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Synopsis
Based on the same principle of localized correlated spectroscopy (L-COSY) of coherence transfer during mixing period, total correlated
spectroscopy (TOCSY) is a powerful technique that can provide correlations for both direct and long range coupled spins via relayed coherence
transfer. Due to the SAR issue, the potential of TOCSY has not been fully exploited in-vivo and only few versions of TOCSY have been evaluated in
brain. Here we have implemented a novel version of localized TOCSY technique for implementation in human calf muscle in-vivo, and compared
results from three mixing strategies. Results are presented from a corn oil phantom, and in-vivo 2D spectra from 4 healthy volunteers and 1 diabetic
patient obtained on 3T clinical platforms. We demonstrated that TOCSY can uncover the hidden relayed peaks, particularly that of IMCL/EMCL in calf
muscle which can play an important role in better estimation of degree of unsaturation.

Introduction:
Localized correlated spectroscopy (L-COSY)  facilitates improved detection of overlapping metabolites with increased spectral dispersion. In skeletal muscle,
COSY has been used to separately assess saturated and unsaturated lipid components, allowing estimation of the degree of unsaturation . Based on the
same principle of COSY, total correlated spectroscopy (TOCSY)  is another powerful technique that contains information about the directly scalar coupled spins
coherence transfer. However, TOCSY can provide additional correlations for remotely J-coupled spins and exhibits an in-phase magnetization transfer. In-vivo
1D spectral-editing TOCSY  and localized 2D TOCSY  in human brain have been demonstratedn previously. Due to the SAR issue associated with the
requirement of a sustained train of RF pulses during TOCSY mixing, the potential of TOCSY has not been fully exploited in-vivo. Here, we propose a novel
version of localized TOCSY technique to recover hidden resonances in human calf muscle in-vivo. We also compare the results from three mixing strategies: a
spin lock scheme using continuous wave (CW) RF pulses , an MLEV4 scheme, and a CW spin lock scheme with composite pulses.

Materials and Methods:
Fig.1 shows the schematic diagram of the TOCSY sequence. TOCSY block does not contribute to the echo time and the total echo time is nothing but the echo
time of the PRESS localization block. The time between the last 180° refocusing pulse in the PRESS localization and the TOCSY block was incremented to
introduce the t  evolution. Global water suppression was performed using a WET  scheme, preceding the first excitation pulse. To test the sequence, a corn oil
phantom was used. The sequence was further evaluated in the calf muscle of four healthy volunteers (age, 23-40 years) and one type 2 diabetic subject (63
years). All data were collected on a 3T Prisma MRI scanner using a 15 channel knee ‘transmit/receive’ coil. The TOCSY acquisition parameters for the phantom
and in-vivo calf muscle were: a voxel size of 4x4x4cm , TE=30ms, TR=2-2.5s, averages=8, 64 Δt  increments with 0.8ms, 1024 t  points, F  and F  bandwidths
of 1250 Hz and 2000 Hz respectively with scan time ~17-25min. 2D L-COSY spectra were also acquired with same parameter for comparisons purposes.
Acquired data were extracted, and post-processed  with a library of custom MATLAB-based program.

Results:
Fig. 2 shows our initial results in corn phantom showing spectra recorded with L-COSY and TOCSY using the three different mixing strategies. Cross peaks of
all lipid multiplets were well visible and separated from the main diagonal. Due to in-phase coherent transfer the multiplet structure of each cross peak is more
apparent in TOCSY spectra. Relayed cross peaks of intramyocellular (IMCL)/extramyocellular lipids (EMCL) are visible in TOCSY spectra which cannot be
detected in COSY. TOCSY spectra measured with the three mixing strategies at different mixing time are shown in Fig. 3. At very short mixing time of 11.5ms
also TOCSY with SL showed relayed cross peaks. Fig. 4 demonstrates results obtained at 3T from a patient with diabetes. The relayed cross peak of
IMCL/EMCL which are not visible on COSY (Fig. 4(B)), can be observed in TOCSY with SL at mixing time 11.5ms and TOCSY with MLEV-4 at mixing time 45ms
(Fig. 4(C) and 4(D)). TOCSY with MLEV-4 spectra recorded in a healthy volunteer are shown in Fig. 5. A projected spectrum along the F  dimension from the
same voxel is included for comparison. Here also, relayed cross peak of IMCL/EMCL are visible demonstrating the reliability of the TOCSY technique.

Discussion:
Although different versions of TOCSY have been implemented before for in-vivo brain study, this work represents the first demonstration of a robust in vivo
TOCSY for calf muscle application. Although COSY spectra have a higher SNR than TOCSY due to the fact that the optimum mixing conditions for TOCSY are
harder to realize in-vivo within SAR limits, we demonstrated that TOCSY can uncover the hidden relayed cross peaks, particularly that of the unsaturated
IMCL/EMCL in calf muscle which can play an important role in clinical application in diabetic/obese skeletal muscle studies for better estimation of degree of
unsaturation. Compared to COSY, TOCSY has the advantage of eliminating signal cancellation and improving spectral resolution with pure absorptive phase-
sensitive crosspeaks . Even though CW-SL performed better, MLEV based TOCSY may be a better option at 3T due to less SAR compared to the CW pulses
allowing it to use in other body parts. There are still some limitations to the work including the long scan time, which will be addressed in future studies.

Conclusion:
While these initial results are promising, further optimization and validation with a larger pool of subjects is needed. We expect that the new developments
presented in this work will facilitate in-vivo applications of TOCSY in clinical evaluations.
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Figures

Fig. 1: Schematic representation of the (A) COSY and (B) TOCSY sequence. For TOCSY, the basic COSY sequence with a [90°–180°–Δt1–90°–Acquisition]
scheme for localization was modified as [90°–180°–180°–Δt1–TOCSY(Mixing)–Acquisition]. While for COSY the mixing happens during the t  evolution which is
free of RF pulses, for TOCSY the mixing period is realized under the action of a train of RF pulses right after t  evolution.
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Fig. 2: Example of 2D spectra obtained at 3T in a corn oil phantom using (A) L-COSY, (B) TOCOSY with MLEV4 (mixing time 45ms), (C) TOCSY with spin lock
(mixing time 11.5ms), and (D) TOCSY with composite spin lock (mixing time 11ms) sequences. Relayed crosspeaks present only in TOCSY are indicated by
black arrowheads. The same contour levels are displayed. Peaks are labeled as, UFD=Olefinic fat, TGFR= Triglyceryl fat cross peak, UFR=Unsaturated fatty
acid cross peaks right, UFL=Unsaturated fatty acid cross peaks left, FMETD = Methyl fat.

Fig. 3: Comparison of TOCSY spectra with the three different strategies at four different mixing times. (A) TOCSY with SL at mixing time of 11.5ms, 51.5ms,
76.5ms, 101.5ms; (B) TOCSY with composite SL at mixing time of 10ms, 50ms, 75ms, 100ms; and (C) TOCSY with MLEV4 at mixing time of 33ms, 45ms,
85ms, 125ms.

Fig. 4: In-vivo 2D spectra obtained at 3T with the (B) L-COSY, (C) TOCSY with SL (mixing time 11.5ms), (D) TOCSY with MLEV4 (mixing time 45ms) from a 63
years’ type-2 diabetic patient in the soleus region as shown in (A). Relayed crosspeaks of IMCL/EMCL seen in corn phantom in TOCSY can be seen here too
(indicated by black arrowheads). Cr, creatine; IMCL, intramyocellular lipid; EMCL, extramyocellular lipid.

Fig. 5: In-vivo 2D TOCSY-MLEV4 spectrum obtained at 3T from a 40 years healthy control in the soleus region (shown in (A)). The 1D spectrum corresponding
to the projection along the t1 direction is shown in (B). The 2D TOCSY-MLEV4 spectrum is shown in (C). The same acquisition parameters as used in the
diabetic patient (Fig. 4) were used.
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