Chemical Exchange Saturation Transfer effect from Phospho-creatine (PCr) and Adenosine-tri-phosphate (ATP)
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Background

Phospho-creatine (PCr) and Adenosine tri-phosphate (ATP) are the major energy sources/reservoirs in the biological system. The concentration of ATP and PCr is
varied in the different organs. The ATP concentration in brain, heart and muscle is ~3-4mM, ~6mM and ~10mM, respectively. On the other hand PCr which is a major
source of energy reservoir present around 5-6mM in brain, 10mM in heart and around 33.5mM in muscles. Alternations of these energy-rich compounds have been
reported in various disease conditions including tumors, heart infarction and muscular disorders. *'P MRS has been widely used to detect the signal from these
metabolites. Phosphorous imaging of PCr has been previously reported utilizing MT effects between Pi and PCr. Chemical Exchange Saturation Transfer (CEST)
technique has been previously used to exploit the chemical exchange between the labile amide proton (—-NH) and bulk water to map pH changes in tissues as well as the
protein content in the brain, while -OH exchange was used to measure the proteoglycan concentration in cartilage as well as glycogen concentration changes in the
liver'™. Here, for the first time we report the CEST effect from PCr and ATP in-vitro on phantoms by exploiting their labile amine protons (-NH,) as well as a PCr MRI
CEST map from resting calf muscle.

Materials and Methods

MRS Spectroscopy: All the spectroscopic experiments were performed on 9.4 T vertical bore scanner (Inova; Varian, Palo Alto, CA) in 5 mm NMR tubes using 5 mm
radiofrequency (RF) probe at room temperature. All the experiments were performed at room temperature. '"H NMR Spectroscopy of Exchangeable Proton: To
explore the presence of exchangeable protons in ATP and PCr (Sigma Aldrich, USA), 100mM PCr and 50mM ATP solutions were prepared. 'H-spectroscopy was
performed by gradual addition of D,O (0%, 50% and 99.8%) using TR=3s, Te=4ms, number of averages = 64). CEST Z-spectrum Acquisition: Z-spectra from all
samples were acquired over +5ppm relative to the bulk water resonance frequency in steps of 0.125ppm with a 1 second pre-saturation square pulse at 127Hz B,. The
repetition time was 4 seconds. The integrated area under the bulk water peaks were calculated and plotted against the pre-saturation frequencies to generate the Z-
spectra. Exchange Rate Measurement: exchange rate both from PCr and ATP were calculated using the method described in detail elsewhere’. Phantom Imaging at
7T and 3T MRI: Different concentrations of PCr (5, 10, 15, 20, 33 and 50mM, pH=7.0) and ATP solutions (5, 10, 15, 20mM, pH=7.0) were prepared in small glass
tubes (1.5 cm diameter) and immersed in a beaker containing PBS. The CEST imaging was performed on 7T and 3T Siemens whole-body clinical scanner (Siemens
Medical Solutions, Malvern, PA). CEST images were acquired at peak Bl of 150 Hz and 10 second saturation duration, with a flash readout, using a Hanning
windowed saturation pulse train of 100 pulses. The sequence parameters were: slice thickness = Smm, GRE flip angle=10°, GRE readout TR=5.6ms, TE =2.7 ms, field
of view =120*120 mm, matrix size =192*192, and one saturation pulse and 64 acquired segments at every 15s. For the same parameters CEST imaging from PCr
solutions were also obtained on 3T at 50% duty cycle. We also , Figurel A Figure 2 0 B
obtained CEST images from a normal human volunteer calf muscle at voon| | ! N 20 &

7T. The human studies were performed under an Institutional IRB = / Epm
approved protocol. CEST contrast was calculated at +2.5ppm for PCr  * /i) [|]L
and £2ppm for ATP by normalizing with 20ppm signal using the : [ :
equation:- CEST=100%*(S.e-S+.)/So, wWhere S, is the acquired MR | |
signals at 20ppm for phantoms and CEST = 100*(S.ye-S.ve)/S.ve for the
human study to minimize direct saturation and MT effects. B1 and BO
maps were also acquired and used to correct the MI CEST contrast as |
described previously’. [ \ | )
Results and Discussion e AN . ~ Cs‘” = J“H; T 64321012345
The spectra in presence of D,O clearly depict the presence of s o : s Frequency offict W) Freq ﬂﬂ.“ (Wm)
exchangeable protons both in PCr and ATP (Fig. 1&2). In PCr the _ ¥rouwmeyulf (ppm) . i
exchangeable ~NH2 protons were present at two frequency offset Figure 1&2: NMR spectra f_rom 100mM [_’Cr and 50mM ATP solutions. PCr shows the two
downfield to bulk water proton resonance i.e. ~1.8ppm and ~2.5ppm. peaks at 1.8 aI.ld 2.5ppm (Fig 1. A, a) yvhlle ATP shows one peak. at 2ppm downfield to the
Labile proton at ~1.8ppm was from creatine (Cr) and at ~2.5ppm was bulk water (Fig 2. A, a). Aft_er addition of 50% D,O the amplitude (_)f the .all the peaks
from PCr. The presence of Cr is due to the conversion of PCr into Cr. decrease (b) and completely disappear after addition of 99.9% DO (c), 1n(_ilcat1ng that _these
In ATP, the labile -NH2 protons were detected at ~2ppm downfield to ~fesonances are exchangeable groups. Ip PCr peak present at the 1.8ppm is from creatine —
the bulk water proton resonance. The Z-spectra from PCr and ATP NH2, while the oth_er peak at 2.5ppm is from PCr -NH2. Z-spectra from PCr shows CEST
phantoms show the clear CEST peak at ~2ppm and ~2.5ppm effect at 2.5ppm (Fig 1,.B, arrow), while ATP shows CEST effect at 2ppm downfield to the
respectively (Fig. 1&2). The measured exchange rates were ~180 s in bulk water resonance (Fig 2, B, arrow).

PCr and ~150s'in ATP. On comparing to the chemical shift difference both at 7T (Ao (PCr)=4.7x10° rad/s and Ao (ATP)=3.7x10’ rad/s) and 3T (Ao (PCr)=2x10° rad/s
and A® (ATP)=1.6x10° rad/s) the exchange rate of both PCr and ATP —NH, protons are in regime of slow exchange rate and satisfy the condition (Aw>k) required for
the CEST effect. Both PCr and ATP phantoms show the linear relationship with concentration (Fig 3&4). The PCr CEST contrast at 3T was less than 7T. This can be
attributed to the reduced duty cyle of the saturation pulse. The preliminary human CEST images also seem encouraging. We are in process of implementing the current
technique to investigate mapping of PCr and Cr in-vivo on human calf muscles both at 3T and 7T and monitor exercise related changes in these metabolites.

Figure 3: MRI CEST
images both at 7T
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Figure B reflects Figure 5: A. CEST image obtain at -2.5ppm, B.
the linear corresponding PCr CEST map.
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