Mass Spectrometry Quantification of TMAO and Related  Metabolites
Stable-isotope-dilution LC-MS/MS was used for quantification of TMAO and related metabolites in plasma as previously described 1. Blood samples were drawn after an 8-12-hr fast, frozen and placed in short-term storage in a -70 C freezer before shipping, on dry ice, to the CHS Central Blood Analysis Laboratory (U. VT) for long-term storage at -80 C. 4 volumes of ice cold methanolic solution of internal standards (10 µM each),  d9(trimethyl)-TMAO, d9-choline, d9-betaine, d3-carnitine, d9--butyrobetaine and d9- crotonobetaine (80 µL),  was added to 1 volume of plasma samples (20 µL) to precipitate protein, followed by vortexing and centrifuging (21,000 x g; 4 °C for 15 min). The clear supernatant was then transferred to glass vials with microinserts.
LC-MS/MS analysis was performed on a chromatographic system consisting of two Shimadzu LC-30 AD pumps (Nexera X2), a CTO 20AC oven operating at 30 °C, and a SIL-30 AC-MP autosampler in tandem with 8050 or 8060  triple quadruple mass spectrometer (Shimadzu Scientific Instruments, Inc., Columbia, MD, USA).  A  Luna silica column (150 mm × 2.0 mm; 5 μm) (Cat # 00F-4274-B0, Phenomenex, Torrance, CA) was used for chromatographic separation on a discontinuous gradient composed of mobile phase A (0.1%  propionic acid in water) and versus mobile phase B (0.1% acetic acid in methanol) with a flow rate of 0.35 mL/min and a 0.2 µL injection volume. Analyses were performed using electrospray ionization in positive-ion mode with multiple reaction monitoring of parent and characteristic daughter ions and retention times specific for components monitored. The transitions monitored are: TMAO, m/z 76.159.1, 76.158.1; d9-TMAO, m/z 85.066.15, 85.068.15; choline, m/z 104.060.0, d9-choline, m/z 113.169.2; betaine m/z 118.158.1, 118.159.1; d9-betaine, m/z 127.066.1, 127.068.15; carnitine, m/z 162.0103.0, 162.060.15; d3-carnitine, m/z 165.0103.05, 165.063.15; γ-butyrobetaine, m/z 146.087.05, 146.060.15; d9-butyrobetaine, m/z 155.069.2; crotonobetaine, m/z 144.058.1, 144.059.1 ; d9- crotonobetaine, m/z 153.066.15. The parameters for the ion monitoring were optimized. Various concentrations of analytes were mixed with internal standard mix to prepare the calibration curves for quantification of each analyte. For data analysis software Lab Solution (Shimadzu) was used. At least three pooled quality control (QC) samples were included per 27 study samples, corresponding to three QC samples per analytical batch of 81 samples. Assay performance was monitored using intra-day and inter-day coefficients of variation (CVs) for TMAO and related metabolites; all QC CVs were <10%. When more than one LC–MS platform was used, cross-platform calibration was performed using identical pooled QC material and calibration curve comparisons. Instrument drift was evaluated by monitoring QC CV%, which remained within acceptable limits across all batches.
All assays were conducted in a CAP-accredited and CLIA-certified clinical laboratory operating under validated standard operating procedures for in vitro diagnostics. Quality assurance and control procedures included the following criteria:
1. QC sample concentrations were required to fall within ±2 SD of established means.
2. Calibration curves were generated for every analytical run, with r² ≥ 0.99 required for acceptance.
     3. Any batch failing QC acceptance criteria was repeated.
     4. Instrument performance was assessed daily using reference standards, including mass accuracy, retention time stability, and peak shape.
Distributional diagnostics of all metabolite data were evaluated prior to transformation using histograms, QQ-plots, and assessment of skewness and kurtosis. Natural log transformation was applied to normalize right-skewed distributions.
We also formally evaluated the need for inter-cohort normalization. Baseline TMAO distributions were significantly different between cohorts using the Wilcoxon rank-sum test. After applying cohort-specific z-score normalization, this difference was no longer statistically significant (P = 0.59), indicating that scale differences were adequately corrected and supporting the validity of pooled analyses.
Analytical validation parameters—including LOD and LOQ for each metabolite, intra- and inter-assay QC CV%, and concentration ranges in both CHS and MESA—are reported in Supplementary Table to demonstrate method robustness and consistency across cohorts.
Supplementary Table – Analytical Validation Parameters
	Metabolite
	LOD (µM)
	LOQ (µM)
	QC CV% Intra-batch
	QC CV% Inter-batch
	Conc. Range (CHS, µM )
	Conc. Range (MESA, µM)

	TMAO
	0.05
	0.10
	<5%
	<5%
	0.01-255.0
	0.10-129.2

	Choline
	0.10
	0.50
	<4%
	<4%
	0.24-111.1
	1.82-47.2

	Betaine
	0.10
	0.50
	<6%
	<6%
	0.41-167.6
	6.90-225.8

	Carnitine
	0.10
	0.50
	<6%
	<6%
	1.22-95.0
	9.86-230.3

	γ-butyrobetaine
	<0.01
	0.01
	<8%
	<8%
	0.01-4.61
	0.04-2.45

	Crotonobetaine
	0.01
	0.02
	<10%
	<10%
	0.01-0.31
	0.01-0.48
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