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Abstract: Background: Major depressive disorder (MDD) is a debilitating condition with a high
disease burden and medical comorbidities. There are currently few to no validated biomarkers
to guide the diagnosis and treatment of MDD. In the present study, we evaluated the differences
between MDD patients and healthy controls (HCs) in terms of cortical haemodynamic responses
during a verbal fluency test (VFT) using functional near-infrared spectroscopy (fNIRS) and serum
amino acid profiles, and ascertained if these parameters were correlated with clinical characteristics.
Methods: Twenty-five (25) patients with MDD and 25 age-, gender-, and ethnicity-matched HCs were
recruited for the study. Real-time monitoring of the haemodynamic response during completion of a
VFT was quantified using a 52-channel NIRS system. Serum samples were analysed and quantified by
liquid chromatography-mass spectrometry for amino acid profiling. Receiver-operating characteristic
(ROC) curves were used to classify potential candidate biomarkers. Results: The MDD patients had
lower prefrontal and temporal activation during completion of the VFT than HCs. The MDD patients
had lower mean concentrations of oxy-Hb in the left orbitofrontal cortex (OFC), and lower serum
histidine levels. When the oxy-haemoglobin response was combined with the histidine concentration,
the sensitivity and specificity of results improved significantly from 66.7% to 73.3% and from 65.0%
to 90.0% respectively, as compared to results based only on the NIRS response. Conclusions: These
findings demonstrate the use of combination biomarkers to aid in the diagnosis of MDD. This
technique could be a useful approach to detect MDD with greater precision, but additional studies
are required to validate the methodology.

Keywords: diagnosis; near-infrared spectroscopy; verbal fluency test; haemodynamic response;
liquid chromatography mass spectrometry; major depressive disorder

1. Introduction

Major depressive disorder (MDD) is a debilitating condition with increasing preva-
lence and a devastating socioeconomic impact worldwide [1,2]. It is characterised by
depressed mood, anhedonia, disturbed sleep and appetite, and anxiety. These attributes
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are often accompanied with impairments to cognitive and executive functions and working
memory, as well as a reduced attention span [3,4]. At least 300 million people globally
are currently suffering from depression [5]. At present, depression is the second leading
contributor to the global disease burden, but it is predicted to rise to a first-place ranking
by 2030 [6]. Without intervention, it can have severe consequences, including an increased
risk of developing cardiovascular diseases and suicidal tendencies [7,8]. Current diagnostic
procedure and treatment of MDD is based purely on patient history and self-reported
symptoms, which are subjective and dependent on individual clinical judgement. The
inadequate inter-rater reliability of clinical interviews is further complicated by the hetero-
geneity of the disorder, and the lack of suitable animal models makes the search for a clear
single biomarker onerous [9,10]. There are also no clinically available laboratory or imaging
tests that can aid in diagnosis. However, mounting evidence of functional neuroimaging in
psychiatry research and multiple dysregulated contributing factors have provided renewed
hope for the discovery of novel biosignatures. A greater understanding of the background
pathophysiology of the disorder, alongside with a reliable and defined diagnostic approach
will provide clinicians with defined guidelines to better tailor treatment plans according to
the best possible evidence regarding the effectiveness and tolerability of each drug for each
patient. This warrants the development of diagnostic and therapeutic technologies in the
field of psychiatry.

Functional near-infrared spectroscopy (fNIRS) is an emerging neuroimaging tech-
nique that is non-invasive and complements functional magnetic resonance imaging
(fMRI) [11]. Due to its high transmissivity through biological tissues, changes in oxy-
genated haemoglobin (oxy-Hb) and deoxygenated haemoglobin (deoxy-Hb) in the cerebral
cortex can be monitored in real time [12]. The relationship between regional neuron ac-
tivity and changes in cerebral blood flow and oxygen consumption can be described by a
phenomenon known as “neurovascular coupling”. During brain activation, the integration
of increased perfusion and higher oxygen consumption results in a net increase in blood
volume and oxy-Hb, which can be observed and interpreted using NIRS signals [13,14].
Cerebral activation is determined by the variation in oxy-Hb due to greater increases in
blood volume and oxy-Hb as compared with deoxy-Hb [15]. As compared with conven-
tional neuroimaging methods, NIRS is a portable and inexpensive device for neuroimaging
that uses infrared light to provide a quantitative measure of haemoglobin changes. It does
not involve ionising radiation or severe motion restrictions to give accurate measurements
and overcomes the occurrence of claustrophobia, unlike conventional methods such as
positron emission tomography (PET) and fMRI [16,17]. Studies have found brain abnormal-
ities in psychiatric patients [18–20], with lower activation of the prefrontal cortex (PFC) and
temporal lobes [21,22] during cognitive and executive tasks [23]. The PFC is the primary
site of behaviour regulation in the brain and is primarily responsible for executive control
and emotion regulation, whereas the temporal lobe is highly associated with memory
skills. Thus, a reduced haemodynamic response in the frontotemporal cortices may corre-
spond with cognitive impairment and bring about neurophysiological changes associated
with depression.

In recent years, metabolomics, particularly amino acids, have been recognised as a
promising approach for disease diagnosis and prevention following genomics, transcrip-
tomics, and proteomics, and it now plays a vital role in determining the pathophysiology of
depressive disorders [24–28]. The monoamine hypothesis of mood disorders predicts that
the development of depression is due to the depletion of corresponding neurotransmitters
and neuromodulators in the central nervous system (CNS). Several studies have reported
abnormalities in neurotransmitter systems [29–33] and illustrated the relationships among
multiple systems in depression [34–36]. In fact, antidepressants, such as iproniazid and
reserpine, target monoamine depletion at the neuronal synapse and enhance the monoamin-
ergic systems [37]. Amongst all metabolomes, amino acids have been identified as an ideal
potential biosignature candidate for disease prediction, given their crucial roles in the home-
ostasis response and downstream signaling pathways [38]. Norepinephrine and serotonin
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are well-known monoamines involved in major depression that are synthesised from their
amino acid precursors. The use of amino acid therapies to alleviate mood disorders has
been popularised in recent years due to its efficacy and precision [39–41], and amino acid
supplements have also been found to reduce depressive symptoms, as they are converted
to neurotransmitters which, in turn, alleviate depressive symptoms [42]. Furthermore,
amino acids are a possible candidate for the modulation of neurotransmission and cognitive
performance, as they are capable of distinguishing between psychiatric disorders [43,44]
and healthy individuals [45,46] with high reliability, making them the best candidate for
disease prediction. Although acylcarnitines and lipids have also been implicated in cranial
metabolic functions and the development of depression [47,48], few compounds have been
reported to differ in patients with MDD as compared with healthy controls (HCs). Cerebral
levels are dependent on the concentration of amino acids in the circulation and their ability
to cross the blood–brain barrier (BBB) via specialised carrier-mediated mechanisms to
support proper CNS functioning [49]. Changes in the corresponding plasma concentration
can lead to increased susceptibility to the development of psychiatric disorders and may
influence treatment outcomes [50], making amino acids the optimal choice of study for
major depressive disorder.

Despite evidence suggesting an interrelation between MDD and biological system
abnormalities, there is no single quantitative and non-invasive assessment to aid in the
diagnosis and predict the disease trajectory of MDD. Strong biomarker candidates such as
brain-derived neurotrophic factor (BDNF) and transcription factor 4 (TCF4) gene variants
are unsuitable due to their involvement in other major psychiatric disorders. TCF4 is
involved in the schizophrenia network, and BDNF may better reflect a greater level of
vulnerability to neurobiological disorders than MDD [51]. Furthermore, BDNF is expressed
throughout the nervous system and is less likely to pinpoint impairments only in the
CNS [52]. The goal of this study is to, therefore, investigate the use of functional NIRS
and amino acids as biomarkers specific to MDD as well as the feasibility of combining
both markers to aid in diagnosis. Haemodynamic responses evoked during the VFT and
concentrations of 17 amino acids from our laboratory’s amino acid panel were evaluated
and compared between MDD patients and HCs. We hypothesised that MDD patients
would have less cortical activation in their frontotemporal cortices and decreased amino
acid levels as compared with HCs. The sensitivity and specificity of classifying patients with
MDD and HCs were based on the magnitude of cortical activity and amino acid profiles,
which determined the viability of combination biomarkers for use in MDD diagnosis.

2. Materials and Methods
2.1. Participants

Twenty-five MDD patients and 25 HCs aged between 21 to 50 were included in the
study. Subjects were matched for age, gender, and ethnicity. All participants were right-
handed and were native English speakers. Patients were recruited from the outpatient
clinic population at the National University Hospital, Singapore, and diagnosis of MDD
was made through structured clinical interviews, according to the criteria in the fifth
edition of the Diagnostic and Statistical Manual of Mental Disorders (DSM-5), by a psychiatrist.
Patients screened eligible were immediately recruited for the study. Therefore, we were
unable to standardise the time of sample collection and subjects’ diets. Healthy subjects
were recruited from the general population and were excluded if they reported a history
of psychiatric disorders and/or had received psychotherapy services. Individuals were
excluded from the study if they had neurological and/or medical disorders that could affect
the CNS, including traumatic brain injuries, cerebrovascular diseases, respiratory diseases,
cardiovascular diseases, kidney diseases, hepatic diseases, cancer, epilepsy, substance-
related disorders, or mental retardation. Patients with comorbidities inclusive of other
major psychiatric disorders (e.g., schizophrenia and bipolar disorders) were also excluded
from the study. Depressive symptoms and severity of disease were evaluated for each
patient using the 17-item Hamilton Rating Scale for Depression (HAM-D). Healthy subjects
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with HAM-D scores of 8 and above were also excluded [53]. The study details were fully
explained to eligible subjects before they were invited to give written informed consent.
The study was performed using the ethical principles presented in the Belmont Report and
according to the Declaration of Helsinki. The study was approved by the Domain Specific
Review Board of the National Healthcare Group, Singapore (protocol number 2019/00141).

2.2. Verbal Fluency Test

The VFT assesses executive control and is commonly used to study cognitive activation
in the frontotemporal cortices, as it involves an active search for specific information in
the memory [54–56]. Participants were introduced to the task through a demonstration
video and were given a short trial session to ensure they fully understood the assessment
and were able to perform what was required of them during the actual trial. Subjects
were instructed to avoid excessive head and body movements such as strong biting and
yawning to prevent motion artefacts or modify cerebral perfusion for reasons unrelated
to the task. They were instructed to remain seated upright and focus on the fixation cross
displayed on the monitor with their eyes open throughout the measurements. The VFT
paradigm used in previous studies was modified for the English language (Figure 1). It
included a 30 seconds (s) pre-task period, a 60 s task period, and a 70 s post-task period [57].
The rate of sampling was 0.1 s. Subjects were directed to repeatedly enunciate a train of
English letters “A, B, C, D, E” aloud in the pre- and post-task baseline periods. During the
task period, they were instructed to generate as many English words beginning with the
designated letter as possible. Subjects were given an auditory cue at the start and end of the
task period and when the letters were changed. Task performance during the measurement
period was assessed by the total number of correct and unique words generated during the
60 s task period.

Figure 1. Verbal fluency test protocol.

2.3. NIRS Measurement and Signal Analysis

The current study used a continuous-wave NIRS system (ETG-4000, Hitachi Medical
Co., Tokyo, Japan) with 52 channels, which detects cerebral blood flow by measuring
relative changes in oxy-Hb and deoxy-Hb using two wavelengths (695 and 830 nm) of near-
infrared light based on the modified Beer–Lambert law [58]. Each light source is paired with
detectors arranged 3 cm apart, and each source–detector pair was able to measure 2–2.5 cm
beneath the scalp surface [59,60]. The area between each pair was defined as a channel. The
Cz location was positioned halfway along the distance between the nasion and the inion,
and halfway along the distance between the pre-auricular points. The lowest probes were
positioned along the Fp1–Fp2 line (a few centimeters above the eyebrows) based on the
international 10–20 system used in electroencephalograms. This arrangement allowed for
the quantification of haemoglobin changes in the prefrontal region, the frontopolar cortex,
and the bilateral superior temporal cortical surface regions [61]. The 52-multi-channel NIRS
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system was able to detect multiple regions of interests based on the individual channels
accounting for the respective anatomical areas of the brain are referenced in accordance
with previous studies [62–64].

NIRS signals were processed according to the method described by Takizawa et al. [57].
Oxy-Hb, deoxy-Hb, and total-Hb concentrations were derived from optical densities using
the modified Beer–Lambert law. Normalisation of the data was done through linear fitting
in a 10 s baseline period before the task period, and the post-task baseline was fixed
as the 50 s after the task period, with the mean 5 s value taken (Figure 1). Short-term
motion artefacts were removed by applying a moving average factor of 5 s. Channels with
artefacts, identified using an algorithm that automatically rejects channels influenced by
body movements or fluctuations in frequency noise, were excluded from further analysis.
In the event that a channel did not show good intensity due to poor contact between the
optodes and the scalp (i.e., hair artefacts, poor angle), the optodes were first removed
from the NIRSCap and the hair was pushed away from the contact zone. Following that,
the optode was reattached to the NIRSCap in a perpendicular position. The process was
repeated until nearly all optodes received an acceptable light intensity displayed on the data
collection software interface. NIRS signals were analysed in clusters of channels in addition
to a single-channel analysis to increase the robustness and reliability of the results [65].
Two clusters were identified: the frontal (11 channels, yellow) and temporal (20 channels,
blue) regions (Figure 2). Subjects with less than six channels in either region of interest
after software filtering were excluded from analysis. The haemodynamic response was
quantified using two visual indices, namely integral value (magnitude of NIRS signal area
during task period quantified using the haemodynamic response of oxy-Hb and averaging
the signals from the channels in each region) and centroid value (midpoint time of the
NIRS signal area throughout the entire task, inclusive of pre-task baseline, task period, and
post-task baseline) [65,66].

Figure 2. Regions of interest. Probe locations in the frontal (yellow) and temporal regions (blue) used for near-infrared
spectroscopy (NIRS). Channel positions were plotted using the NFRI functions toolbox [67].

2.4. Blood Collection and Metabolite Analysis

The serum metabolomic profiling analysis was performed at the Duke-NUS Metabolomics
Facility, as described previously [68]. Serum samples were collected using vacutainer serum
tubes (Becton & Dickinson, Singapore) and processed within one hour of collection. Sam-
ples were centrifuged for 10 min at 4 ◦C, at 2000× g, after clot formation to obtain the serum
samples, which were stored at −80 ◦C and shipped on dry ice to the analytical laboratory.
The researchers of the laboratory were blinded to the sample identification codes.

Serum samples of 50 ul were extracted using methanol and dried under nitrogen
gas. The dried extracts were derivatised with 3 M of hydrochloric acid in butanol (Sigma
Aldrich, St. Louis, MO, USA) and diluted in water for analysis in LC-MS. Deuterated stable
isotopes of the respective amino acids were used as internal standards. A targeted analysis
of amino acids was performed by liquid chromatography-mass spectrometry (LC-MS). LC-
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MS analysis were conducted on an Agilent 1290 Infinity LC system (Agilent Technologies,
Santa Clara, CA, USA) coupled with a quadrupole-ion trap mass spectrometer (QTRAP
5500, AB Sciex, Olympia, DC, USA). The samples were separated using a C18 column
(Phenomenex, 100 × 2.1 mm, 1.6 µm, Luna® Omega, Torrance, CA, USA). Mobile phase
A (Water) and Mobile phase B (Acetonitrile), both containing 0.1% formic acid, were
used for chromatography separation. The LC run was performed at a flow rate of 0.4
mL min−1 with an initial gradient of 2% B for 0.8 min, followed by increases to 15% B
in 0.1 min, 20% B in 5.7 min, 50% B in 0.5 min, and 70% B in 0.5 min, followed by re-
equilibration of the column to the initial run conditions (2% B) for 0.9 min. All compounds
were ionized in positive mode using electrospray ionization. The chromatograms were
integrated using MultiQuant™ 3.0.3 software (AB Sciex, Olympia, DC, USA). Absolute
quantification of amino acids was done by comparing the ratios of the metabolites with
their respective internal standards, against an external calibration curve consisting of all
reported amino acids.

2.5. Statistical Analysis

All statistical analyses were performed using IBM SPSS Statistics 20.0. Demographic
and clinical variables were compared between groups using the independent t-test and the
chi-square test for continuous and categorical variables, respectively. Continuous variables
included age, number of years of education, VFT task performance, integral value, centroid
value, and HAM-D score. Categorical variables consisted of gender, ethnicity, handedness,
and family history. Correlation analysis between haemodynamic responses and clinical
characteristics were performed using Spearman’s correlation and Pearson’s correlation for
categorical and continuous variables, respectively.

Activation of each channel during the task was determined using paired t-tests by
comparing the changes in oxy-Hb and deoxy-Hb concentrations between the pre-task
and task periods for each group. Independent t-tests were used to determine the effect
of belonging to the diagnostic group on the haemodynamic response at each channel. A
false discovery rate of 0.05 (two-tailed) was applied to limit false positive results to 5% [69].
Activation at the frontotemporal cortices and amino acid concentration were analysed
by an analysis of covariance (ANCOVA) with the integral values, centroid values, and
amino acid concentration used as dependent variables and diagnostic groups used as
independent variables. Age, gender, and ethnicity were included as covariates to control
for confounding. A post-hoc test with Fisher’s least significant difference (LSD) was used
to evaluate significant differences between groups.

The classic receiver operating characteristic (ROC) analysis was used to evaluate the
predictive performance of the integral and/or centroid values of the frontal and temporal
regions and amino acid concentrations to classify HCs and MDD patients. A multivariable
ROC analysis was done by coupling haemodynamic responses and amino acids concen-
trations. The likelihood test was used to plot the ROC curve, and the optimal cut-off
point of the predicted probability was obtained by maximising Youden’s Index, which is a
measure of the maximum potential effectiveness of a biomarker by balancing sensitivity
and specificity. The effect size for statistically significant differences between groups was
calculated using Hedge’s g. All tests were two-tailed, and a significance level of p ≤ 0.05
was used.

3. Results
3.1. Subject Demographics and Clinical Data

HCs and patients did not differ in any of the demographic variables studied (p > 0.05,
Table 1). As compared with HCs, patients performed worse in the VFT (F1,44 = 4.769,
p = 0.034; g = −0.603, 95% CI from −1.176 to −0.031) and had markedly higher HAM-
D scores (F1,45 = 436.541, p < 0.001; g = 6.000, 95% CI 4.7–7.3). Approximately 60% of
patients reported no prior admission to psychiatric wards or previous suicide attempts,
and about 30% of patients were medication naïve. Patients receiving pharmacotherapy
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were on antidepressants, and a fraction were on combination anxiolytics, antipsychotics, or
mood stabilisers. Details of the medications used by patients were highlighted in Table S2.
On average, patients had been diagnosed with MDD for nearly a decade, and about 90%
of patients had experienced recurrent depression. Correlation analysis found a negative
relationship between the mean oxy-Hb levels in the OFC and the duration of depression
(ρ = −0.465, p = 0.029), and did not identify any association between mean oxy-Hb levels
and other clinical characteristics (Table S3).

Table 1. Demographic and clinical characteristics.

MDD (n = 25) HC (n = 25) p-Value

Age (years) 29.5 ± 8.7 30.3 ± 8.6 0.744
Gender

1.000Male 7 (28.0%) 7 (28.0%)
Female 18 (72.0%) 18 (72.0%)
Ethnicity

1.000
Chinese 18 (72.0%) 18 (72.0%)
Malay 3 (12.0%) 3 (12.0%)
Indian 4 (16.0%) 4 (16.0%)
Handedness

0.307Right 22 (84.0%) 24 (96.0%)
Ambidextrous 3 (12.0%) 1 (4.0%)
Education (years) 13.8 ± 2.0 14.2 ± 1.9 0.518
VFT task performance a 19.4 ± 4.6 22.3 ± 5.2 0.034
HAM-D score 21.5 ± 4.3 1.9 ± 1.8 ≤0.001
Family psychiatric history 11 (44.0%) 6 (24.0%) 0.136
Age at onset (years) 20.9 ± 6.4 -
Duration of illness (years) 9.1 ± 8.3 -
Duration of untreated illness (months) 58.1 ± 65.7 -
Past admission to psychiatric ward 9 (36.0%) -
Past suicide attempts 9 (36.0%) -
Episode
Single 2 (8.0%) -
Recurrent 23 (92.0%) -
Depression severity
Mild 4 (16.0%) -
Moderate 13 (52.0%) -
Severe 8 (32.0%) -
Pharmacotherapy 17 (68.0%) -
Fluoxetine equivalent dose (mg/day) 44.3 ± 28.8 -
Diazepam equivalent dose (mg/day) 3.1 ± 1.4 -
Chlorpromazine equivalent dose (mg/day) 125.5 ± 133.3 -

Mean ± SD are shown and p-values ≤0.05 are in bold. Depression severity was determined based on the Hamilton
Depression Rating Scale. a Complete demographic data was not obtained for all subjects. (Known verbal fluency
test (VFT) task performance in major depressive disorder (MDD) patients, n = 24). HC, healthy control.

3.2. Haemodynamic Response during the VFT

As compared with HCs, MDD patients had lower integral values in both the frontal
(F1,41 = 6.741, p = 0.013; g = −0.771, 95% CI from −1.371 to −0.172) and temporal
(F1,39 = 5.900, p = 0.020; g = −0.73, 95% CI from −1.341 to −0.12) regions (Figure 3).
Centroid values did not differ between groups (frontal region, p = 0.155; temporal region,
p = 0.185).
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Figure 3. Average oxy-haemmoglobin waveforms in the (A) frontal and (B) temporal regions.

Among the 52 channels, 41 channels displayed marked increases in the mean oxy-
Hb concentration during the task period relative to the pre-task baseline for HCs (p-
values ≤ 0.001 to 0.038, Figure S1), and a simultaneous decrease in the mean deoxy-Hb
concentration was observed in 23 channels (p-values ≤ 0.001 to 0.044, Figure S2). In HCs,
activation occurred primarily in the frontal, temporal, and parietal lobes during the task
period. In contrast, during the task, significant activation was observed in only 22 channels
for mean oxy-Hb (p-values ≤ 0.001 to 0.047, Figure S1) and in nine channels for mean
deoxy-Hb (p-values ≤ 0.001 to 0.046, Figure S2) for MDD patients. Activation was limited
to the bilateral inferior frontal gyrus, left and right superior and middle frontal gyrus, right
superior temporal gyrus, and the orbitofrontal area of MDD patients. The increases in
oxy-Hb from baseline in these regions were much smaller in patients as compared with
HCs (Figure S1).

In addition, when compared between groups, HCs had higher mean oxy-Hb concen-
trations than patients during task period in nine other channels located in the right and left
postcentral gyrus, right supramarginal gyrus, and in the left superior frontal gyrus and
inferior frontal gyrus (p-values from 0.004 to 0.034, Figure S3). At the same time, HCs had
lower mean deoxy-Hb concentrations during task periods as compared with patients in
4 channels located in the OFC, supramarginal gyrus, and middle temporal gyrus (p-values
from 0.013 to 0.042, Figure S4). Furthermore, patients had lower haemodynamic responses
at Channel 38 (p = 0.005). Channel 38 is located in the left superior frontal gyrus, which
corresponds to Brodmann’s area 10, known as the OFC [64].

Furthermore, the magnitude of the oxy-Hb response in HCs increased rapidly at the
beginning of the task, remained at a peak level during the task, and gradually decreased in
the post-task period in Channel 38. On the contrary, oxy-Hb levels in patients displayed a
gradual and much lower increase during the task period and had slower decrease after the
end of the task (Figure 4). These differential patterns are similar to previous findings [57,70].
These findings suggest that haemodynamic dysfunction occurs in the OFC of patients with
MDD during the VFT, and the decline in haemodynamic response may be associated with
the duration of depression.
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Figure 4. Mean oxy- and deoxy-Hb waveforms at Channel 38. Vertical dotted lines indicate the start and end of the task period.

3.3. Metabolite Analysis

The comparison of amino acid concentrations in HC and MDD patients showed a
significantly higher concentration of histidine in HCs as compared with patients with MDD
(F1,45 = 8.09, p = 0.007; d = −0.816, 95% CI from −1.431 to −0.201) (Table S1). Serum
histidine levels were not associated with demographic and clinical factors for both HCs
and MDD patients, and did not correlate with the severity of depression for MDD patients.

3.4. Differentiating MDD Patients from HCs

The area under the curve (AUC) for the frontal and temporal region integral values
was 0.676 (95% CI 0.52–0.83) and 0.721 (95% CI 0.56–0.88), respectively. Using a thresh-
old value of 80, the frontal region correctly classified 59.1% of patients (proportion of
patients/measurements 13/22) and 62.5% of HCs (proportion of controls/measurements
15/24, positive predictive value (PPV) = 0.59, negative predictive value (NPV) = 0.63).
Similarly, using an integral value of 86 at the temporal region correctly classified 59.1%
(13/22) of patients and 63.6% of HCs (14/22, PPV = 0.62, NPV = 0.61). Likewise, the
AUC for histidine was 0.712 (95% CI 0.57–0.86). Using an optimal value of 101 uM, serum
histidine correctly classified 76.0% of patients (19/25) and 60.0% of HCs (15/25, PPV = 0.66,
NPV = 0.71). The figure references can be found in the supplementary material (Figure S5).

To improve the predictive accuracy, the histidine concentration was coupled with
integral values measured by NIRS to perform a multivariable ROC analysis. There was
an overall improvement in predictive accuracy when combination markers were used
(Figure 5) as compared with using a single marker (Figure S5). The AUC for histidine
and the integral value of the frontal region increased to 0.784 (95% CI 0.65–0.91), and a
predicted probability of 0.42 correctly classified 72.7% of patients (16/22) and 70.8% of HCs
(17/24, PPV = 0.70, NPV = 0.74). Similarly, the AUC for histidine and the integral value of
the temporal region improved to 0.777 (95% CI 0.64–0.91), and a predicted probability of
0.72 correctly classified 50.0% of patients (11/22) and 95.5% of controls (21/22, PPV = 0.92,
NPV = 0.66). Moreover, the AUC for histidine combined with the mean oxy-Hb level
at Channel 38 increased to 0.827 (95% CI 0.68–0.97), and a predicted probability of 0.50
correctly classified 73.3% of patients (11/15) and 90.0% of controls (18/20, PPV = 0.85,
NPV = 0.82) (Figure 5).
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Figure 5. Receiver operating characteristic analyses using combined biomarkers of: (A) Frontal region integral values and
histidine; (B) temporal region integral values and histidine; (C) histidine and the mean oxy-haemoglobin concentration in
Channel 38 between patients with MDD and healthy controls. The optimal cut point was maximised using Youden’s Index.

4. Discussion

The present study reinforces the feasibility of utilising neuroimaging and metabo-
lites as biosignatures for MDD diagnosis. fNIRS has promise for use as a non-invasive
clinical measurement tool using infrared light by evaluating haemodynamic changes in
the prefrontal cortical surface area. Consistent with previous findings, patients exhibited
significantly reduced activation in the frontal and temporal lobes, regions known to be
affected in MDD [18,71,72]. Lower activation in the frontotemporal cortices may suggest a
regression in physiological function. fNIRS and fMRI studies found that MDD patients in
remission exhibited reduced cerebral responses and functional abnormalities specifically
in the left PFC, suggesting that dysfunction in the frontal lobe may be a specific trait
marker for depression [58,73]. Fu et al. studied MDD patients using PET and reported
diminished cerebral blood flow and glucose metabolism in the prefrontal lobes as well as
attenuated glucose uptake in the frontal and temporal lobes [74,75]. Likewise, a single-
photon emission computerized tomography (SPECT) study found lower perfusion in the
PFC in patients with depression and established an association between hypofrontality
in the frontotemporal cortices and a poor response to treatment in patients with depres-
sion [76,77]. Notably, disruptions in synaptic plasticity induced by depression have been
correlated with volumetric changes in the PFC due to neuronal and glia atrophy [78] and
memory impairment amongst patients with depression [79]. Although not specific to MDD,
low frontotemporal activation is associated with the DSM-5 criteria for MDD [23]. Under-
standing that patients with MDD may display attenuated perfusion in the frontotemporal
cortices may endow clinicians with better understanding of the underlying pathophysiol-
ogy of their patients’ current state of disorders and help to explain cognitive impairments
or behavioural problems, and therefore improve the effectiveness of treatments and avoid
long-term complications for patients.

Another significant finding in this study was the negative association between the
duration of depression and the mean oxy-Hb level in the left OFC. The duration of de-
pression has a substantial impact on the disease prognosis and treatment response and
may provide clues about the depression severity and the likelihood of improvement with
future treatment [80], especially because the OFC is crucial in decision-making functions
and linked to subcortical areas related to memory, learning and attention [81]. Patients
with a longer illness duration are likely to experience chronic stress and have a greater risk
of recurrence within five years [82,83]. In addition, from an immunological perspective, pa-
tients may have increased microglial activation, which is an indicator of neuropathological
progression [84]. Microglial activation in response to stress in depression has been impli-
cated in a dysfunctional hypothalamus–pituitary–adrenal (HPA) axis and higher cortisol
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levels [85]. The disparity of inflammation in the CNS promotes the release of cytokines and
upsets the functional coupling and structural changes, leading to impaired neurovascular
responsivity and reduced cerebral blood flow following neural stimulation [86]. In addition
to attenuated brain activity, structural deficits support the findings from functional imaging
that there are volumetric reductions in grey matter [87], hypometabolism during the resting
state [88], increased vulnerability to cellular apoptosis [89], and altered connectivity [90] in
the OFC; Tsujii et al. proposed that the OFC is a potential area that could be used to discern
between MDD and bipolar disorder, two disorders with similar symptoms [91]. Moreover,
the OFC may be a promising stimulation target for the treatment of MDD. Preliminary
evidence found improvements in mood among individuals with moderate to severe de-
pression when electrical stimulation was applied to the lateral ends of the OFC [92]. The
importance of the OFC as a potential site for differential diagnosis of psychiatric disorders
and treatment response is in line with our study, which highlighted Channel 38 (corre-
sponding to the OFC region) as a potential biomarker that can differentiate depressed from
non-depressed individuals and is correlated with the duration of depression.

Cross-sectional studies have explored the potential of amino acids to be used for the
development of specific diagnostic tools. However, mixed results have left the issue of
whether they can be used in clinical psychiatry as validated biomarkers or as a proxy
indicator unresolved. The amino acid profiles of MDD patients did not show improve-
ments despite treatment, although it is suggested that amino acids helped to alleviate the
symptomatology of depression [24,93]. Similarly, Maes et al. proposed the concentrations
of amino acids as being predictive of treatment responsivity, despite there being no sig-
nificant differences between MDD patients and healthy subjects [94]. In contrast, Xu et al.
reported its clinical utility in diagnosing MDD [46]. More recently, a biomarker panel
demonstrated the feasibility of differentiating two commonly misdiagnosed psychiatric
disorders, MDD and bipolar disorder, with a reliability of nearly 90% [44]. Furthermore,
the use of a long-term appropriate treatment regimen could likely restore the blood concen-
trations of amino acids [95]. Thus, alterations in amino acid metabolism and compounds
seem to play important roles in the etiopathogenesis of psychiatric disorders, which may
involve circulation–brain transport dysfunction or altered capacity of enzymes in the
metabolic pathway.

Among the 17 metabolites analysed, only histidine was found to be significantly lower
in patients. Histidine is an essential amino acid that is used for the biosynthesis of proteins
and is the precursor for several hormones, including the noteworthy neurotransmitter
histamine. Unsurprisingly, histidine deficiency has a strong relationship with common
depressive symptoms, such as anxiety, mental fatigue, sleep disruption, inattention, and
cognitive impairment, and it appears to be altered in the circulation of patients with
depressive disorders [96–99]. Histidine deficiencies in MDD patients can be accounted for
by the chronic catabolic status present in MDD patients caused by a loss of appetite [100].
Circulating histidine is transported through the BBB by a carrier-mediated transport system
by altering the cellular permeability [101,102] and converted to histamine in the brain.
However, disruption of the regulatory mechanisms of the CNS which is often found
in depressed patients can hinder this process. The process is dependent on the rate-
limiting enzyme histidine decarboxylase and is regulated by the TCF4 gene. TCF4 has been
implicated in many common CNS disorders due to its control of the neurodevelopmental
pathway [103]. Patients with recurrent depression have lower levels of TCF4 expression,
and this, in turn, accelerates the decarboxylation process of histidine by releasing its
inhibition on histidine decarboxylase, promoting histamine synthesis [25,104–106].

The modulation of physiological functions and behaviours by the histaminergic sys-
tem is disrupted under stressful conditions. In the brain, histamine is exclusively synthe-
sised by histaminergic neurons located at the hypothalamic tuberomammillary nuclei, and
it is primarily involved in the regulation of wakefulness, sleep, motivation, and cogni-
tion [107–110]. In particular, changes in the density of H1 and H3 receptors are associated
with the development of mood disorders due to their involvement in the stress response and
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neurotransmitter regulation [111,112]. Endogenous histamine is elevated alongside lower
neuronal H3 receptors in the mammalian brain under conditions of acute stress [113,114],
and chronic release of histamine under repeated stress may result in the downregulation of
H1 receptors [115–117]. Interestingly, the depletion of H1 receptors in depressed patients is
positively correlated with the severity of clinical symptoms [118,119]. Reduced receptor
density and increased activity of the histamine metabolising enzyme may trigger a com-
pensatory mechanism with high histamine turnover, leading to histamine intolerance and
increased vulnerability to stress-induced depression [120]. Furthermore, disruption of the
histaminergic neuronal system conversely disturbs the serotonergic system, as the two
systems have demonstrated shared control of impaired cognitive functioning in depres-
sion [121,122]. Although the aetiology of depression remains poorly understood, it is likely
to stem from the interaction between genetic and environmental factors, with heritability
studies indicating a two- to three-fold increased risk of developing MDD in genetically
susceptible individuals [123–125].

With current scientific advances, the discovery of novel markers for use in early detec-
tion and prognostication in MDD is highly anticipated. However, the nature of depressive
disorders and their high heterogenicity make it difficult to identify a single biomarker
that satisfies both high sensitivity and specificity requirements for the disease. To the
bes of our knowledge, this is the first study to evaluate the applicability of combining
markers using the fNIRS paradigm and amino acid data to discriminate MDD patients
from healthy subjects with improved levels of sensitivity and specificity. The regions of
interests (integral values at the frontal and temporal lobe) displayed much lower sensitivity
and specificity in distinguishing MDD patients from HC using a single marker. The results
of our multivariable ROC analyses revealed that cortical activation magnitudes, when
integrated with amino acid profiles, were able to distinguish between MDD patients and
HCs with significantly higher accuracy. Combination markers were shown to perform
better than single-marker diagnostic tests, and the incremental usefulness of adding multi-
ple markers for disease prediction encourages the identification of additional markers to
enhance the specificity of conventional tests. Hence, biomarker panels and diagnostic tests
that combine marker values are now the focus of the research and clinical fields alike. Still,
the favourable prospects of combining biomarkers for clinical diagnosis is challenged by
the lack of a standardised methodology to quantify the diagnostic gains, despite an array
of clinical literature [126]. Although predicted probabilities are unlikely to be arbitrary, it is
still unclear how combination rules have been developed or whether the improvements are
sufficiently robust against varying study designs and research populations. Nonetheless,
the discovery of possible signatures to improve the clinical reliability in MDD diagnosis is
anticipated and very much needed as a steppingstone for the advancement of precision
medicine in psychiatry.

This study has several limitations. Restricted by depth sensitivity, NIRS is unable to
detect deep brain areas such as the hippocampus and thalamus, and the lack of transmis-
sion through the cerebral cortex may underestimate haemoglobin changes. Overlapping
measurements using fMRI or PET can alleviate this concern, as fiber optic cables do not
interfere with the measurements, hence, enabling multimodal studies as demonstrated by
Strangman et al. [127]. Furthermore, Shin et al. and Zama et al. demonstrated that such
multimodal integration was able to supplement single modality’s limitations and yielded
improved and reliable results by utilising complementary features [128,129]. Nevertheless,
such studies and data are currently limited and more needs to be done to investigate the
feasibility of simultaneous measurements. Another challenge is that NIRS measurements
are relative to the baseline, and findings may be due to a hyperperfusion during the pre-task
period in patients. However, MRI studies have reported hypofusion in the frontoparietal
areas of MDD patients at rest [130]. Thus, decreased activation in patients is unlikely to be
due to a saturated hemodynamic state in the pre-task period. Ideally, metabolite samples
should be collected in the morning, and dietary restrictions are required on the day prior.
Furthermore, the metabolite analysis should not be limited to just a single metabolite (in
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this case, amino acids) to allow for better identification of target markers. However, this
study aims to identify a fast and effective diagnostic methodology that is able to quickly
identify and distinguish MDD patients with a stable medical condition from healthy indi-
viduals to be able to administer the necessary treatment for higher effectiveness. Although
the lack of significant findings for other amino acids may potentially be due to treatment
effects, as not all MDD patients are medication-naïve [25,106], restricting diets and testing
multiple metabolites is not clinically feasible in this study, with the limited time available
and doing so could further deter patients from consenting to treatment due to higher costs
and delayed treatment. Studies have reported that the time of day for blood collection or
imposing blood collection requirements such as fasting did not influence the variability in
amino acid concentrations within a short time span (48 h) prior to blood collection [131].
The cross-sectional nature of the study renders it impossible to establish a cause-and-effect
relationship between the onset of depression and haemodynamic responses. The lack of
associations between haemodynamic responses and clinical factors may have been liable
to the small sample size, and also deterred the possibility of identifying the relationship
between cortical activation and clinical symptoms of depression in different subtypes of
MDD. However, combined biomarkers may warrant more accurate results with fewer
subjects with greater diagnostic performance. Despite its limitations, this study provides
new evidence on the use of combination markers to better diagnose MDD patients using
two established biological methodologies, and it contributes to the existing limited body
of literature on precision psychiatry. Further studies involving larger populations are
warranted to determine the utility of these biomarkers in clinical practice.

5. Conclusions

In summary, our study found that in integrating cortical activity magnitudes with
amino acid profiles, a multivariable ROC curve was able to distinguish between patients
with MDD and HCs with improved sensitivity and specificity, hence, demonstrating the
viability of combination biomarkers for use in MDD diagnosis. The diminished haemo-
dynamic response in the cortices of MDD patients and reduced metabolite concentrations
further lend support for the investigation of haemodynamic activities, coupled with home-
ostatic responses, underlying the biological basis of the disorder. The ultimate goal of
improving disease treatment in patients with MDD to improve their quality of life can be
achieved, as precision psychiatry may reduce the translational gap in the development of
diagnostic tools capable of refining diagnosis, ascertaining prognosis, guiding treatment,
and predicting treatment responses. NIRS values and amino acid concentrations can be
used to provide an objective assessment of MDD patients with depressive symptoms
and may be used to develop candidate biosignatures that allow clinicians to improve the
inter-rater reliability of psychiatric diagnosis. Our findings also form the groundwork for
future research investigating biomarker combinations for MDD with optimal diagnostic
and prediction performance.
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t-test comparing the mean deoxy-haemoglobin levels during pre-task baseline period and task
period, Figure S3: Group differences in mean oxy-haemoglobin levels during task period determined
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biomarkers between MDD patients and healthy controls.
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