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IMPORTANCE Bipolar disorder (BD) is frequently misdiagnosed as major depressive disorder
(MDD) because of overlapping symptoms and the lack of objective diagnostic tools.

OBJECTIVE To identify a reproducible metabolomic biomarker signature in patient dried blood
spots (DBSs) that differentiates BD from MDD during depressive episodes and assess its
added value when combined with self-reported patient information.

DESIGN, SETTING, AND PARTICIPANTS This diagnostic analysis used samples and data from the
Delta study, conducted in the UK between April 27, 2018, and February 6, 2020. The primary
objective was to identify BD in patients with a recent (within the past 5 years) diagnosis of
MDD and current depressive symptoms (Patient Health Questionnaire–9 score of 5 or more).
Participants were recruited online through voluntary response sampling. The analysis was
carried out between February 2022 and July 2023.

MAIN OUTCOMES AND MEASURES Patient data were collected using a purpose-built online
questionnaire (n = 635 questions). DBS metabolites (n = 630) were analyzed using a
targeted mass spectrometry–based platform. Mood disorder diagnoses were established
using the Composite International Diagnostic Interview.

RESULTS Of 241 patients in the discovery cohort, 170 (70.5%) were female; 67 (27.8%) were
subsequently diagnosed with BD and 174 (72.2%) were confirmed as having MDD; and the
mean (SD) age was 28.1 (7.1) years. Of 30 participants in the validation cohort, 16 (53%) were
female; 9 (30%) were diagnosed with BD and 21 (70%) with MDD; and the mean (SD) age
was 25.4 (6.3) years. DBS metabolite levels were assessed in 241 patients with depressive
symptoms with a recent diagnosis of MDD, of whom 67 were subsequently diagnosed with
BD by the Composite International Diagnostic Interview and 174 were confirmed as having
MDD. The identified 17-biomarker panel provided a mean (SD) cross-validated area under the
receiver operating characteristic curve (AUROC) of 0.71 (SD, 0.12; P < .001), with ceramide
d18:0/24:1 emerging as the strongest biomarker. Combining biomarker data with
patient-reported information significantly enhanced diagnostic performance of models based
on extensive demographic data, PHQ-9 scores, and the outcomes from the Mood Disorder
Questionnaire. The identified biomarkers were correlated primarily with lifetime manic
symptoms and were validated in a separate group of patients who received a new clinical
diagnosis of MDD (n = 21) or BD (n = 9) during the study’s 1-year follow-up period, with a
mean (SD) AUROC of 0.73 (0.06; P < .001).

CONCLUSIONS AND RELEVANCE This study provides a proof of concept for developing an
accessible biomarker test to facilitate the differential diagnosis of BD and MDD and highlights
the potential involvement of ceramides in the pathophysiological mechanisms of mood
disorders.
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B ipolar disorder (BD) affects approximately 1% of the
population,1 yet it is frequently misdiagnosed, with
nearly 40% of patients with BD initially receiving

an incorrect diagnosis of major depressive disorder (MDD).2

This can be attributed to overlapping symptoms, patients’
tendency to seek medical help during depressive rather
than manic episodes,2 and the subjective nature of
psychiatric evaluations of patient self-reported symptoms.
Biomarker profiling offers a promising approach to over-
coming these challenges and enabling earlier and more
objective differential diagnosis of mood disorders.3-5 How-
ever, studies to date have faced several limitations, such as
identifying disease biomarkers in patients with established
BD confounded by the effect of mood-stabilizing medica-
tion, using samples from patients with varying symptom
polarities and other uncontrolled factors, and lacking inde-
pendent validation cohorts. We aimed to address these limi-
tations by identifying and validating a dried blood spot
(DBS) metabolomic signature distinguishing BD from MDD
in the clinically relevant context of misdiagnosed BD in
patients presenting with depressive symptoms.

Methods
Extended methods are provided in the eMethods in Supple-
ment 1. The study was approved by the University of Cambridge
Human Biology Research Ethics Committee. Written informed
consent was obtained from all participants. This study fol-
lowed the Transparent Reporting of a Multivariable Prediction
Model for Individual Prognosis or Diagnosis (TRIPOD) reporting
guideline.6

Study Participants
Samples and data analyzed were collected as part of the Delta
study carried out in the UK between April 2018 and February
2020.7 The study aimed to identify BD in patients with a recent
(within the past 5 years) diagnosis of MDD and current depres-
sive symptoms, using blood biomarker and digital question-
naire data.7,8 Eligibility criteria included age between 18 and 45
years, UK residency, at least mild depressive symptoms (Pa-
tient Health Questionnaire–9 [PHQ-9]9 score of 5 or greater), not
pregnant or breastfeeding, and not suicidal. Participants were
recruited online.

Procedures
Enrolled participants were asked to complete a purpose-built
online questionnaire comprising 635 adaptive questions,

Figure 1. Dried Blood Spot Metabolomic Signature Distinguishing Bipolar Disorder
From Major Depressive Disorder in Patients With Current Depressive Symptoms
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A, Area under the receiver operating characteristic curve (AUROC) indicating
diagnostic performance of the identified biomarker panel in the discovery
cohort (67 patients with misdiagnosed BD and 174 with MDD). B, AUROC in the
validation cohort (9 patients with BD and 21 with MDD clinically diagnosed with
a mood disorder during the 1-year follow-up period). C, Relative importance of

individual biomarkers in the classification model. Values represent means
obtained from the cross-validated models. GCA indicates glycocholic acid;
3-IAA, indoleacetic acid; 3-IPA, indolepropionic acid; TMAO, trimethylamine
N-oxide.

Key Points
Question Can bipolar disorder (BD) be distinguished from major
depressive disorder (MDD) during episodes of low mood by
profiling biomarkers in patient dried blood spots (DBSs)?

Findings In this diagnostic study including 241 patients, patients
with depressive symptoms with misdiagnosed BD showed a
distinct profile of DBS metabolites compared with patients with
depressive symptoms with MDD, which correlated with lifetime
manic symptoms. Incorporating biomarker measurements into
diagnostic models significantly improved predictive performance
in scenarios when symptom data were limited and at uncertain
diagnostic thresholds.

Meaning Metabolomic profiling of patient DBS samples has the
potential to improve the differential diagnosis of mood disorders
in clinically relevant scenarios.
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including items from the Mood Disorder Questionnaire (MDQ)10

and the Warwick-Edinburgh Mental Well-Being Scale
(WEMWBS).11 Ethnicity was self-reported and included the fol-
lowing categories: Asian or British Asian, Black or British Black,
mixed ethnicity, White, other/not listed, and prefer not to say.
Eligible participants were provided with a DBS collection kit
by post and asked to return a fasting blood sample. Samples
were analyzed for 630 metabolites using a targeted mass spec-
trometry–based metabolomic platform (MxP Quant 500;
Biocrates Life Sciences).

Outcomes
Mood disorder diagnoses were established by telephone using
the World Health Organization World Mental Health Compos-
iteInternationalDiagnosticInterview(CIDI)version3.012 through
voluntary response sampling. Follow-up data regarding changes
in diagnosis were collected after 6 and 12 months. The discov-
ery cohort consisted of participants with current depressive
symptoms who had been diagnosed with MDD within the prior

5 years, whose diagnosis was either confirmed as MDD or al-
tered to BD I by the CIDI. The validation cohort included par-
ticipants experiencing depressive symptoms at the time of
sample collection and professionally diagnosed with either BD
or MDD during the study’s 1-year follow-up period.

Statistical Analysis
Data analysis was conducted in R version 4.2.2 (The
R Foundation). Diagnostic models were developed using
extreme gradient boosting.13 Model performance was evalu-
ated using cross-validated area under the receiver operating
characteristic curve (AUROC). Estimated clinical benefit was
assessed using decision curve analysis.14 Diagnostic thresh-
olds were determined using the Youden index. P values
were obtained from corrected resampled t test. Correlations
were evaluated using Pearson correlation. P < .05 was con-
sidered significant. The corrected resampled t test was
1-tailed, testing the hypothesis that the performance of the
model including biomarkers is higher than the performance

Figure 2. Added Diagnostic Value of Biomarkers
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A, Comparison of the area under the receiver operating characteristic curve
(AUROC) for diagnostic models incorporating patient self-reported end points
with and without biomarker data. Error bars indicate SDs. B, Improvement in
the standardized net benefit of the diagnostic models after including biomarker
data. MDQ indicates Mood Disorder Questionnaire; PHQ-9, Patient Health

Questionnaire–9; WEMWBS, Warwick-Edinburgh Mental Well-Being Scale.
a P < .05.
b P < .001 (corrected resampled t test).
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of the model without biomarkers. Pearson correlation was
2-tailed.

Results
Study Overview
Of 241 patients in the discovery cohort, 170 (70.5%) were
female; 67 (27.8%) were subsequently diagnosed with
BD and 174 (72.2%) were confirmed as having MDD; and
the mean (SD) age was 28.1 (7.1) years (eTable 1 in Supple-
ment 1). In the discovery cohort, patients identified with the
following ethnicity categories: less than 4 Asian or British
Asian (1.7%), 7 mixed ethnicity (2.9%), 172 White (71.4%),
less than 4 other ethnicity (1.7%), and 58 did not report eth-
nicity (24.1%). In the validation cohort, patients identified
with the following ethnicity categories: less than 4 Black or
British Black (13%), 28 White (93%), and less than 4 did not
report ethnicity (13%). Of 30 participants in the validation
cohort, 16 (53%) were female; 9 (30%) were diagnosed
with BD and 21 (70%) with MDD; and the mean (SD) age was
25.4 (6.3) years (eTable 2 in Supplement 1). Analyzed data
comprised 290 DBS metabolite readouts representing 19

biochemical classes (eTable 3 in Supplement 1) and 992
digital questionnaire features divided into 9 categories:
demographic characteristics (111 features, including age,
sex, body mass index, smoking, and physical comorbidi-
ties), psychiatric history (264 features, including psychiatric
comorbidities and medication), manic symptoms (142 fea-
tures), depressive symptoms (199 features), comorbid psy-
chiatric symptoms (154 features), personality traits (119
features), and single-outcome items from the MDQ, PHQ-9,
and WEMWBS. Because of the questionnaire’s adaptive
character, 74 385 of 308 962 data points (24.1%) were miss-
ing not at random.

Differential Biomarker Signature of BD and MDD
The biomarker-based model showed a mean (SD) cross-
validated AUROC of 0.71 (0.12; P < .001) in differentiating BD
from MDD in the discovery cohort and 0.73 (0.06; P < .001) in
the validation cohort (Figure 1A and B; eTable 4 in Supple-
ment 1). The final model consisted of 17 biomarkers, among
which ceramide d18:0/24:1 was the most important (Figure 1C;
eTable 5 and eFigures 1, 2, and 3 in Supplement 1). Likewise,
the most relevant analyte class was ceramides (eFigure 4 in
Supplement 1).

Figure 3. Association of Biomarkers With Psychopathology
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Added Predictive Value of Biomarkers
Combining biomarker readouts with patient-reported data
led to significant improvements in the performance of diag-
nostic models based on demographic information, PHQ-9
scores, and MDQ outcomes (mean [SD] change in AUROC:
demographic information, 0.05 [0.08]; P = .03; PHQ-9, 0.09
[0.14]; P = .03; MDQ, 0.03 [0.05]; P = .03) (Figure 2A; eTable 6
in Supplement 1). The relative contribution of biomarkers to
individual models varied from 8.8% to 99.9% (eFigure 5 in
Supplement 1), with biomarker importance largely consistent
across models (eFigure 6 in Supplement 1).

Clinical Utility of Biomarkers
Decision curve analysis showed that at relevant diagnostic
thresholds, the inclusion of biomarkers may result in the ad-
ditional identification of up to 30% of patients with BD, ac-
counting for false-positives (Figure 2B; eTable 7 and eFig-
ure 7 in Supplement 1).

Correlation With Psychopathology
The identified biomarkers correlated primarily with lifetime
manic symptoms and psychiatric history (Figure 3; eTable 8
in Supplement 1). Detailed correlation with select clinicode-
mographic variables is shown in eFigure 8 in Supplement 1.

Discussion
Our results suggest that incorporating biomarker measure-
ments into diagnostic models based on self-reported patient data
enhances their ability to distinguish misdiagnosed BD from MDD
during episodes of low mood and may lead to clinically rel-
evant improvements. The added value of biomarkers was par-
ticularly evident in scenarios where data on psychiatric

symptoms were unavailable and at intermediate diagnostic
thresholds, suggesting that biomarker tests may especially ben-
efit patients who do not report their symptoms and whose di-
agnoses are uncertain. Consistently, the biomarkers were cor-
related primarily with manic symptoms, potentially representing
their surrogate markers. The results also point to the involve-
ment of sphingolipids, specifically ceramides, in the distinct pa-
thomechanisms of mood disorders. This may signify intrinsic im-
munometabolic or signaling differences between BD and MDD15

or the body’s adaptive responses to these conditions.

Strengths and Limitations
The analysis benefited from the extensively characterized,
clinically relevant patient population of symptomatic help-
seekers, a minimally invasive sample collection method, and
a standardized metabolomic platform. Limitations include
missing data on potential confounding factors, such as diet and
blood pressure, a predominantly White patient population of
internet users previously diagnosed with MDD who are not rep-
resentative of all patients with BD, the reliance on informa-
tion self-reported by participants, and the small validation
cohort.

Conclusions
This diagnostic study identified a reproducible metabolomic
biomarker signature in patients’ DBSs that effectively differ-
entiated misdiagnosed BD from MDD during episodes of low
mood and enhanced predictive value of diagnostic models
based on self-reported patient information. Our results em-
phasize the potential of blood biomarkers to successfully
complement psychometric assessments for mood disorders
and improve disease biological understanding.
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