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Abstract

Background: Functional near-infrared spectroscopy (fNIRS) is an emerging neuroimaging modality that provides a
direct and quantitative assessment of cortical haemodynamic response during a cognitive task. It may be used to
identify neurophysiological differences between psychiatric disorders with overlapping symptoms, such as bipolar
disorder (BD) and borderline personality disorder (BPD). Hence, this preliminary study aimed to compare the
cerebral haemodynamic function of healthy controls (HC), patients with BD and patients with BPD.

Methods: Twenty-seven participants (9 HCs, 9 patients with BD and 9 patients with BPD) matched for age, gender,
ethnicity and education were recruited. Relative oxy-haemoglobin and deoxy-haemoglobin changes in the
frontotemporal cortex was monitored with a 52-channel fNIRS system during a verbal fluency task (VFT). VFT
performance, clinical history and symptom severity were also noted.

Results: Compared to HCs, both patient groups had lower mean oxy-haemoglobin in the frontotemporal cortex
during the VFT. Moreover, mean oxy-haemoglobin in the left inferior frontal region is markedly lower in patients
with BPD compared to patients with BD. Task performance, clinical history and symptom severity were not
associated with mean oxy-haemoglobin levels.

Conclusions: Prefrontal cortex activity is disrupted in patients with BD and BPD, but it is more extensive in BPD.
These results provide further neurophysiological evidence for the separation of BPD from the bipolar spectrum.
fNIRS could be a potential tool for assessing the frontal lobe function of patients who present with symptoms that
are common to BD and BPD.
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Background

Bipolar disorder (BD) is a chronic and severe mood dis-
order characterised by alternating episodes of mania,
hypomania and depression. Borderline personality dis-
order (BPD) is another chronic and serious psychiatric
disorder characterised by a pervasive pattern of unstable
emotional regulation, interpersonal relationships, self-
image and impulse control [1]. Despite this criteria, the
boundary between BD and BPD is debatable, as it can be
difficult to diagnose patients who present with both
affective instability and impulsivity [2]. Across studies
reporting the prevalence of these disorders, approxi-
mately 20% of patients receive a comorbid diagnosis [3—
5]. Hence, it has been suggested that many BPD patients
are better described as having BD, and that BPD should
be considered as a variant of affective disorders [2]. Yet,
majority of patients receive a diagnosis of BD or BPD
alone, and comorbidity between BD and other personal-
ity disorders, and between BPD and mood or anxiety
disorders are more common [3]. Moreover, misdiagnosis
can be avoided with a detailed longitudinal history, to
identify subtle differences in overlapping symptoms [2].
Mood changes in BD tend to be spontaneous, and shift
from depression to elation, whereas mood changes in
BPD are usually in response to environmental cues, and
move from euthymia to anger [6]. Therefore, BD and
BPD may not exist on a spectrum [6], and this hypoth-
esis may be substantiated with objective and quantitative
biomarkers, such as those obtained with neuroimaging
techniques.

Neuroanatomical and neurophysiological abnormal-
ities in BD and BPD are evident in neuroimaging data
acquired using structural and functional magnetic reson-
ance imaging (MRI), electroencephalography and posi-
tron emission tomography (PET). Compared to healthy
controls (HC), both patient groups have smaller hippo-
campal volumes [7] and grey matter loss in the frontal
and temporal lobes [8, 9]. Further grey matter loss oc-
curs in the cerebellum, thalamus and putamen of pa-
tients with BD, while further grey matter loss in the
amygdala and occipital lobe occurs in patients with BPD
[8, 9]. Physiological abnormalities include altered con-
nectivity within and between brain networks mediating
social cognition, emotional regulation and self-
referential processes [10], greater power in fast and slow
oscillations [11] and glucose hypometabolism in the in-
sula, brainstem, and frontal lobe [12]. Further hypometa-
bolism occurs in the cerebellum of patients with BD,
and in the hypothalamus, midbrain and striatum of pa-
tients with BPD [12]. In short, structural and functional
abnormalities in BD and BPD relative to HCs overlap in
some, but not all brain regions. When patient groups are
compared, those with BPD have lower connectivity be-
tween the amygdala and prefrontal cortex [13], and
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lower uncorrected glucose metabolism in the prefrontal,
insular and subgenual anterior cingulate cortex [12] than
patients with BD. However, conclusions cannot be
drawn, as direct comparisons between patients with BD
and BPD are numbered [6]. Thus, studies with other im-
aging modalities, such as functional near-infrared spec-
troscopy (fNIRS), are needed.

Near-infrared light has the unique property of passing
though tissues and being preferentially absorbed by
haemoglobin [14]. As the absorbance spectra of haemo-
globin is dependent on its binding with oxygen, fNIRS
devices can continuously monitor both oxy-haemoglobin
and deoxy-haemoglobin in the cerebral cortex [15].
NIRS signals are a surrogate measure of the underlying
neural activity, described by a phenomenon known as
neurovascular coupling [16]. Regional neuron activity
prompts an increase in blood flow and volume that is
disproportionately higher than the metabolic demand of
the brain. Therefore, a typical haemodynamic response
involves a nett increase in oxy-haemoglobin, and a sim-
ultaneous slight decrease in deoxy-haemoglobin [17].
Since the changes in oxy-haemoglobin are greater than
deoxy-haemoglobin, oxy-haemoglobin is used as marker
of brain activity [18]. Although NIR light cannot reach
subcortical regions, fNIRS is safe, non-invasive, non-
restrictive, quiet, tolerant to motion and economical.
These practical advantages make it a suitable tool for
assessing psychiatric patients [19].

The verbal fluency task (VFT) is often conducted dur-
ing fNIRS measurements as the conventional VFT is fre-
quently used by clinicians to evaluate frontal lobe
function in neuropsychiatric patients [20]. Various VFT
paradigms and fNIRS signal processing methods have
been published, but the protocol proposed by Takizawa
et al. [21] was developed specifically for clinical settings.
It has been extensively validated on psychiatric disor-
ders, including BD [22-25] and BPD [26]. Yet, cortical
haemodynamic response has not been directly compared
between these two patient groups. Hence, the aim of this
study was to compare fNIRS signals during the VFT be-
tween HCs, patients with BD and patients with BPD. We
hypothesise that the mean oxy-haemoglobin changes in
the frontotemporal cortex is the highest in HCs,
followed by patients with BD and is the lowest in pa-
tients with BPD.

Methods

Participants

Twenty-seven participants (9 HCs, 9 patients with BD
and 9 patients with BPD) who were between 21 and 50
years old were included in this study. All participants
were female because these disorders are female predom-
inant [1] and study participants were homogeneous by
gender. Across the three diagnostic groups, subjects
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were matched for age, ethnicity and years of education.
Depressive symptoms and psychosocial functioning for
each participant were evaluated on the day of participa-
tion using the 17-item Hamilton rating scale for depres-
sion (HAM-D) [27] and global assessment of functioning
(GAF) [28], respectively. In addition, manic symptoms in
patients with BD and borderline personality traits in pa-
tients with BPD were assessed using the Young mania
rating scale (YMRS) [29] and borderline personality
questionnaire (BPQ), respectively [30]. As this was a pre-
liminary study, YMRS scores of BPD patients and BPQ
scores of BD patients were not obtained for all partici-
pants. Despite this limitation, manic and borderline per-
sonality traits were not predominant in BPD and BD,
respectively.

HCs recruited from the community were assessed by a
psychiatrist, and those included in this study were certi-
fied as being normal. They did not have a history of any
psychiatric illnesses, including alcohol/substance abuse
or addiction. HCs were excluded if they had conditions
that could affect the central nervous system, including
neurological illnesses such as epilepsy, traumatic brain
injury, cerebrovascular diseases, respiratory diseases,
hepatic diseases, kidney diseases, cancer or intellectual
disability. Additionally, HCs who received psychotherapy
in the past, had a HAM-D score of eight or higher on
the day of participation [31], or reported drowsiness on
the day of participation, were excluded.

Patients with BD or BPD were recruited from the out-
patient psychiatric clinic at the National University Hos-
pital, Singapore. They were diagnosed by a psychiatrist,
according to the criteria in the fifth edition of the Diag-
nostic and Statistical Manual of Mental Disorders
(DSM-5) for BD or BPD [1], using the Structured Clin-
ical Interview for the DMS-5 [32]. Patients were ex-
cluded if they had any neurological illnesses, traumatic
brain injury, cerebrovascular diseases, respiratory dis-
eases, hepatic diseases, kidney diseases, cancer, intellec-
tual disability or alcohol/substance abuse or addiction.
In addition, those who received psychotherapy in the
past, or reported drowsiness on the day of participation,
were excluded.

Study details were fully explained to participants, and
their written informed consent was obtained. The au-
thors assert that all procedures contributing to this work
comply with the ethical standards of the Declaration of
Helsinki, and the ethical principles in the Belmont Re-
port. It was approved by the Domain Specific Review
Board of the National Healthcare Group, Singapore
(protocol number 2017/00509).

Verbal fluency task
Before fNIRS measurements were taken, participants
watched a demonstration video, in which they were
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asked to remain seated, avoid excessive body or head
movements, and focus on a cross displayed during the
VEFT. The VFT paradigm (Supplementary Fig. 1) con-
sisted of a 30s pre-task period, 60s task period, and a
70s post-task period. Participants were asked to say “A,
B, C, D, E” aloud and repeatedly during the pre- and
post-task periods. During the task period, they were
instructed to generate as many words as possible, begin-
ning with A, F and S for 20 s per letter. The total num-
ber of unique words, enunciated within the task period,
was recorded as the task performance. Before the actual
trial, participants were asked to practice the VFT for a
shorter duration, and with the letters H, B and P. This
ensured all participants understood the task and
responded to the cues correctly during the actual trial.

NIRS measurement

A 52-channel fNIRS system (ETG-4000. Hitachi Medical
Co., Tokyo, Japan) with 2 NIR light wavelengths (695
and 830nm) was used to measure relative oxy-
haemoglobin and deoxy-haemoglobin changes [33].
Emitter and detector optodes were arranged 3 cm apart,
and the area between each emitter and detector pair is
called a channel. Anatomically, channels locations are
cortical regions 2—3 cm beneath the skin and scalp sur-
face [34]. Optodes were placed on the forehead and
scalp, with the lowest optodes being along the T4-Fpz-
T3 line of the 10/20 system. This arrangement allowed
for haemodynamic response in the bilateral prefrontal
cortex, frontopolar cortex, and the anterior regions of
the superior and middle temporal cortices to be mea-
sured. These approximate channel locations are based
on the anatomical craniocerebral correction of the inter-
national 10/20 system.

fNIRS signal analysis

fNIRS signals were processed according to the method
described by Takizawa et al. [21]. The modified Beer-
Lambert law was used to derive relative changes in oxy-
haemoglobin, deoxy-haemoglobin and total haemoglobin
from optical densities. Haemoglobin changes during the
task period were normalised by linear fitting between a
10 s baseline at the end of the pre-task period, and a 5s
post-task baseline period that is 50s into the post-task
period (Supplementary Fig. 1). Short term motion arte-
facts were removed using a moving average factor of 5.
An algorithm identifying channels with body movement
artefacts, or high and low frequency noise was applied.
Artefact channels were identified and removed from fur-
ther analysis using an algorithm for body movement ar-
tefacts, or high and low frequency noise. The mean oxy-
haemoglobin and deoxy-haemoglobin changes during
the pre-task and task periods at each region of interest
(ROI; Fig. 1) was determined for each subject. These
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Fig. 1 Cortical regions of interest. Coloured channels were divided into 6 ROIs

ROIs were first proposed by Chou et al. [35] and are de-
fined as the right temporal region (channels 32, 33, 43
and 44), right inferior frontal region (channels 24, 34, 35
and 45), right bilateral frontal region (channels 25, 26,
36, 46 and 47), left bilateral frontal region (channels 27,
28, 38, 48 and 49), left inferior frontal region (channels
29, 39, 40 and 50) and left temporal region (channels 41,
42, 51 and 52). Remaining channels were excluded from
the analysis (channels 1-23, 30, 31 and 37). Channel po-
sitions were plotted using NFRI functions toolbox [36].
Since changes in oxy-haemoglobin are larger than
deoxy-haemoglobin [18], results for the latter are re-
ported in supplementary materials.

Statistical analysis

To determine if activation during the VFT occurred for
each diagnostic group at each ROI, Student’s paired t-
test was used to compare mean oxy-haemoglobin during
the pre-task baseline period and task period. The effect
of diagnostic group on categorical variables was deter-
mined using chi-square test, while Student’s t-test or
one-way analysis of variance (ANOVA) with Bonferroni
corrected post-hoc pairwise comparisons, was used to
determine the effect of diagnostic group on continuous
variables. Categorical variables were gender, ethnicity,
handedness, family psychiatric history, past admission to
psychiatric ward and treatment with psychotropic drugs.
Psychotropic drugs were further classified into antide-
pressants, anxiolytics and sedatives, antipsychotics and
mood stabilisers (Supplementary Table 1). Continuous
variables were age, years of education, number of words
generated, mean oxy-haemoglobin and mean deoxy-
haemoglobin at each ROI, GAF score, HAM-D score,
YMRS score, BPQ score, age at psychiatric illness onset,
duration of psychiatric illness and equivalent doses of
antidepressants, anxiolytics and sedatives, as well as anti-
psychotics. Equivalent doses were calculated based on
published mean dose ratios. Reference drugs were fluox-
etine, diazepam and chlorpromazine, for antidepressants,
anxiolytics and sedatives, and antipsychotics, respectively

[37, 38]. The combined equivalent dose was calculated
for patients receiving more than one drug in each class.

Subsequent regression analysis was carried out when
mean oxy-haemoglobin at any ROI differed between pa-
tient groups. Mean oxy-haemoglobin was the dependent
variable, while independent variables included in the
model were diagnosis and any other demographic, be-
havioural or clinical variables that differed between pa-
tient groups. Additionally, associations between mean
oxy-haemoglobin at these ROIs with behavioural or clin-
ical variables was determined using Pearson’s correlation
or Student’s t-test.

All tests were two-tailed, with a significance level of
p <0.05. Data are expressed as mean and standard devi-
ation. Statistical analysis was done on SPSS Statistic 21.0
(IBM).

Results

Sample characteristics

The three diagnostic groups did not differ in any demo-
graphic, behavioural or clinical variables, except GAF
and HAM-D scores (Table 1). Unsurprisingly, HCs had
higher GAF scores (F=21, p <0.001) and lower HAM-D
scores (F=16.7, p<0.001) than patients with BD [GAF:
p<0.001, 95% CI, (9.5 to 35); HAM-D: p =0.006, 95%
CL, (2.2 to 14.5)] and patients with BPD [GAF: p <0.001,
95% CI, (18.4 to 43.9); HAM-D: p<0.001, 95% CI, (7.3
to 19.2)], but patient groups did not differ in GAF or
HAM-D scores. When medication status was compared,
a larger proportion of patients with BPD were receiving
antidepressants than patients with BD [X2(2, n=18) =
6.9, p=0.029].

Haemodynamic response during the verbal fluency task

The mean oxy-haemoglobin during the task period was
higher than the mean oxy-haemoglobin during the pre-
task baseline period in all ROIs for HCs [Fig. 2; right
temporal region: £ = - 6.6, p <0.001, 95% CI, (- 0.3 to —
0.2); right inferior frontal region: ¢ = - 6.4, p <0.001, 95%
CL (- 0.4 to —0.1); right bilateral frontal region: t=-6,
p<0.001, 95% CI, (-0.3 to —-0.1); left bilateral frontal
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Table 1 Demographic and clinical data (N=27)
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HC BD BPD p-value
Age (years) 334+102 346104 34+£99 0.974
Ethnicity 1.00
Chinese 8 (88.9%) 8 (88.9%) 8 (88.9%)
Indian 1(11.1%) 1(11.1%) 1(11.1%)
Education (years) 16+ 1.5 16+ 2.1 14+2.1 0.059
Handedness ® 0.258
Right 9 (100%) 5 (71.4%) 8 (100%)
Left 0 1 (14.3%) 0
Ambidextrous 0 1 (14.3%) 0
Number of words @ 168+ 4.1 154+43 16£5 0813
Family history of psychiatric illness ° 2 (25%) 4 (50%) 4 (44.4%) 0.561
Age at illness onset (years) - 253+81 239+93 0.729
Duration of illness (years) - 92+8.1 10.1+66 0.802
Past admission into psychiatric ward - 7 (77 .8%) 8 (88.9%) 0.500
GAF score ® 933+87 711127 622+97 <0.001
HAM-D score * ® 29+£25 113+£63 16.1£53 <0.001
YMRS score ° - 21+34 - -
BPQ score - 311227 57751 0.176
Pharmacotherapy - 9 (100%) 9 (100%) -
Antidepressants - 4 (44.4%) 9 (100%) 0.029
Anxiolytics & sedatives - 4 (44.4%) 2 (22.2%) 0310
Antipsychotics - 3 (33.3%) 2 (22.2%) 0.500
Mood stabilisers - 6 (66.7%) 5 (55.6%) 0.500
Fluoxetine eq. dose (mg/day) - 44 +30.2 203+173 0.282
Diazepam eq. dose (mg/day) - 121+£9.7 7.1+£4.1 0.540
Chlorpromazine eq. dose (mg/day) - 24441393 303+2143 0.726

Mean + SD are shown and p-values <0.05 are in bold.

@ Complete demographic and clinical data were not obtained for all subjects (Known handedness in healthy controls, n=9; patients with bipolar disorder, n=7;
patients with borderline personality disorder, n = 8. Known number of words in healthy controls, n =9; patients with bipolar disorder, n = 8; patients with
borderline personality disorder, n =9. Known family history of psychiatric disorder in healthy controls, n = 8; patients with bipolar disorder, n = 9; patients with
borderline personality disorder, n =9. Known HAM-D score in healthy controls, n=9; patients with bipolar disorder, n = 8; patients with borderline personality
disorder, n=9. Known YMRS score in patients with bipolar disorder, n=7. Known BPQ score in patients with bipolar disorder, n = 3; patients with borderline

personality disorder, n=9.)

P Post-hoc test showed statistically significant differences in GAF and HAM-D scores between healthy controls and patients with bipolar disorder (GAF, p <0.001;
HAM-D, p =0.006) and between healthy controls and patients with borderline personality disorder (p <0.001), but not between patient groups (GAF, p = 0.255;

HAM-D, p = 0.159)

region: t=-6.8, p<0.001, 95% CI, (-0.3 to —0.1); left
inferior frontal region: ¢ = - 8.2, p <0.001, 95% CI, (- 0.4
to —0.2); left temporal region: t=-6.4, p=0.003, 95%
CL (- 04 to —0.2)]. For each patient group, there were
no statistically significant differences in mean oxy-
haemoglobin between the pre-task baseline period and
the task period in all ROIs, except in the right temporal
region for patients with BD [t=-2.4, p=0.047, 95% CI,
(-0.2 to 0)]. In HCs, mean deoxy-haemoglobin during
the pre-task baseline period was higher than the mean
deoxy-haemoglobin during the task period (Supplemen-
tary Fig. 2) in the right bilateral frontal [£=4, p =0.004,
95% CI, (0 to 0.1)] and the left bilateral frontal regions

only [£=5.5, p=0.001, 95% CI, (0 to 0.1)]. There were
no statistically significant differences in mean deoxy-
haemoglobin between the pre-task baseline period and
the task period in all ROIs for patient with BD and pa-
tients with BPD. This suggests that activation may occur
in the frontotemporal cortex in HCs during the VFT,
but not in patients with BD and patients with BPD.
Compared to HCs, patient groups had lower mean
oxy-haemoglobin during the task period in all ROIs
(Fig. 3; right temporal region: F=10.7, p =0.001; right
inferior frontal region: F=16.6, p <0.001; right bilateral
frontal region: F = 8.6, p = 0.001; left bilateral frontal re-
gion: F=11, p<0.001; left inferior frontal region: F=
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Fig. 2 Cortical areas of activation. Mean oxy-haemoglobin between the pre-task baseline period and the task period was compared for each
diagnostic group per ROI using paired t-test (*p < 0.05, **p < 0.01, ***p < 0.001). Data are presented as mean + SD
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Fig. 3 Comparison of mean oxy-haemoglobin during the task
period. One-way ANOVA with Bonferroni corrected post-hoc
pairwise t-tests were used to compare mean oxy-haemoglobin
during the task period between diagnostic groups per ROI (*p <
0.05, **p <0.01, ***p < 0.001). Data are presented as mean + SD

23.8, p<0.001; left temporal region: F=7.2, p =0.005).
Specifically, patients with BD have lower mean oxy-
haemoglobin than HCs during the task period in all
ROIs, except the left temporal region [Right temporal re-
gion: p =0.015, 95% CI, (0 to 0.3); right inferior frontal
region: p=0.001, 95% CI, (0.1 to 0.3), right bilateral
frontal region: p = 0.008, 95% CI, (0 to 0.3), left bilateral
frontal region: p =0.013, 95% CI, (0 to 0.2); left inferior
frontal region: p = 0.001, 95% CI, (- 0.3 to —0.1)]. Simi-
larly, patients with BPD have lower mean oxy-
haemoglobin that HCs during the task period in all ROIs
[Right temporal region: p =0.001, 95% CI, (0.1 to 0.3);
right inferior frontal region: p <0.001, 95% CI, (0.1 to
0.4); right bilateral frontal region: p = 0.003, 95% CI, (0.1
to 0.3); left bilateral frontal region: p <0.001, 95% CI,
(0.1 to 0.3); left inferior frontal region: p <0.001, 95% CI,
(0.2 to 0.4); left temporal region: p = 0.005, 95% CI, (0.1
to 0.5)]. Mean deoxy-haemoglobin during the task pe-
riods only differed between diagnostic groups (Supple-
mentary Fig. 3) in the right bilateral frontal region (F =
6.8, p=0.005) and the left bilateral frontal region (F=
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5.6, p =0.010). Specifically, HCs had lower mean deoxy-
haemoglobin than patients with BPD during the task
period in these ROIs [right bilateral frontal region: p =
0.004, 95% CI, (0 to 0.1); left bilateral frontal region: p =
0.010, 95% CI, (0 to 0.1)]. These results suggest that pa-
tient groups may have reduced haemodynamic response
in the frontotemporal cortex.

When mean oxy-haemoglobin during the task period
at each ROI are compared between patient groups (Fig.
3), patients with BPD have lower mean oxyhaemoglobin
than patients with BD in the left inferior frontal region
only [p =0.035, 95% CI, (0 to 0.2)]. Subsequent linear re-
gression (Adjusted R*=0.3117) showed that diagnosis
(f=-0.099, S.E.=0.045, p =0.045), but not antidepres-
sant status (8 = - 0.021, S.E. = 0.050, p = 0.688), is associ-
ated with mean oxy-haemoglobin in the left inferior
frontal region during the task period. Mean deoxy-
haemoglobin during the task period did not differ be-
tween patient groups in all ROIs (Supplementary Fig. 3,
p>0.05). Nevertheless, average waveforms show a
greater decline in deoxy-haemoglobin during the task
period in patients with BD than patients with BPD
(Fig. 4). In addition, mean oxy-haemoglobin at the left
inferior frontal region was not associated with any be-
havioural or clinical variables amongst patients (Supple-
mentary Table 2). Taken together, the results suggest
that haemodynamic dysfunction in the left inferior
frontal cortex may be more extensive in patients with
BPD than patients with BD.

Discussion
The present study lends further support for the distinc-
tion of BD and BPD in psychiatric nosology. Similar to
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response occurred primarily in the frontal and temporal
cortex of both patient groups in our sample. Likewise,
MRI and PET of the frontotemporal regions in patients
with BD and BPD revealed grey matter loss and reduced
glucose metabolism in other studies [8, 9, 12]. This sug-
gests that frontotemporal oxy-haemoglobin measured by
fNIRS may be a potential biomarker for both BD and
BPD. Interestingly, Ghaemi et al. [39] described BD as a
biological disease based on genetics, but BPD as a psy-
chologically caused clinical picture. However, a genome-
wide association study by Witt et al. [40] identified gen-
etic overlaps between BD and BPD. Furthermore, epi-
genetic modifications of serotonin 3A receptor genes
occur in both BD and BPD patients with childhood mal-
treatment [41]. The conventional treatment strategies
are mood-stabilisers for patients with BD, and psycho-
therapy for patients with BPD [6]. Yet, patients with BD
may benefit from integrated psychotherapeutic tech-
niques [42], while patients with BPD may respond to an-
tidepressants, second-generation antipsychotics and
mood stabilisers [43]. Therefore, neuroimaging, genetic
and pharmacological approaches provide evidence for
the neurobiological basis of both BD and BPD.

The current approach for the differential diagnosis of
BD and BPD relies on particular symptoms in the exist-
ing clinical criteria [44]. Symptoms such as reduced need
for sleep [45], elevated mood, increased goal-directed ac-
tivities and episodicity [46] are more closely associated
with BD, while abandonment fears, identity disturbance
[47], attempted suicide and childhood trauma [45] are
more closely associated with BPD. Questionnaires may
aid in distinguishing BD and BPD by assessing these
symptoms. These include the HAM-D, the Hamilton

earlier fNIRS reports [22-26], reduced haemodynamic anxiety rating scale, the YMRS, the borderline
Healthy Bipolar
control disorder

Borderline
personality
disorder

and end of the VFT task period

Fig. 4 Average oxy-haemoglobin and deoxy-haemoglobin waveforms at the left inferior frontal region. Dotted vertical lines demarcate the start
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personality disorder severity index-IV [48] and the Per-
sonality Inventory for DSM-5 [49]. Still, symptoms alone
are inadequate diagnostic validators, and the diagnostic
criteria needs to be supported by biomarkers, including
functional neuroimaging markers [39]. In addition to ad-
vancing our knowledge of neurobiology, neuroimaging
technologies may potentially be translated to aid in the
differential diagnosis of BD and BPD [45].

A notable finding in this study is that haemodynamic
dysfunction in the left inferior frontal region is more ex-
tensive in patients with BPD than patients with BD. To
our knowledge, this is the first study to report differ-
ences in prefrontal cortex activity during a cognitive task
between these patient groups. This is in line with earlier
reports of lower prefrontal cortex glucose metabolism
[12] and lower connectivity between the prefrontal cor-
tex and amygdala [13] in BPD compared to BD. The
lower prefrontal cortex activity in patients with BPD
may be linked to poorer response inhibition, planning
[50], decision-making [51] and psychosocial functioning
[52] in these patients compared to those with BD. Fur-
thermore, frontotemporal oxy-haemoglobin changes
measured with the fNIRS protocol used in this study has
been previously shown to distinguish patients with major
depression from both HCs and patients with BD or
schizophrenia [53]. Thus, haemodynamic response in
the left inferior frontal region during the VFT may be a
potential biomarker to differentiate BPD from BD in
clinical settings. Larger samples are needed to validate
this hypothesis, before the fNIRS-VFT paradigm may be
used as a supplementary test to support a diagnosis.

This study has several limitations, beginning with the
small sample size. Consequently, cortical activity of dis-
order subtypes could not be compared, such as BD or
BPD with and without current depressive symptoms,
and BD with and without borderline personality traits.
Thus, replicate studies on larger samples of patients with
BD or BPD are needed. Secondly, adults were recruited
in this study, whereas the onset of BD and BPD usually
occurs in young adulthood and adolescence, respectively
[45]. INIRS signals during the VFT in adolescents with
BD has been reported elsewhere [54], and a direct com-
parison of haemodynamic response between adolescents
with BD and BPD may enhance our knowledge of their
aetiology. Moreover, a prospective study on adolescents
may establish a causal relationship between disorder on-
set and haemodynamic dysfunction, which could not be
established in this cross-sectional study. Thirdly,
pharmacotherapy varied greatly between patients and
the effect of each drug on haemodynamic response is
not clear. Still, previous studies on larger samples of psy-
chiatric patients with heterogeneous pharmacotherapy
suggest the effect of such medication on fNIRS signals is
minimal [55]. Though beyond the scope of this study,
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future fNIRS studies comparing male patients with BD
and BPD may be of interest.

Conclusions

Findings from this study provide preliminary evidence
for future research on functional neuroimaging bio-
markers for the differential diagnosis of BD and BPD.
Haemodynamic response in the left inferior frontal cor-
tex differed between healthy individuals, patients with
BD and patients with BPD. Given that fNIRS signals are
a direct and objective measure of neurophysiology, these
observations support the separation of BPD from the bi-
polar spectrum.

[Main text word count: 3489].
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