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Abstract:
Purpose:
Primary lung malignancies are the leading cause of cancer death worldwide. In addition to primary lung malignancy, the presence of pulmonary metastases has a critical role in patient prognostication and management. Recently, cellular and molecular imaging, particularly proton magnetic resonance spectroscopy (1H MRS), has been employed for early tumor detection. This article aims to survey the role of 1H-MRS as a virtual biopsy technique to determine the biological make-up of lung lesions. 
Methods:
NEMA IEC phantom analysis was utilized to acquire free induction decay (FID) of several tumor markers including choline, lactate, and creatine on single-voxel spectroscopy (SVS) at 3 Tesla (T) MRI. Various protocol modifications were performed on acquisition and processing steps. Preliminary in vivo verifications were subsequently performed on MRS datasets of 4 patients with malignant lung pathologies.
Results:
1H MRS of phantom revealed detectable peaks of choline, lactate and creatine in concentrations above the threshold of 1 µ Molar (µM) in patients with lung malignancies. Our result demonstrate that the phantom sphere diameter is the most influential factor on peak detectability with minimum reasonable value of 13mm; with the least acceptable in vitro voxel size of 1 cm3 and in vivo equivalent of 8 cm3. Trading off between acquisition time and signal to noise ratio (SNR), the appreciable number of acquisition (NAS) was equal to 64. A quantitative formula was derived to calculate metabolite concentrations (AUC=0.73). Concordant results were obtained on pilot clinical assessments. 
Conclusion:
This preliminary study provides a one-stop-shop solution for SVS through optimizing acquisition and processing parameters as well as absolute quantification of choline, lactate, and creatine concentrations in malignant pulmonary lesions, with successful clinical verification.
Keywords: Magnetic Resonance Spectroscopy, Pulmonary Malignant Lesion, Phantom Study, MRS Quantification, Tumor Markers
Introduction:
Assessing the cell type and grade of pulmonary tumoral lesions, either primary or metastatic, is essential in choosing the most effective treatment strategies to optimize patient outcomes. Current diagnosis, staging and follow-up assessments of pulmonary tumors are based on conventional radiology including computed tomography (CT)(1) and metabolic hybrid evaluations by positron emission tomography [18F] FDG PET-CT (2, 3). Despite the high associated radiation burden, these techniques still possess uncertainties in diagnosing and characterizing pulmonary lesion properties (2, 4-6). Consequently, invasive biopsy and histopathologic confirmation remains the gold standard test for tumor diagnosis, in spite of the associated morbidity and mortality, such as pneumothorax (35%)(7), hemoptysis (8), air embolism (9), tumoral seeding (10), reported mortalities (11) and technical limitations in lung tissue sampling (12, 13). 
More recently, researchers have explored the role of magnetic resonance imaging (MRI) in the detection of several malignancies (14-17). In-vivo 1H-MRS showed promise as a robust non-invasive diagnostic tool representing the virtual biopsy concept by presenting and quantifying tumor markers in several organs such as the brain(18-20), liver(21-23), breast(24-27), ovary(28-31), and prostate(32-34). However, 1H MRS has not been extensively studied in pulmonary lesions due to confounding signal factors including diminished water content, air presence, respiratory and cardiac motion, and the bony structure of the chest wall (35, 36). Nevertheless, MRS may present an alternative histochemical technique in diagnosing pulmonary pathologies with sufficient precision and accuracy.
This study was designed to assess the feasibility of 1H-MRS in detecting the peaks of tumor markers in malignant pulmonary pathologies, to optimize the SVS protocol, and to determine a quantitative formula that would result in a suitable performance for lung lesions despite confounding interferences of poor shimming in the MRS signal. Pulmonary malignancies of variable size were simulated with different concentrations of tumor markers including choline, creatine and lactate using a NEMA IEC standard trunk phantom in the 3 Tesla(T) MRI scanner at National Brain Mapping Lab (NBML). 
Methods and Martials:
Phantom design:
The NEMA IEC standard trunk phantom (Figure 1) was used for mimicking different sizes of tumors in lung tissue. The phantom consists of multiple components: 1. Hollow spheres with diameters of 10, 13, 17, 22, 28, and 37 (mm) to model pulmonary tumors. 2. A central column simulating the spinal column. 3. Styrofoam filled phantom space to represent lung tissue.
Solution preparation of tumor markers:
In order to simulate the molecular biology of pulmonary malignant lesions, solutions of three metabolites of choline, lactate, and creatine were prepared in four different concentrations on a logarithmic scale using serial dilutions (table 1, appendix a).
SVS Acquisition:
Phantom data were acquired on a 3 T Siemens MAGNETOM PRISMA MRI scanner using an 18-channel phased array body coil. The acquisition included T1 weighted images followed by Point RESolved Spectroscopy (PRESS) localization sequence, which consisted time repetition (TR) and time echo (TE) of 1200 mS and 33 mS respectively, with voxel sizes of 0.125, 1 and 8 cm3, and NAS of 1, 4, 16, 64, 128, 192, 256. All SVSs accompany water saturation signal (WSS) after three chemical shift-selective (CHESS) pulses with weak strength; in addition, unsaturated signal with a NAS of 1 was applied for each series. 8 regional saturation bands for outer volume of interest (VOI) suppression were performed. Additionally, 3D shims, B1 shim, transmitter, directional coupler, field map, frequency, water suppression, receive coil and coil position were manually adjusted for each SVS. 
Signal processing procedure:
FID signal in RDA format was exported and transformed to the spectral domain using Fast Furrier Transform (FFT) in TARQUIN(37) software. TARQUIN iterative method including preset data of metabolite profiles and nonlinear least square (NLLS) algorithms were used in pre-processing and FFT analysis; post-processing filtering was performed via MATLAB (Signal Processing Toolbox (SPTool)). See the summary of processing steps in Table 2, see figure 2.
Concentration Estimation of biomarkers:
Peak Signal intensities obtained from SVSs are applied in relation 1 in order to reach metabolite concentration values.
Relation 1.


Where Kcorr is a constant that is used to normalize the acquisition parameters which is a result of Cint. 
Relation 2.

The internal calibration coefficient (Cint) of each SVS is derived via relation 3, from the Net Water Signal Intensity (NSI w) resulting from water molecular spinning proton (APWC) and the water signal intensity from the unsaturated (SI w) ratio.
Relation 3.

In addition, f in relation 1 is derived from relation 4 to compensate for the effect of water signal pile up on metabolite signal intensity.
Relation 4.
f = 1- e ^ (-water residue intensity (saturated))
Furthermore, in this study the following formulas (relation 5-7) were deduced to quantify the concentration of the intended metabolite using phantom data. 
Relation 5.

Relation 6.



Experimental verification:
The study was approved by the institutional Ethics Committee (IR.IUMS.FMD.REC.1399.546) and was performed according to the principles of the 1964 Declaration of Helsinki and its later standards. Written informed consent was obtained from all patients.  SVS was performed on pulmonary lesions of two male patients aged 36 and 62 years and two female patients aged 16 and 57 years using the optimum protocol outlined by the phantom study. With respect to pulmonary examination, MRS with respiratory trigger was utilized to compensate for thoracic movements. The inclusion criteria were clinical evidence of pulmonary malignant pathology without prior treatment interventions on lung fields, including surgery and radiotherapy. 
Statistical Analysis:
Statistical analysis consisted of descriptive statistics (mean and standard deviation (SD)), Pearson`s correlation coefficient (r), Paired T Test, and receiver operating characteristic analysis using SPSS v.22 software. A p-value less than 0.05 is statistically significant.
Result:
MRS quality metrics:
The water full width at half maximum (FWHM) for the phantom was 0.008 PPM. The SNR accepted threshold equals 5, and the distribution is illustrated in figure 3. Optimized acquisition and processing protocols were obtained in denoising filter application including Gaussian and non-local means via effective noise reduction. The mean SNR ratio was markedly improved by a magnitude of 3.18, such that 53 among 113 failed signals were successfully analyzed. (Pre-filtering SNR mean 7.8± 24.5, post-enhancement SNR mean 24.7±53.6, P value <0.001). The mean ± SD for metabolite FWHM values in accepted SNR was 0.052 PPM and 0.027 PPM, respectively. Filter applications reveal no statistically significant difference in FWHM values. Based on the observations of our experiments, the acceptable FWHM and SNR values at the detectable signal for the different biochemical metabolites of choline, lactate, and creatine are reported in table 3.
Acquisition parameters’ impact on signal intensity:
This study elucidated that signal intensity is not enhanced with increasing NAS, while the signal intensity is significantly affected by voxel size and spheres volume (Figure 4). Additionally, the Pearson's correlation confirmed the impact of the voxel size (r=0.74, P value <0.03), and the diameter of spheres as indicators of volume (r=0.66, P value < 0.02). Trunk phantom study demonstrates that a voxel size for SVS equal to 1 cm3 can produce adequate SNR with a lesion diameter above 13 mm containing metabolite concentration above 1 mM at 3T MRI. A lesion diameter above 37 mm can detect metabolite concentrations above 1 µM.
Concentration estimation of biomarkers:
The signal intensity values differ in the same acquisition and processing procedure, and even in the same metabolite concentrations due to variable proton accumualtions within biomarker molecules. In considering the absolute proton concentration APmC (mol/L=M) of choline, lactate, and creatine reported in table 4, derived from the equation 3 (see appendix b.), it should be noted that the difference ratio of APmC among metabolites suitably matched with exprimental results of obtained signal intensity (figure 4); Then Net Signal Intensity (NSI) of each metabolite is estimated and reported in table 4 by inserting TR/T1, TE/T2*, and APmC parameters (equations 3-7, appendix B); Accordingly, NSIs estimated as follows: choline over 2.1 times of lactate and 2.4 times of creatine, lactate over 1.2 times of creatine; findings were completely concordant with exprimental values illustrated in figure 4. The estimated concentration for detection is reported in table 3.
Clinical Result:
In the pilot trial, biopsy with histopathologic assessment revealed 2 patients with malignant lung lesions (squamous cell lung carcinoma (SCC) and primitive neuroectodermal tumors (PNETs)) and 2 patients with pulmonary metastatic lesions (Hodgkin lymphoma (HL) and colon adenocarcinoma) (table 5). SVS under free breathing state using respiratory gating lasts 348 second ±36 on average. Anatomical location as well as maximum and minimum thickness diameters of lesions are reported in table 5. Peak matching was revealed on 1.33, 3, and 3.2 ppm for each metabolite including Lactate, Creatine and Choline, respectively (figure 5). Metabolite concentrations were illustrated on a logarithmic scale reaching three different molar scales (>0.1 mM as three plus positive, 0.1< mM <0.01 as two plus positive, <0.01 as one plus positive). Minimum detection threshold was identified as below 0.001 mM, labelled as negative peak.
Discussion:
1H MRS has shown promising results in biochemical concentration analysis of the tumoral cells in brain(20), breast(26), and prostate(33) malignancies, demonstrating the potential for the use of virtual biopsy in the future.  This research is focused on MRS application in pulmonary malignancies, an area that has been relatively unexplored. 
Robustness and reproducibility of signal quantifications are widely accepted as being indebted to peak SNR and FWHM(38). Processing measures improves SNR of metabolite peaks about three fold on average through signal recovery (statistically significant, P value<0.001), successfully passing approximately 45% of failed signals. FWHM proved to be a robust quality measure not affected by processing and filtering modifications. (P value> 0.482)  and this finding is consistent with other studies(39).  This study demonstrates the least acceptable voxel size is equal to 1 cm3 that yields satisfactory SNR; however, to obtain the best SNR, it is recommended to use SVS of only 8cm3 with a desired voxel size free of air. Although point out SVS of 0.125 cm3 shows sufficient signal production, breathing motion limits its possible clinical utility, and contributes to its high percentage error for estimated concentration in phantom study. This is currently not applicable in lung tissue unless future enhanced cardiac and respiratory gating compensations are introduced. Phantom analysis reveals enhanced results with increasing NAS values to 64, which is the optimal reasonable NAS/time trade-off point at fixed voxel size. The results shed light on the most important acquisition parameters such as voxel size and lesion volume. Phantom results provide the optimal time duration for SVS acquisitions of 1.6 minutes, while the clinical acquisition time lasts approximately 3-4 fold longer in the context of respiratory trigger compensations.
According to our knowledge, there has been few studies on MRS signal analysis application in pulmonary malignant lesions. Azad Hekimoglu et al. (35) have reported that choline concentration is increased in histopathologically confirmed malignant nodules compared to benign lesions, with a discriminating cut off of 1.65 μmol/g while breath hold technique is used.  Results are in complete concordance with the present phantom study, validating the detectable choline cut off reported, which is almost 1.8 μmol/ml for malignant lung lesions. Sakae Fujimoto et al. (36) have reported detectable choline and lactate peak in one male case with primary lung adenocarcinoma under spontaneous breathing without respiratory synchronization and short TE of 30 ms and long TE of 135 ms, inverting the lactate peak and successfully eliminating the lipid peak affect. Higher TE values, however, suffer longer acquisition time. The present in vivo study also achieved quantitative lactate peaks able to correct fat peak effect using fat fraction technique (40). 
Lee, Hyeong Hun et al. reported the reliability and reproducibility of absolute or relative 1H MRS quantifications is a challenging issue(41, 42). T Schirmer et al. (43) reported multi-subject coefficient of variations (CVs) of absolute concentrations for Cho, Cr and NAA ranged from 7.6% to 15.0% in brain tissue at 7 T whereas higher field strength lead to a decrease in CVs values (44). The present study reaches percentage error of ≤16% in choline and creatine metabolites concentrations in phantom study that simulates pulmonary tissue; nevertheless, lactate peak shows error percentage of ≤30%, likely due to ignoring the J-coupling effect within quantitation. Considering the statistical analysis of concentration estimation in phantom study, the AUC, accuracy and precision derived are 0.735, 66% and 73%, respectively, declaring promising SVS quantifications based on net metabolite intensities - a result that is consistent with other studies(45).
In vivo findings of the currently presented research include high amplitude choline concentration for metastatic colon adenocarcinoma as well as prominent lactate peak for lung SCC in a patient with widespread distant metastases, who unfortunately expired after 3 months. Tumor marker concentrations have been consistent with tumor histopathology and have been confirmed in other studies(22, 46-54). Peak appearance was categorized in three different concentrations defined as 1+, 2+ and 3+, which may help simply define the pathological characteristics in future research. 
The main limitation was the movement of pulmonary lesions within a range of 3-7 cm; almost overcome with voxel size selection 30-40% smaller than the lesion dimensions in addition to manual shimming. The other limitation was operator dependent shimming procedure corrected with predetermined written instructions. Besides that, the solubility and J-coupling effect of metabolites were not independently investigated in the present quantitation formula used in this study. If similar research designed on MRI machines with greater than 3 Tesla strength, lower concentration values are speculated to be detected, leading to more detection efficiency potentially in the Nanomolar range. Although phantom study was accompanied with pilot clinical data; further clinical investigations are still required for pulmonary human database enrichment. This study paves the way for research on MRS for lung lesion detection, and highlights it’s potential while also highlighting the need for further research in this area to address the aforementioned parameters including weak shimming and movement that cause signal deterioration through for example focusing on more robust processing software and use of artificial intelligence.

Conclusion:
Acquisition, processing and quantification protocols in Single voxel MRS are designed for lung masses and modified to best fit the particular requirements for pulmonary imaging. Significant efforts have been made to further improve robustness and reproducibility of SVS qualification and quantification. It is expected that this study will be used as a basic guide on applying MRS in pulmonary malignant pathology detection by providing robust practical instructions. 


Appendix:	
A. Solutions preparation method of lung cancer tumor marker:
At first, the bulk of mother solution for each metabolite were prepared by following procedure in order to reduce errors and increase precision according to equation 1. According to molar mass equation, the weight of metabolites was measured using a BOECO scale model BBL-31 with a diagnostic limit of 0.1 mg and then they were diluted with 53.2 ml of the distilled water.   
Eq. 1

Whereas M is the molar concentration, ni is moles of solute and V is volume of the solvent in milliliters.
Consequently, Serial dilutions of each mother solutions were performed for sorting a logarithmic scale of concentrations according to equation 2, is shown in table 1. 
Eq.2


Whereas, volum.m (ml), Volum.sph (mL), concentration. a (mmol) and concentration.m (mmol) are the volume of the mother solution, the total volume of the spheres, the intended concentration, and the concentration of the mother solution, respectively.
B. Absolute proton concentration (mol/L=M)
The absolute proton concentration (mol/L=M) of choline, lactate, and creatine which were calculated by the equation 3:
Eq. 3


As fact, the signal intensity calculated by using TR/T1, TE/T2, and number of hydrogen in the chemical structure(55, 56)
Eq. 4

Where Kcorr is a constant which use to normalize the acquisition and processing parameter. Therefor, by inserting T2* instead of T2 and  APmC instead of N(p) , the net signal intensity of metabolite can be calculated, see table 4.
Eq. 5

It should be noted that T2* is drived form equation 6 (57) and 1/T2i estimated form equation 7:
Eq. 6

Eq. 7

Where Υ and ΔB i are gyromagnetic constant (42.6 MHz/T) and field inhomogeneities (58, 59) across voxeli , respectively, which is drived from chemical shift displacement (ppm)*B0.
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