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Purpose: The diagnosis of monoamine-related psychiatric disorders is based on the 
phenomenological evaluation of symptoms and behavior by trained clinicians. The 
CEST technique can be sensitive to monoamines such as serotonin. This study quan-
tifies the CEST properties of the compounds in the serotonin biosynthesis pathway 
with the goal of developing noninvasive techniques aimed at advancing the diagnos-
tic assessment of serotonin dysfunction.
Methods: Saturation transfer-weighted images of L-tryptophan, 5-hydroxytrypto-
phan, serotonin, 5-hydroxyindoleacetic acid, and melatonin phantoms were acquired 
over a range of saturation amplitudes and frequency offsets along with observed T1, 
T2, and B1 efficiency maps at physiological temperature and pH of 5.5, 6.7, and 7.4. 
The CEST and MT data were fitted to a three-pool Bloch–McConnell model of ex-
change to estimate the model parameters.
Results: At a pH of 5.5, tryptophan, 5-hydroxytryptophan and serotonin exhibited 
significant CEST contrast at resonance frequency offset, Δω between 2.64 ppm and 
2.71 ppm, and magnetization transfer ratio asymmetry amplitudes up to 20% per  
30 mM. At a pH of 7.4, all molecules exhibited significant CEST contrast between 
5.11 ppm and 5.47 ppm, and magnetization transfer ratio asymmetry amplitudes up 
to 9.5% per 30 mM. At a pH of 6.7, all studied compounds except melatonin exhib-
ited a CEST peak from each of the preceding two pHs.
Conclusion: At a pH of 5.5, tryptophan, 5-hydroxytryptophan, and serotonin CEST 
contrast originates from the NH

+

3
 side chain, whereas at a pH of 7.4, CEST contrast 

is due to the chemical exchange between water and the NH proton on the indole ring. 
The data in this study could be used to inform future investigations aimed at detect-
ing and measuring in vivo serotonin.
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1 |  INTRODUCTION

Reliable diagnosis of psychiatric disorders is critical for 
effective pharmacological and psychological treatment. 
Currently, the diagnosis of psychiatric disorders is based on 
the phenomenological evaluation of symptoms and behav-
ior by trained clinicians.1 The clinical approach taken by the 
Diagnostic and Statistical Manual of Mental Disorders after 
1980 is subjective, qualitative, and unscientific.2 In the case 
of depression, a monoaminergic hypothesis was postulated 
in 1965 that implicates noradrenergic and serotonergic dys-
function.3 This monoaminergic etiology guides the focus of 
pharmaceutical companies, but does not yet aid clinicians in 
the development of a quantitative diagnostic procedure. The 
in vivo measurement of monoamines, particularly serotonin, 
would be invaluable in clinical psychiatric research and could 
lead to a new understanding of the biological mechanisms 
associated with psychiatric disorders.

The currently identified serotonin receptors have been 
connected to a variety of biological functions including motor 
behaviour,4 emotion,5 circadian rhythm,6 and a state of men-
tal arousal.7 Abnormalities in the function of these serotonin 
receptors have been implicated in numerous psychiatric dis-
orders such as anxiety,8-10 depression,11-13 schizophrenia,14-16 
Alzheimer’s disease,17-19 and autism.20-22

In this study, we evaluated the feasibility of using mag-
netic resonance as a noninvasive tool to assess the metabolites 
of the serotonin biosynthesis pathway. Traditionally, MRS 
has been the standard for detecting and quantifying endog-
enous tissue neurometabolites, including N-acetylaspartate, 
phosphocreatine, γ-aminobutyric acid, glutamate, and gluta-
mine.23 Advances in high-field MRS have demonstrated the 
ability to detect small metabolic changes in the brain linked 
to cancer,24 stroke,25 neurodegenerative disease,26 and psy-
chiatric disorders.27 The MRS studies that investigate psy-
chiatric disorders such as major depression have measured 
abnormalities in the concentration of myo-inositol, gluta-
mate, and glutamine.27 However, the in vivo measurement 
of monoaminergic neurotransmitters is beyond the sensi-
tivity range of MRS, due to low metabolite concentration, 

chemical exchange signal suppression, and shimming diffi-
culties caused by pulsatile motion in the upper brain stem 
where the highest concentration of monoamines are found. 
Because of the limited sensitivity of MRS in the measure-
ment of in vivo monoamines along with the chemical proper-
ties of serotonin, we investigated CEST, a noninvasive MRI 
contrast mechanism that offers a 100-times to 1000-times 
increase in signal sensitivity, but at the cost of specificity.28

Chemical exchange saturation transfer imaging takes ad-
vantage of compounds that contain exchangeable protons, to 
selectively saturate them and indirectly detect their presence 
through their exchange with those of water. Each of the mol-
ecules involved in the serotonin biosynthesis and breakdown 
pathway (Figure 1) possesses exchangeable protons capable 
of being detected using CEST. Serotonin is synthesized from 
the essential amino acid tryptophan in a short metabolic path-
way. Tryptophan is acted upon by the enzyme tryptophan hy-
droxylase, producing 5-hydroxytryptophan (5-HTP), which 
is then decarboxylated into serotonin by aromatic amino acid 
decarboxylase.29 Serotonin can then be broken down into 
5-methoxyindoleacetate after a series of intermediate mol-
ecules, including 5-hydroxyindoleacetic acid (5-HIAA).29 
Additionally, serotonin can be converted into the neurohor-
mone melatonin, which was included in this study because of 
its role in maintaining the temporal organization of biological 
functions during the 24-hour human circadian rhythm.30 We 
characterized the CEST properties of these molecules in an in 
vitro environment controlling metabolite concentration, tem-
perature, and pH. The goal was to develop new, noninvasive 
measures to aid the diagnostic assessment of psychiatric dis-
orders related to serotonin dysfunction, if such measurements 
are sensitive enough in vivo.

2 |  METHODS

2.1 | Phantom preparation

Five metabolite phantoms were prepared in tripli-
cate: L-tryptophan (Trp; CAS: 73-22-3; Sigma-Aldrich  

F I G U R E  1  Relevant compounds involved in the synthesis and breakdown of serotonin, excluding the catalytic enzymes and cofactors. 
Dominant protonation states (>93.8%) in the pH range of 5.5-7.4 were illustrated using MarvinSketch (ChemAxon, San Diego, CA). Abbreviations: 
5-HTP, 5-hydroxytryptophan; and 5-HIAA, 5-hydroxyindoleacetic acid
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[St. Louis, MO]: T0254), 5-HTP (CAS: 4350-09-8; Sigma-
Aldrich: H9772), 5-hydroxytryptamine (serotonin or 5-HT; 
CAS: 50-67-9; Sigma-Aldrich: 14927), 5-hydroxyindole-
3-acetic acid (5-HIAA; CAS: 54-16-0; Sigma-Aldrich: 
H8876), and N-acetyl-5-methoxytryptamine (melatonin; 
CAS: 73-31-4; Sigma-Aldrich: M5250). Samples were pre-
pared at 30 mM concentration in 30 mM phosphate buffer. 
The phosphate buffer was prepared using a mixture of NaCl 
(CAS: 7647-14-5; Bio Basic [Markham, Canada]: DB0483), 
KH2PO4 (CAS: 7778-77-0; Bio Basic: PRB0445), and 
K2HPO4 (CAS: 7758-11-4; Bio Basic: PRB0447), and then 
titrated with 1.0 M NaOH (CAS:1310-73-2; Sigma-Aldrich: 
S8045) to reach a pH of 7.4.

An MRI artifact was observed when increasing the tem-
perature of liquid phantoms, which has been attributed to 
convection currents.31 Agarose was used to increase sample 
viscosity, thereby eliminating convection currents, but min-
imally affecting MR properties. Agarose (CAS: 9012-36-6; 
Sigma-Aldrich: A9793) was prepared in the 30 mM phos-
phate buffer at a low concentration of 3 mM (m/v = 0.19%) 
to eliminate the temperature-induced artifact while exhibit-
ing minimal magnetization transfer effect. Metabolites were 
then added to the agarose and phosphate buffer solution 
and held at 40°C (just above the gelling temperature) using 
a water bath. Samples were further titrated as needed with  
1.0 M NaOH or 1.0 M hydrochloric acid (HCl; CAS:7647-
01-0; Sigma-Aldrich: H1758) to reach final pH values of  
5.5 representing the intravesicular pH,32 7.4 representing the 
extracellular pH, and an intermediary pH of 6.7. Individual 
samples were pipetted into 5 mm ID glass culture tubes 
(45060-65; Kimble Chase, Rockwood, TN) and cooled to 
room temperature, allowing the agarose in the samples to 
solidify. Metabolite preparations were repeated 3 times for a 
total of 45 samples.

2.2 | MRI acquisition

All samples were scanned at 7 T (Ascend 300WB operated 
by ParaVision 6.0.1 software; Bruker BioSpin, Billerica, 
MA). Experiments were performed at physiological  
temperature (37°C) by placing the individual samples into 
a temperature-controlled phantom holder31 designed to fit 
in a 30-mm ID quadrature volume coil (Bruker BioSpin, 
Billerica, MA). Solution temperature was measured by a 
fiber optic temperature probe (SA Instruments, Orchard Park, 
NY) and was maintained within ±0.2°C around 37.0°C.

The MRI acquisition consisted of CEST and magnetiza-
tion transfer (MT)-weighted imaging, as well as T1 estima-
tion and B1 efficiency mapping. All Z-spectra were obtained 
by collecting single-slice axial images, acquired using a  
MT-prepared (continuous-wave block saturation pulse, tsat = 
490 ms per line of k-space) FLASH sequence (TR = 500 ms; 

TE = 3 ms; flip angle = 30°; FOV = 30 mm × 30 mm × 
1 mm; matrix = 64 × 64; bandwidth = 50 kHz). Z-spectra 
were acquired with varying saturation B1 amplitudes and 
frequency offsets Δω. Frequency offsets were defined with 
respect to the water frequency Δω = (ω − ωwater)/ωwater × 106, 
in units of parts per million. The CEST-sensitive and MT-
sensitive spectra were obtained with saturation B1 = 0.30, 
0.50, 0.75, 1.00, and 1.50 µT and at Δω spanning ±7 ppm in 
steps of 0.05 ppm. The MT-sensitive spectra were obtained 
with B1 = 3 and 6 µT at Δω, logarithmically spaced between 
±3 and ±300 ppm in 21 steps. A water saturation shift ref-
erencing (WASSR) spectrum was obtained to measure and 
correct for the direct effect,33 with B1 = 0.1 µT at Δω be-
tween ±0.5 ppm in 1/60-ppm steps. For each Z-spectrum, 
one dummy scan was acquired and reference scans at Δω = 
667 ppm were acquired at the beginning of the experiment, 
end of the experiment, and after every five measurements 
for baseline drift correction and noise estimation.34 The scan 
time for each spectrum with B1 = 0.30 to 1.50 µT were 182 
minutes each; the 3 and 6 µT spectra were 31 minutes each; 
and the WASSR spectrum was 34 minutes.

Eleven inversion-recovery rapid acquisition with refo-
cused echo sequences (TR = 20 000 ms; TE = 6 ms; TI =  
30, 60, 100, 180, 320, 560, 1000, 1800, 3200, 5600, and  
10 000 ms; FOV = 30 × 30 × 1 mm; matrix = 64 × 64; rapid  
acquisition with refocused echo factor = 2; bandwidth =  
67 kHz; 8 minutes each) were acquired to calculate an 
 observed T1 map, a Carr–Purcell–Meiboom–Gill sequence 
(TR = 5000 ms; TE = 20-3600 ms, 180 echoes; flip angle = 
90°; FOV = 30 × 30 × 1 mm; matrix = 64 × 64; bandwidth 
= 50 kHz; 10.67 minutes) was used to calculate an observed 
T2 map, and seven 3D-FLASH sequences with varying flip 
angles (TR = 200 ms; TE = 4 ms; flip angle = 120°, 140°, 
160°, 180°, 200°, 220°, and 240°; FOV = 30 × 30 × 1 mm; 
matrix = 64 × 64; bandwidth = 50 kHz; 2 minutes each) 
were obtained to calculate a B1 efficiency map.

2.3 | Data analysis

A T1 map was calculated from the inversion-recovery rapid 
acquisition with refocused echo images35; a T2 map was cal-
culated from the Carr–Purcell–Meiboom–Gill sequence im-
ages36; a B0 map was calculated from the WASSR images33; 
and a B1 efficiency map was calculated from the 3D-FLASH 
images.37 An example of each is illustrated in Figure 2.

Regions of interest were manually drawn over the sample 
voxels (Figure 2). Baseline drift correction of all Z-spectra 
was performed by fitting a straight line to the interleaved 
reference scans and normalizing by this line.38 This was fol-
lowed by spectrum-wise B0 correction of the WASSR and 
Z-spectrum images with low B1 (0.30, 0.50, 0.75, 1.00, and 
1.50 µT). The correction consisted of fitting one Lorentzian 
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(corresponding to the direct effect contribution) to the 
WASSR Z-spectrum at frequency offsets between ±0.5 ppm 
and a sum of two Lorentzians (corresponding to the direct 
effect and MT contributions) to the low B1 Z-spectra. The 
spectra were recentered to the peak position of the direct ef-
fect Lorentzian and linearly interpolated to the frequency off-
sets measured originally. High B1 images (MT sensitive; 3 µT 
and 6 µT) were acquired with logarithmically spaced offsets 
ranging from 3 ppm to 300 ppm. Thus, B0 correction was 
not required for these spectra, as the spacing between offsets 
was orders of magnitude greater than the average B0 devia-
tion (0.02 ppm) measured in these experiments. An example 
data set and fitting results containing one of each Z-spectra 
acquired per sample is illustrated in Figure 3.

Z-spectra asymmetry in both the experimental data and 
fitting results were examined using magnetization transfer 
ratio asymmetry (MTRasym):

where Mz,sat is the magnetization signal acquired after the sat-
uration pulse at a particular frequency offset (±Δω), and M0 is 
the magnetization signal of the reference scan.

Z-spectra were fitted to a three-pool Bloch–McConnell 
model of exchange39 using nonlinear least-squares fitting 
for samples with a  pH of 5.5 and 7.4. A four-pool Bloch–
McConnell model was adapted for fitting the samples with 

(1)MTRasym =
Mz,sat (−Δω)−Mz,sat (Δω)

M0

,

F I G U R E  2  Quantitative MR maps 
for one example data set. Images represent a 
cross section of the temperature-controlled 
phantom holder31 containing six glass 
culture tubes with different metabolites 
immersed in 3 mM agarose solution. Left 
to right: FLASH image, region-of-interest 
(ROI) identification (color coding represents 
six separate ROIs), observed T1, observed 
T2, B0, and B1 efficiency maps

F I G U R E  3  Z-spectra of 30 mM serotonin + 3 mM agarose at a pH of 7.4 and a temperature of 37°C. Three-pool Bloch–McConnell 
equations were used to fit (lines) the measured (points) magnetization transfer (MT)-sensitive, CEST-sensitive, and water saturation shift 
referencing (WASSR) Z-spectra
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a  pH of 6.7, which contained two CEST pools. The three-
pool fitting estimated the following parameters: TA

2
, RMT,  

MB
0
, TB

2
, RCEST, MC

0
, TC

2
, and ΔωC

0
, where RMT and RCEST are 

the magnetization exchange rates from the MT and CEST 
pools, respectively, to the bulk water pool; M0 is the pool 
size relative to the bulk water; Δω is the resonance frequency 
offset; TA,B,C

2
 are the intrinsic transverse relaxation times; su-

perscript A refers to the bulk water pool; superscript B refers 
to the MT pool; and superscript C refers to the CEST pool.

For each data set, fitting was performed multiple times 
with different initial guesses of the fitted parameters. The TA

2
, 

TB
2
, and TC

2
 initial guesses were randomized using a Gaussian 

distribution of width 10% around the values suggested by the 
observed T2 mapping for TA

2
, 15 µs for TB

2
, and 25 ms for TC

2
.  

Similarly, the initial values for MB
0
, MC

0
, and ΔωC

0
 were ran-

domized using a Gaussian distribution of width 10% around 
0.1% for MB

0
 and MC

0
 and the peak offset in the Z-spectrum for 

ΔωC
0
. Five random sets of these parameters were generated. 

For the CEST and MT pool exchange rates, instead of ini-
tial guess randomization, a grid search was used (over {100, 
300, 500, 1000, 3000} Hz for RCEST and {30, 50, 100} Hz for 
RMT). In total, each data set was fitted using 75 unique sets 
of initial guesses (five sets of random TA

2
, TB

2
, TC

2
, MB

0
, MC

0
,  

and ΔωC
0
 × five grid search values for RCEST × three grid 

search values for RMT), to avoid starting the optimization in 
a local minimum.

All data were analyzed in MATLAB (R2016b; The 
MathWorks, Natick, MA).

3 |  RESULTS

The CEST spectra for each of the molecules in Figure 1 
in various pH environments are shown in Figures 4-6 as 

F I G U R E  4  Z-spectra, residuals from fit, and magnetization transfer ratio asymmetry (MTRasym) of tryptophan, 5-HTP, serotonin, 5-HIAA, 
and melatonin at a pH of 5.5 using B1 amplitudes ranging from 0.3 µT to 1.5 µT. Points are measured and lines fitted

F I G U R E  5  Z-spectra, residuals from fit, and MTRasym of tryptophan, 5-HTP, serotonin, 5-HIAA, and melatonin at a pH of 6.7 using B1 
amplitudes ranging from 0.3 to 1.5 µT. Points are measured and lines fitted
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well as MTR maps (= 1 – Z-spectrum) in Figure 7. At 
the intravesicular pH of 5.5 (Figure 4), serotonin and its 
two precursor molecules (tryptophan and 5-HTP) exhibit 
similar CEST effects with a resonance frequency offset, 
Δω between 2.64 and 2.71 ppm; the CEST asymmetry is 
the largest (~20%) for serotonin at approximately Δω =  
2.50 ppm. The fourth molecule, 5-HIAA, has a maximum 
CEST effect at a greater resonance frequency offset of Δω =  
4.40 ppm with a relative CEST asymmetry less than half 
the magnitude of the previous three molecules. The final 
molecule, melatonin, has no observable CEST contrast at 
a pH of 5.5.

At the intermediate pH of 6.7 (Figure 5), tryptophan, 
5-HTP, serotonin, and 5-HIAA CEST are characterized by 
two peaks: one between 5.30 and 5.46 ppm with a CEST 
asymmetry amplitude of 1.0%-2.3% and another between 0.6 
and 1.9 ppm with an amplitude of 0.9%-1.3%.

Under extracellular pH conditions of 7.4 (Figure 6), all 
five molecules demonstrate similar CEST contrast with a res-
onance frequency offset between 5.11 and 5.47 ppm. Like the 

data collected at a pH of 5.5, serotonin CEST asymmetry is 
the largest (~9.5%) at 5.29 ppm.

The MTR maps at a Δω of 2.8 and 5.4 ppm are provided 
in Figure 7 for all five molecules in both biologically relevant 
pH environments: 5.5 and 7.4. At a pH of 5.5 and a Δω of  
2.8 ppm, the strongest CEST contrast comes from serotonin. 
At a pH of 7.4 and Δω of 5.4 ppm, the strongest CEST contrast 
is observed for tryptophan, with serotonin as a close second.

Table 1 lists the results of fitting a three-pool CEST/MT 
model. Additionally, the goodness of fit was assessed using 
a �2

reduced
 test in which �2

reduced
 = 1 corresponds to a perfect 

fit for a given noise level without overfitting.40 The resultant 
parameters were not dependent on initial guesses, indicating 
that the fitting procedure was robust against local minima. Fit 
results for the intrinsic transverse relaxation time of the liquid 
pool, TA

2
, are indistinguishable across molecules. However, 

the observed T2 is influenced by exchange with the CEST and 
MT pool. For tryptophan, 5-HTP, and serotonin at a pH of 
5.5, the observed relaxation times, T1,obs and T2,obs, are sim-
ilar due to comparable TA

2
, CEST, and MT parameters. At a 

F I G U R E  6  Z-spectra, residuals from fit, and MTRasym of tryptophan, 5-HTP, serotonin, 5-HIAA, and melatonin at a pH of 7.4 using B1 
amplitudes ranging from 0.3 µT to 1.5 µT. Points are measured and lines fitted

F I G U R E  7  Magnetization transfer 
ratio maps at 2.8 and 5.4 ppm in both 
biologically relevant pH environments  
(5.5 and 7.4). They can be used to identify 
the samples with the highest CEST contrast 
at each resonance frequency offset
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pH of 5.5, the CEST pool size of 5-HIAA is less than half 
of those of other molecules, meaning its effect on T2,obs is 
mediated mostly by MT exchange, which explains the differ-
ence when compared with other solutions. As expected, T1,obs 
and MT parameters are similar across samples due to the 
equal concentrations of metabolite and agarose. Variations 
were only observed in samples that required more titration 
to reach a desired pH than others, which decreased metabo-
lite and agarose concentration from nominal. As expected for 
agarose, the effects of MT were negligible, exemplified by 

low macromolecular pool size, MB
0
. Where these molecules 

differed was in their exchange rate, RCEST, and their relative 
concentration of exchanging protons, MC

0
, which are coupled 

parameters. The pool sizes, MB
0
, MC1

0
 and MC2

0
, were reported 

in mM relative to the 110 M bulk water pool.41 At a pH of 
5.5 and 7.4, Cagarose and MB

0
 are comparable, but Cmetabolite is 

about four times greater than MC1
0

 at a pH of 5.5 and about 
16 times greater than MC2

0
 at a pH of 7.4. At a pH of 5.5, 

the exchange rates ranged between 1600 and 2600 s−1 with 
serotonin having the slowest and 5-HIAA the fastest, which 

T A B L E  1  Estimated parameters and mean fitting uncertainty of the three-pool Bloch–McConnell model

  Tryptophan 5-HTP Serotonin 5-HIAA
Mean Fitting 
Uncertainty  

pH of 5.5 (n = 3)

Cagarose (mM) 2.88 ± 0.04 2.89 ± 0.03 2.63 ± 0.02 2.82 ± 0.10 0.08 Chemistry

Cmetabolite (mM) 29.5 ± 0.7 29.7 ± 0.6 27.1 ± 0.9 29.2 ± 0.5 0.7

pH 5.51 ± 0.01 5.49 ± 0.03 5.47 ± 0.01 5.53 ± 0.02 0.03

T1,obs (ms) 3840 ± 120 3820 ± 70 3810 ± 40 3810 ± 80 100 MR parameters

T2,obs (ms) 280 ± 30 230 ± 10 280 ± 30 390 ± 50 20

T
A

2
 (ms) 460 ± 10 440 ± 30 450 ± 10 440 ± 50 4 (A) Liquid

RMT (s−1) 64 ± 14 77 ± 47 75 ± 13 45 ± 4 10 (B) MT

M
B

0
 (mM) 5.4 ± 0.3 4.8 ± 0.4 3.6 ± 0.7 4.5 ± 1.9 0.3

T
B

2
 (µs) 15.8 ± 0.9 13.6 ± 0.6 13.8 ± 0.5 17.7 ± 1.4 0.8

RC1 (s
−1) 2060 ± 90 2440 ± 260 1580 ± 140 2570 ± 120 60 (C1) CEST

M
C1

0
 (mM) 6.2 ± 0.5 9.5 ± 1.5 7.3 ± 1.0 2.3 ± 0.3 0.1

T
C1

2
 (ms) 2.5 ± 0.8 1.0 ± 0.2 2.0 ± 0.3 2.5 ± 1.0 0.2

ΔωC1

0
 (ppm) 2.65 ± 0.05 2.64 ± 0.10 2.71 ± 0.04 4.40 ± 0.02 0.03

�
2

reduced
0.8 ± 0.2 0.6 ± 0.2 0.9 ± 0.2 0.9 ± 0.2    

pH of 7.4 (n = 3)

Cagarose (mM) 3.01 ± 0.02 3.00 ± 0.01 2.78 ± 0.03 2.92 ± 0.01 0.07 Chemistry

Cmetabolite (mM) 29.9 ± 0.2 29.9 ± 0.2 27.5 ± 0.2 29.2 ± 0.2 0.7

pH 7.39 ± 0.01 7.40 ± 0.02 7.41 ± 0.02 7.37 ± 0.03 0.04

T1,obs (ms) 3870 ± 60 4040 ± 110 4040 ± 110 3910 ± 30 90 MR parameters

T2,obs (ms) 360 ± 20 350 ± 20 400 ± 50 340 ± 20 20

T
A

2
 (ms) 383 ± 35 362 ± 2 382 ± 12 344 ± 16 1 (A) Liquid

RMT (s−1) 94 ± 22 89 ± 13 66 ± 6 88 ± 14 10 (B) MT

M
B

0
 (mM) 5.7 ± 1.2 5.9 ± 0.4 5.1 ± 0.2 5.7 ± 0.9 0.2

T
B

2
 (µs) 17.4 ± 0.4 17.9 ± 0.8 17.6 ± 0.4 17.3 ± 0.2 0.7

RC2 (s
−1) 136 ± 7 127 ± 12 119 ± 28 53 ± 5 10 (C2) CEST

M
C2

0
 (mM) 2.0 ± 0.2 1.8 ± 0.4 1.9 ± 0.7 0.9 ± 0.1 0.1

T
C2

2
 (ms) 31 ± 14 31 ± 6 32 ± 8 13 ± 1 10

ΔωC2

0
 (ppm) 5.468 ± 0.003 5.319 ± 0.013 5.293 ± 0.020 5.105 ± 0.020 0.007

�
2

reduced
0.7 ± 0.3 0.4 ± 0.3 0.7 ± 0.4 0.5 ± 0.3    

Note: Each parameter is expressed as the mean ± SD of three experimental measurements. The mean fitting uncertainty is calculated over all voxels except the outliers.
 Abbreviations: C, concentration; M0

B, MT pool size relative to that of water; M0
C, CEST pool size relative to that of water; RC, magnetization exchange rate from 

CEST to water pool; RMT, magnetization exchange rate from MT to water pool; T1,obs, observed T1; T2
A, T2 of liquid pool; T2

B, T2 of MT pool; T2
C, T2 of CEST pool; 

T2,obs, observed T2; Δω0
C, resonance frequency offset of CEST pool.
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was supported by the CEST asymmetry amplitudes in Figure 
4. The relative concentration of exchanging protons, MC1

0

, was between 6.2 and 9.5 mM for tryptophan, 5-HTP, and 
serotonin, whereas that of 5-HIAA was significantly lower at  
2.3 mM. At pH 7.4, the exchange rates of tryptophan, 5-HTP, 
and serotonin were similar at approximately 127 s−1, while 
the exchange rate of 5-HIAA and melatonin was less than 
half of that. Similarly, the relative concentration of exchang-
ing protons, MC2

0
, of 5-HIAA and melatonin was smaller 

than that of tryptophan, 5-HTP, and serotonin by more than 
a factor of two. Due to low contrast-to-noise ratio, melatonin 
and the four-pool model used to fit the 6.7-pH samples were 
omitted from Table 1.

Additional evidence to support these metabolites having 
two CEST peaks is provided in Figure 8. Tryptophan samples 
were prepared in eight pH environments ranging from 5.5 to 
8.0, and Z-spectra were acquired for each. Measured and 
fitted Z-spectra and MTRasym-spectra are shown in Figure 
8A,B. The exchange rates, RC1 and RC2, of the two peaks as a 
function of pH were largely monotonically increasing, but at 
different rates (Figure 8C).

Finally, the CEST sensitivity to the serotonin pathway was 
investigated in Figure 9 by acquiring Z-spectra for various 
concentrations of tryptophan ranging from 1 to 30 mM in 
both biologically relevant pH environments. Measured and 
fitted Z-spectra and MTRasym-spectra for a  pH of 5.5 and 

F I G U R E  8  (A) Z-spectra and (B) magnetization transfer ratio asymmetry for tryptophan prepared under pH environments ranging from 5.5 
to 8.0. Points are measured and lines fitted. (C) Exchange rate (RCEST) as a function of pH for each of the two peaks (C1 and C2)

F I G U R E  9  Z-spectra and MTRasym for concentrations of tryptophan ranging from 1 to 30 mM prepared at a pH of 5.5 (A) and 7.4 (B). Points 
are measured and lines fitted. (C) MTRasym peak-saturation amplitude fit values as a function of tryptophan concentration for each of the two peaks 
(C1 and C2)
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7.4 are shown in Figure 9A,B, respectively. The MTRasym 
peak-saturation amplitude fit values as a function of trypto-
phan concentration shown in Figure 9C demonstrate the de-
tectability limit of tryptophan to be between 1 and 5 mM with 
the described imaging protocol.

4 |  DISCUSSION

Of the five examined metabolites in the serotonin biosynthe-
sis and breakdown pathway, four demonstrated a significant 
CEST effect in the two biologically relevant pH environ-
ments: 5.5 and 7.4. As is the case with many other metabo-
lites such as glutamate,42 the CEST effect was dependent on 
pH for both observed CEST peaks. For either of the two indi-
vidual CEST peaks, the exchange rate increased with sample 
pH, which was consistent with base-catalyzed exchange.43

Under healthy conditions, the intermediary pH of 6.7 is 
not biologically relevant, but it demonstrates the existence of 
two distinguishable CEST peaks. The CEST contrast from 
both peaks at a pH of 6.7 was too small to be accurately fitted  
(Figure 5). However, these data sets showed the existence of 
these peaks in tryptophan, 5-HTP, serotonin, and 5-HIAA. There 
was insufficient evidence of two CEST peaks in melatonin.

A connection could be made between the chemical struc-
ture of these molecules and their measured CEST effects. At 
a pH of 5.5, tryptophan, 5-HTP, and serotonin shared similar 
CEST characteristics, whereas 5-HIAA and melatonin did 
not. At a pH of 5.5, the source of the CEST peak with a reso-
nance frequency offset between 2.64 and 2.71 ppm originated 
from the NH+

3
 chemical side chain, as this side chain is not 

present on 5-HIAA or melatonin. The origin of the CEST ef-
fect measured in 5-HIAA at a pH of 5.5 remains unexplained 
by this NH+

3
 hypothesis. The effect probably arises from the 

COO− proton acceptor group increasing the exchange rate 
and broadening the peak. At pH 7.4, each of the five chem-
icals share a similar CEST peak with a resonance frequency 
offset between 5.11 and 5.47 ppm, which implies that the 
only shared exchangeable chemical side chain, the NH group 
on the indole ring, is the origin.

In an in vivo environment, specificity to serotonin or its 
precursors will be challenging due to their overlapping CEST 
peaks. In addition, there is not a 1:1 breakdown ratio between 
serotonin and 5-HIAA, even though it is commonly used in the 
chemical analysis of urine samples to measure serotonin lev-
els.44 Serotonin can also be converted into N-acetylserotonin 
(a precursor of melatonin), N-methylserotonin, formyl- 
5-hydroxykynurenamine, 5-methoxytryptamine, and  
5-hydroxyindoleacetaldehyde.29 The CEST effects from each 
of these molecules may contribute to an overlapping signal 
in vivo, making it difficult to attribute a CEST signal exclu-
sively to serotonin without experimental modulation. It might 
be possible to use frequency-labeled exchange transfer45 to 

distinguish between molecules in the 5.5-pH environment, 
but the exchange rates at a pH of 7.4 are too similar for sepa-
ration. To our knowledge, there are no other metabolites that 
share CEST resonance frequencies with the serotonin path-
way. However, any molecule containing an indole ring will 
likely confound the serotonin CEST signal in vivo.

The values reported in this study were measured under 
controlled in vitro conditions and might not accurately repre-
sent the in vivo environment. Physiological pH and tempera-
ture were maintained during these experiments. However, T1, 
T2, and MT properties of the in vivo environment were not 
replicated. The measures from this study would not be valid 
in vivo; they were meant to serve as a first step for future 
studies, similar to that seen in the MRS literature.

Clinical translation of these in vitro results to in vivo studies 
is not straightforward due to the low concentration of in vivo 
serotonin. Serotonin concentrations in human biological fluids 
have been measured as high as 283 ng/mL in whole blood46 
and in rat brain tissue as high as 29.5 ng/mg in the dorsal raphe 
nucleus,47 which is approximately equivalent to 1.6 µM and 
0.17 mM, respectively. However, the techniques used to mea-
sure serotonin concentration are uncertain, because they rely 
on extensive ex vivo tissue preparations that may significantly 
alter biochemical composition and do not accurately represent 
in vivo concentrations. Therefore, they are mostly used in bi-
ology to measure relative changes in serotonin instead of its 
absolute values. Hence, the accuracy of previously measured 
serotonin concentration in brain tissue is largely unknown, but 
it is likely that all reported measurements underestimate the 
true in vivo concentration. Although the detectability limit of 
the CEST technique presented here, 1 mM to 5 mM, as shown 
in Figure 9, was an order of magnitude higher than the highest 
reported ex vivo serotonin concentration in the dorsal raphe 
nucleus, 0.17 mM, we are optimistic about the prospects of in 
vivo serotonin detection based on previously reported work48 
in which we have been able to modulate serotonin levels in 
rat brain by injection with tryptophan and a monoamine ox-
idase inhibitor,49 while observing changes in CEST contrast 
attributed to the serotonin pathway.

If this method is sensitive enough to detect in vivo se-
rotonin, it will not be possible to distinguish between the 
metabolites of the serotonin biosynthesis and breakdown 
pathway under normal healthy conditions due to their over-
lapping CEST effects. However, it may be possible to improve 
specificity to serotonin in preclinical experiments by using a 
reliable model to modulate serotonin and by removing con-
tamination from nonserotonin CEST and MT contrast.

5 |  CONCLUSIONS

This study has demonstrated the feasibility of in vitro detec-
tion and characterization of five molecules associated with 
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the serotonin biosynthesis and breakdown pathway while 
controlling pH, temperature, and metabolite concentration. 
At the intravesicular pH of 5.5, CEST contrast originating 
from the NH+

3
 side chain is dominated by tryptophan, 5-HTP, 

and serotonin. Under extracellular pH conditions of 7.4, 
CEST contrast originating from the NH proton on the indole 
ring is dominated again by tryptophan, 5-HTP, and serotonin.
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