as 

dictated by the Warburg effect [2]. The conversion of pyruvate to lactate via LDH in the 

tumor dictates the severity of the tumor. The determination of tumor- kinetics would help 

in the characterization and assessment of treatment response [3]. 

 

Hyperpolarized C-13 MRI is an emerging technology for imaging biomarkers to quantify 

cancer progression and tumor response. When compared to other molecular imaging 

technologies such as PET and SPECT, MRI has very low sensitivity but high specificity 

limiting imaging to high concentration molecules such as hydrogen that contributes to 

70% of the body constitution in the form of water [4]. Hyperpolarization of C-13 

molecules, done by dynamic nuclear polarization techniques results in a 5-fold increase 

in signal and improves sensitivity enabling its visualization in MRS images in vivo [5,6]. 

The polarization thus obtained is in a non-equilibrium state and decays exponentially 

towards thermal equilibrium based on the T1 relaxation time and metabolic turnover rates 

[5]. During imaging, RF excitation contributes additionally to the decay of the 
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hyperpolarized magnetization along with T1 relaxation, which is not reversible. The non-

renewability of the polarization discourages the application of a single 90-degree pulse, 

which would utilize the magnetization in its entirety. Moreover, a single-shot method 

leaves very little room for hardware or software imperfections and setting variations 

(such as injection timing and agent delivery as determined by cardiac function and 

vascularity), which would result in the need for the entire process to be repeated. 

 

The hyperpolarized state is created by employing dynamic nuclear polarization (DNP) 

techniques. DNP involves transfer of polarization from the electronic spins to coupled 

nuclear spins. When the free-radical doped material containing the nuclei to be 

hyperpolarized is exposed to low temperature and high magnetic fields, the unpaired 

electrons of the free radical get polarized. During microwave irradiation this polarization 

is transferred to the nuclei of interest. The material is quickly dissolved into an injectable 

liquid to be used for imaging [6]. 

 

Various RF excitation schemes have been designed to efficiently utilize magnetization 

depending upon the imaging technique. RF pulses with multiple spectral bands allow for 

excitation of different metabolites with different flip angles [7]. Variable flip angle 

schemes calculate flip angles to distribute magnetization throughout the dynamic 

acquisition in order to increase the temporal window of the non-renewable polarization 

[8]. Saturation recovery flip angle scheme has been introduced where the pyruvate is 

excited with a constant low flip and the metabolite at 90 degrees which allows to obtain a 
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good SNR while saturating the signal. The signal acquired in the next excitation is from 

the fresh metabolites after the conversion from pyruvate [9]. 

 

Estimation of the kinetic parameters is difficult due to the unavailability of a robust 

mathematical model that represents the biological system. Studies have been done 

evaluating various models and evaluating its ability to best represent the evolution of the 

signal [10]. Due to the large number of variables involved in the imaging protocol such as 

flip angles, relaxation time of the tissues, hyperpolarization, tumor characteristics and 

imaging parameters, it would be useful to evaluate the signal dependency on each of 

these factors. This will aid in determining a robust imaging protocol for a time-sensitive 

single injection approach such as hyperpolarized dynamic MRSI.  

 

Dynamic imaging techniques include fast-acquisition pulse sequences such as echo-

planar imaging (EPI) that is capable of acquiring the entire k-space in only a fraction of a 

second. This allows imaging rapid physiologic processes at good resolution and contrast. 

Such rapid imaging techniques are particularly useful in hyperpolarized imaging [11,12].  

 

The project aims to look at optimal techniques for C-13 dynamic imaging by designing 

flip angles taking into consideration the total imaging acquisition time, repetition time, 

metabolism and the relaxation time T1, to maximize the lactate signal acquisition from 

the available magnetization. 
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2. THEORY AND METHODS 

 The two-site kinetic model used to estimate the signal for the pyruvate-lactate 

conversion is given by   

                (1) 

Where P(t) and L(t) are hyperpolarized magnetizations of pyruvate and lactate at a 

particular point of time t, and kpl is the metabolic conversion rate from pyruvate to 

lactate, also referred to as forward rate constant. Though there is back conversion from 

lactate to pyruvate, the rate is lesser by a few orders of magnitude and therefore neglected 

in the calculations. The equation calculated over acquisition time can be simplified to  

                 (2) 

Where A=      (3) 

Parameters we used to compare the efficacy of the flip angle scheme are cumulative 

signal and cumulative signal to noise ratio (CSNR). Cumulated signal over scans can 

solve the problem of low signal magnitude and at the same time provide a good 

parameter to measure the total signal [12]. 

 

Since the pyruvate signal can be obtained with fairly sufficient SNR images when 

acquired with flip angle schemes such as the flat signal approach as observed in Xing et 

al (8), the following different flip angle strategies to improve lactate signal acquisition 

have been looked into more closely in this work. In the simulations and comparisons, 
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pyruvate flip angles were kept the same for all schemes. They were defined to provide a 

flat signal (equation 4).  

 

Lactate flip angles strategies were: 

1) T1eff-old: Flip angles for lactate were calculated using the general solution to obtain a 

flat signal response in the presence of T1-decay using the formula: 

𝛽!
!"#$ = 𝑐𝑜𝑠!! !!!!!!"#!!!!!

!!!!!!"#!!!!!
                   (4) 

Derived from the equation: tan𝛽! = 𝐸1. 𝑠𝑖𝑛  𝛽!                                (5) 

Where  𝐸 = exp  (−𝑇𝑅  ( !
!!!

− 𝑘𝑝𝑙))       (6) 

for lactate. We assumed effective T1-decay rates of 30s and kpl of 0.02 s-1. 

2) T1eff-new: Flip angles for lactate were calculated using the general solution to obtain 

maximum signal in the presence of T1-decay using the formula: 

         (7) 

Where we assumed an effective T1-decay rate for lactate of 1/30s and kpl of 0.02s-1 

 for lactate.                  

Equation 7 is derived from   𝑡𝑎𝑛𝛽_𝑛 = (𝑠𝑖𝑛𝛽!)/𝐸1        (8) 

3) Saturation recovery scheme: This scheme consists of a series of 90-degree pulses 

that selectively saturates the metabolite as defined in the work done by Schulte et al [9]. 

The signal for the following excitations stem from freshly converted pyruvate.   

4) Optimal flip angle scheme: Flip angles were calculated as the solution to an 

optimization problem defined to maximize the cumulative lactate signal. The objective 

θ[n]= cos−1 1−E (2nmax−2n−1)

1−E (2nmax−n+1)
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function constructed was Min(-(Σ(Mxylac))), where Σ(Mxylac))) is the summed lactate 

signal. 

Table 1 summarizes the above mentioned flip angle schemes. 

Table 1:Flip angle definition for the various schemes 

Scheme Pyruvate  Lactate 

T1eff–new 𝛽!
!"#$ =

𝑐𝑜𝑠!! !!!!!!"#!!!!!

!!!!!!"#!!!!!
              

 

T1eff-old 𝛽!
!"#$ =

𝑐𝑜𝑠!! !!!!!!"#!!!!!

!!!!!!"#!!!!!
              

𝛽!
!"#$ = 𝑐𝑜𝑠!! !!!!!!"#!!!!!

!!!!!!"#!!!!!
              

Saturation 

Recovery 

𝛽!
!"#$ =

𝑐𝑜𝑠!! !!!!!!"#!!!!!

!!!!!!"#!!!!!
              

90 90 90 90 … … 
 

Optimal 

Scheme 

𝛽!
!"#$ =

𝑐𝑜𝑠!! !!!!!!"#!!!!!

!!!!!!"#!!!!!
              

Min(-(Σ(Mxylac))) 

 

2.1 Simulations 

All simulations and flip angle designs where performed using MATLAB (The 

Mathworks Inc., Natick, MA). Though T1 values may vary based on the surrounding 

tissue, it was assumed to be a constant (T1=30s) and equal for lactate and pyruvate.  

 

 

 

θ[n]= cos−1 1−E (2nmax−2n−1)

1−E (2nmax−n+1)
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2.2 Data Acquisition 

 
Figure2.2.1: Pulse sequence diagram for symmetric EPI 
sequence illustrating phase encoding blips (ygrad) and 
frequency encoding (xgrad) after a multiband excitation pulse 
(rho1). Zgrad represents slice selection gradient followed by a 
spoiling gradient.  

Data was obtained to verify the 

results obtained in the 

simulations. An initial proton 

image was obtained to localize 

anatomy with a balanced 

steady-state free precession 

(SSFP) sequence. The 13C 

MRSI was acquired with 

spectral spatial selective  

symmetric EPI sequence (see figure 2.2.1), which enabled separate excitation for 

different metabolites with different chemical shifts.  The sequence alternated between 

acquiring pyruvate and lactate images.  The repetition time was varied as 2s and 4s. 

Imaging started at the end of a 15s second injection of 3 milliliter of 80 mM [1-13C] 

pyruvate. The subjects were healthy rats. The second set of experiments was done on a 

mouse injected with 400 microliter of 100mM [1-13] C-Pyruvate. The TR was set to a 

constant of 3s and the total acquisition time was varied as 39 s and 51 s providing 13 and 

17 time point images. The images had a spatial resolution of 3x3 mm2 and matrix size of 

32x32 cm2 for complete coverage. Optimally designed flip angles where used to image 

lactate and RF compensated flip angles were used to image pyruvate. Single-band RF 

pulses were used to excite the metabolites. All imaging was acquired on a GE Healthcare 

3T MRI scanner equipped with dual-tuned RF coil at Byers Hall. Hyperpolarized 13C-

pyruvate was generated with a Hypersense DNP polarizer (Oxford Instruments). All 
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experiments were conducted under a protocol approved by the institutional animal care 

and use committee. 

 

2.3 Data Analysis 
 
All data analysis was done using Matlab. The signals for each set of image were 

normalized for any differences in pyruvate polarization to calculate the percent 

differences.  

Cumulative signal was calculated as the summed signal of the total scans. The cumulative 

signal to noise ratio (CSNR) is calculated as  

𝐶𝑆𝑁𝑅 = 𝐶𝑢𝑚𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒𝑆𝑖𝑔𝑛𝑎𝑙/√(𝑁𝑜  𝑜𝑓  𝑠𝑐𝑎𝑛𝑠)  (9) 

 

3. RESULTS 

3.1 Flip Angles and signal evolution 

 

Figure 3.1.1: Figure showing flip angles for pyruvate and lactate at each acquisition point.  
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Figure 3.1.1 shows the flip angles in degrees for the schemes summarized in Table 1. In 

this simulation, flip angles are defined to obtain images every two seconds (TR=2s) for a 

total scan time of 50s (25 time points) at the start of injection. The first flip angle 

obtained from the equations of the T1eff-old and T1eff–new scheme is used to excite the 

signal during the injection time. It is interesting note that the optimal flip angle scheme 

follows the same trend as compared to the T1eff (old/new) flip angles. 

Figure 3.1.2: Pyruvate and Lactate Signal obtained for each scheme 
 
 
Figure 3.1.2 is a simulation of the expected signal using the flip angles defined in Table 

1(or Figure 3.1.1). The simulation assumes a gamma variate input function during which 

imaging occurs. The increase in the signal in the initial 16s represents the duration of 

injection when the bolus of hyperpolarized pyruvate reaches the imaged site.  
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Figure 3.1.3: CSNR for pyruvate and lactate respectively for each scheme 
 
Figure 3.1.3 is the CSNR or the area under the curve (AUC) calculated for each of the 

schemes for the parameters used in Figures 3.1.1 and 3.1.2. The simulations show an 

increased CSNR using an optimal flip angle scheme. Based on this result, further 

comparisons have been done looking at the optimal flip angle scheme alone. 

 

3.2 Effect of kpl 
 
The forward rate constant is a measure of the activity of the LDH enzyme indicative of 

tumor aggressiveness. Aggressive tumors demonstrated higher signal as shown in Figure 

3.2.1. The ratio of the area under the curve (AUC) of lactate and pyruvate increased with 

increased kpl values for a constant and variable flip angle scheme. Figure 3.2.2 shows 

that the AUC ratios obtained from the latter increased non-linearly where as constant flip 

angles show nearly linear relationship, as was derived in Hill et al [14]. 
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Figure 3.2.1: Increased Lactate signal for higher forward rate constant (for example, more 
aggressive tumors) 

 
Figure 3.2.2: Dependence of forward rate constant (kpl) on the AUC ratios for an optimal 
variable flip angle scheme 
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 Figure 3.2.3 shows the optimal flip angle scheme designed with different forward 

constant rates (kpl values). It is observed that the defined flip angle schemes remain 

constant and are independent of the kpl rate. The dashed green line corresponds to T1eff-

new scheme defined without taking kpl into the equation i.e. E=exp (-TR/T1) instead of 

𝐸 = exp  (−𝑇𝑅  ( !
!!!

− 𝑘𝑝𝑙))   (equation (6)). The flip angles thus obtained from the 

equation coincide almost exactly with the optimal flip angle scheme.   

  

 
Figure 3.2.3: Independence of optimal flip angle definition from kpl values of the tumor. 
Figure also shows that maximization signal equation T1eff-new when defined without 
considering kpl results in the same flip angles as that of the optimal scheme. (R1=TR/T1) 
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3.3 Effect of T1-  
 

 

Figure 3.3.1: CSNR dependence on T1 used in the design and real T1 of the tissue. Higher 
signal along the diagonal where the real T1 and the T1 design match. 

 

 

Figure 3.3.2: Variation of optimally defined flip angles with relaxation time, T1. 
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Figure 3.3.1 shows the effect of the relaxation time T1 on the total SNR and the effect of 

error in estimation  of the same while designing the flip angles for a fixed case of total 

acquisiton time and repetition time . The SNR is higher for tissues with longer relaxation. 

For  a single case of T1, the SNR is highest when the T1 assumption used to design the 

flip angles and the real T1 of the tissue are the same. These values correspond to the bars 

along the diagonal where the assumed value of T1 used to design the flip angles and that 

of the tissue coincide. The optimal flip angle calculation depends upon the T1 value used 

to design the optimization model as per figure 3.3.2. Fast-decaying signals have to be 

imaged with higher flip angles to efficiently acquire the signal before it saturates.  

 

3.4 Effect of TR and Total Acquisition Time 
 
The number of acquisitions or scans is defined by the ratio of total acquisition time and 

TR. Figure 3.4.1 shows that the CSNR is relatively constant for lactate with varying TR 

for a fixed total acquisition time imaged after the injection.  

 

 
Figure 3.4.1 Effect of varying TR on the CSNR of lactate for different relaxation rates T1. 
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The effect of varying total acquisition time with a fixed TR and different relaxation times 

is shown in figure 3.4.2. Figure shows an optimal window of values of total scan time for 

which the SNR is the highest after and before which there is a decrease. As shown earlier, 

higher T1 values have higher signals. The optimal scan time is around 10 seconds more 

than the relaxation time.  

 
Figure 3.4.2: CSNR of lactate calculated from simulated signal for varying total scan time 
over different relaxation rates. 
 
It must be noted that the SNR of pyruvate would be much higher in cases of lower 

number of excitation and shorter imaging times before the decay of the signals and that 

these observations are specific to metabolic products of pyruvate.  
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Figure 3.4.3: Proton images for rat (left) and mouse (right) acquired with balanced SSFP 
sequence. 

 

 
Figure 3.4 .4 A (top row) Cumulative images of pyruvate and lactate acquired with TR= 2s 
and total acquisition of 32s -16 time points and B) Cumulative images of pyruvate and 
lactate acquired with TR= 4s and total acquisition of 32s -8 time points. 
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 Figure 3.4.4 A shows summed pyruvate and lactate images with TR=2 s for and figure 

3.4.4 B shows the same for 4s. The percent difference between the cumulative signal 

intensities of lactate images in figure A and B is 11.9%, and qualitatively the images are 

very similar.  This agrees with our simulation results that the lactate CSNR is invariant 

with TR.   

	   

 
Figure 3.4 .5 A (top row) Cumulative images of pyruvate and lactate acquired with TR= 3s 
and total acquisition of 39s -13 time points and B) Cumulative images of pyruvate and 
lactate acquired with TR= 4s and total acquisition of 51s -17 time points. 
 
Figure 3.4.5 A shows pyruvate and lactate images of mouse with TR=3 s and total scan 

time of 39s. Figure 3.4.5 B is acquired with same TR for a total scan time=51s. The 

percent difference between the cumulative signal intensities of lactate images in Figure A 

and B is 1.2%. The SNR difference in the region of the kidney was found to be 6.7% and 
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that of liver to be 1.3%.  Based on our simulations, the lactate CSNR would be similar for 

these two total scan times if the T1 is between 30-35 sec, which agrees with several 

measured T1 values (T1lac = 28-35 s in implanted fibrosarcoma, in vivo T1lac = 28.6 s in 

implanted lymphoma) [10,12]. 

 

4.DISCUSSION 

In this work, we optimized the spectrally selective flip angles to obtain maximum SNR 

images in order to obtain maximum cumulative signal from the available hyperpolarized 

magnetization. We also looked at the various imaging parameters that affect the optimal 

flip angle design for lactate signal and thus the CSNR of lactate. In particular cancer 

models, the lactate signal is a sensitive measure to evaluate the aggressiveness and 

metastatic potential of the tumor [13]. However, lactate signals are difficult to image due 

to low SNR, and therefore requires carefully designed imaging schemes. Signal 

summation across acquisitions increases the total signal amplitude and gives less noisy 

data as seen in figures 3.4.4 and 3.4.5. The study was limited by low number of 

experimental scans, making quantitative analyses of the data inconclusive. Also, the 

variability of relaxation time T1 due to flow and metabolite environment has not been 

accounted for. Nonetheless, the results from the simulations do give a good estimation of 

the performance of the imaging protocol. This approach of attaining a set of optimal 

parameters is important for low repeatability imaging techniques as is hyperpolarized 

imaging. 

 

 



	   19	  

Flip angles and signal evolution 
 
The initial increase in the signal corresponds to the influx of pyruvate at the imaging site 

after which there is flat signal. The flip angle scheme compensates for the decrease in 

pyruvate magnetization due to excitation and conversion. This is difficult to emulate in an 

experimental set up because of external factors that also contribute to the decay of the 

signal. The optimal scheme, due to higher initial flip angles acquires more signal earlier 

on before the polarization has decayed. This results in higher CSNR for the optimal flip 

angle scheme. The saturation recovery scheme employs 90 degrees pulses at each lactate 

excitation and therefore saturates it completely. The signal thus obtained is from freshly 

converted pyruvate and therefore does not have a high SNR. From equations, and 8 the 

design is dependent mainly on the effective relaxation factor, E. For a value of kpl= 0.04 

s-1 the T1eff schemes are mathematically equal.  

 

Effect of kpl 

An increase in the lactate signal with higher forward rate constant results from the faster 

conversion from pyruvate to lactate. This has also been observed previously in a model 

free approach to kinetic analysis showing the linear dependence of cumulated signal or 

area under the curve ratio on the forward rate constant [14].  In our simulations, we found 

that this relationship is dependent on the signal obtained from a flip angle scheme and 

holds well for constant flip angles. With the variable flip angle scheme, the response is 

non-linear as shown in figure 3.2.1, and must be taken into consideration when analyzing 

data.  
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We infer that the independence of the flip angle schemes to different forward rate 

constants is due to the fact that the lactate signals are just scaled higher but the dynamic 

shape remains constant (Figure 3.2.1). Since the area under the curve only changes by a 

scaling factor, the flip angle design to acquire maximum signal would stay a constant. 

Thus the optimization problem calculates the same set of flip angles independent of the 

rate constants.  

 

Effect of T1 

The assumption of the T1 relaxation time at the tissue of interest in designing the flip 

angle scheme can dictate the quality of the signal. Though an exact estimation may be 

difficult, an approximation with a 10s error can produce signals without a significant loss 

of SNR (decrease in SNR~6%).  Moreover this error in prediction is more significant for 

tissues with lower T1 time as the signal decays quicker resulting in faster loss of signal. 

An over–estimation of the T1 value would result in early saturation of the signal due to 

higher excitation, resulting in noisy images towards the end of the acquisition.  

 

Effect of TR 

The RF pulses in the design are scaled according to the number of scan/excitations. The 

effect of fewer excitations but the same total scan time is compensated with higher initial 

flip angles. The decrease in the SNR in the experimental data (Figure 3.4.4) for longer  

TR could be attributed to inconsistencies in the imaging set up and changes in the rat 

physiology. Moreover, with a sample of size of 1, quantitative analysis of the images 
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cannot be conclusive due to the presence of noise. However, qualitative assessment of the 

images renders similar image characteristics. 

 

Effect of total acquisition time 

The results show an optimal window to finish data acquisition to maximize SNR. 

Finishing the data acquisition before the optimal time frame would result in not allowing 

enough time for some of the substrate (pyruvate) polarization to be converted to product 

(lactate) polarization, thus reducing the CSNR. Longer imaging times would result in the 

inclusion of noise in the absence of sufficient signal towards the end of the acquisition.  

In our design for the experiments in figure 3.4.5, we assumed a T1 of 30 seconds. 

Assuming our consideration of T1=30s to be in agreement with the real T1, the optimal 

scanning time shows a flat region of maximum CSNR for 40-50s. The simulations 

suggest that the CSNR should remain the same around these acquisition times and is in 

agreement with the experimental data. 

 

Arterial input function 
 
We briefly looked into imaging during the injection time to obtain signal from a less 

decayed polarization. It is advantageous to acquire signal immediately after injection, 

resulting in approximately 10% increased CSNR.  In this case, the CSNR was no longer 

invariant with TR. With a gamma variate assumption of the input model, a TR of 500ms 

shows approximately 40% increase in the CSNR as compared to TR=1s. However, the 

optimal acquisition time follows the same trend of peaking during a window and 

decreasing thereafter. 
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It is also observed that these trends depend upon the model assumed.  Our results varied 

with a boxcar and a gamma-variate function as an estimation of the AIF. This emphasizes 

the requirement of good estimation of the injection model.  

5. CONCLUSION  
 
This work focused on optimizing the flip angle schemes and sequence parameters for 

obtaining better lactate signals and images. We looked at various factors of flip angles, 

TR, and total scan time influencing the imaging design and their effect on the total SNR 

of the lactate. Of the various flip angle schemes, the optimal flip angle scheme that 

defined an excitation scheme to maximize the metabolite signal provided maximum 

CSNR. Our results show that among the many variables, certain parameters may be 

discarded when designing a dynamic imaging experiment. The kinetic rate constant (kpl) 

need not be considered when designing of the flip angles and TR does not have a 

significant effect on the CSNR. This result provides certain freedom to use various pulse 

sequences and acquisition schemes that require a range of TRs. A good approximation of 

the metabolite relaxation time at the region of interest is important to ensure the 

maximum signal is obtained. There was an optimal total acquisition time, which shifts 

towards a longer time with decreasing decay rate and is around 10s more than the 

relaxation time.  Though the simulations were mainly focused on the conversion of 

pyruvate to lactate, these results are generalizable to other compounds that have 

negligible back conversion. 
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