Noninvasive MRI of tissue redox state based on endogenous chemical exchange saturation transfer (CEST) contrast
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Target audience: Research scientists or clinicians who are interested in cancer metabolism, oxidative stress and redox state.
Introduction/Purpose: Cellular redox state has been demonstrated as a key player in cellular biology. The disturbed balance of the
redox state, such as excessive oxidative stress, can lead to many pathologic changes including cancer heart diseases,
neurodegenerative diseases, and diabetes. Imaging biomarkers for oxidative stress are a key research area . Tumor redox state
heterogeneity revealed by the optical redox scanning of ex vivo tissues may differentiate tumor aggressrveness However, the redox
scanning is highly invasive, limiting its use. The purpose of this study is to develop a non-invasive MR imaging method for mapping the
tissue redox state based on the endogenous Chemical Exchange Saturation Transfer (CEST) contrast. We report herein a CEST MRI
technique, together with correlations to the optical redox scanning to characterize tumor redox heterogeneity. The mechanism on such
correlation has also been investigated.

Methods: All animal experiments on two human breast cancer mouse xenograft models, MDA-MB-231 (n=8) and MCF-7 (n=6), were
performed according to an Institutional Animal Care and Use Commlttee approved protocol. The tumors were grown as previously
described® and the tumor volumes ranged from 100 mm? to 1000 mm®. CEST Z- -spectra images of the tumor central slice with
saturation offsets from -5 to 5 ppm and a step-size of 0.25 ppm were collected on a 9.4T Varian small animal MR scanner using a
customized sequence which consists of a frequency selective rectangular saturation pulse (B1=250 Hz, 1 s) followed by a segmented
Fast Low-Angle SHot (FLASH) readout. Both By and B+ field inhomogeneity maps were acquired for the correction of CEST contrast
maps from +2 to +4 ppm, normalized to the corresponding negative saturation offsets as previously reported®. In addition,
magnetization transfer (MT) images, T:1- and Te-weighted images of the same slice were also acquired. After MRI, the tumor-bearing
mice under anesthesia underwent snap-freezing procedures and the excised frozen tumors were embedded for multi-slice fluorescence
imaging of NADH (reduced form of nicotinamide adenrne dinucleotide) and Fp (oxidized flavoproteins) using the Chance redox scanner
to quantify the NADH redox ratio, NADH/(Fp+NADH) We then performed CEST MRI of the solutions of the major metabolites (see
Figure 3) in two redox reactions, representative of many others in vivo in a general form of RH2+ NAD* <> R + NADH + H', where R is
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pattern, as observed by the optical redox scanning.

The quantitative and significant correlation between the CEST MRI and the optical scanning indicates that the overall CEST contrast in
vivo can be an imaging biomarker of the NADH redox ratio. This correlation is supported by the phantom studies on the metabolites of
two redox reactions which are representative of many other redox reactions in vivo. Non-invasive CEST MRI of tissue redox state, as a
new imaging marker, may find new clinical applications in diagnosis of cancer as well as other diseases. It is worth noting that the
overall CEST contrast in vivo may also be affected by other factors, including tissue pH, T1 and T, and the metabolites that are not
involved in redox reactions. Hence, CEST MRI of tissue redox state requires calibration and the comparison may only be made
between similar tissue types. Despite these limitations, this study demonstrates a novel MRI technique sensitive to tissue redox state.
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