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(#E] BaY: Kidhsr2LE (schizophrenia, SCZ)AYIm PRIZ W 3 EEUORT PR B IiBL T-RER A PEAL o3 sl >R B I
K UIR RS AR H AR5 I, 7R R | AR R IS LAY Bl 55 22 5 FLARS pR B Ag i A T 2SI, 532 8 Bk
5L BRI S ROEAE #2025 A N R . I AR & A HLY (volatile organic compounds, VOCs) kil B 6
B PeEl . WEECRAESEREAL, AT ARE B A 5 ML A B LR G E B . ARWER B R T O
FHEL B KATAT[R] BT (high-pressure photon ionization time-of-flight mass spectrometry, HPPI-TOFMS){GSF-&, Z5& 1L
W MIE, AR SCZ B S HEXT IR # (healthy control, HC)ME]MYIFH A VOCs #FiE 2 5, HIPAL HAE SCZ
BhigWih BORIGIRE S . Frik: SRR MR BT IRBE S, ANA 3445 SCZ J A FI 34 I HC., FIT Ay SCZ 4 1 2
4 HAT PO G T RS R iR CRS B2 5 81T F M) 25 5 iR(Diagnostic and Statistical Manual of Mental
Disorders, fifth edition, DSM-5)iZ2WitrHERG12 . 2 LB 5T X S AE WG T I B R 1) . 4F 3% A& 8 38 %0 (body mass
index, BMD#FATVLAL, A MR 5 RAL IR 30 min P52 SREACR AR, SREERT— I TIEIRIKE,
A BAMPVIIRBORFE &Y, REEAIZEE 28 h, RS H R AR, AU ALK T . HC T RAEHT
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B A BT RE 2 20 | SRR RCIE | W EAHE L RGN . WX SY . T AR A B ] PR AR AL AR S, R e L
(mass-to-charge ratio, m/z)>4 20~200 [X.[a] B FF S, VOCs SR AEFE [ o SR BEALAR PR (random forest, RF) /N — 7
J 5537 (partial least squares-discriminant analysis, PLS-DA)EHE 432581, 3 i3 7 3 B F 41 (receiver operating
characteristic, ROC)H{£k . MHZE T i f{(area under the curve, AUC). SURE A RETEMBIRLASIVERE; RT3 R
%28 LEriF(Monte Carlo cross-validation, MCCV)ZEATNERIEAL, FFE5A G UNZE . TR o> A FE kg 50 PFAk A
RINFREEVE SCARBENLYE . S — a5 G Al 22 575007 . KUK EUCR ISR A RF BEAVFFEERELE R, ik SCZAH
KAGERE VOCs F-AIE,  JEXTER o i 2 22 e AT o D e k0 &8 . 855R: SCZ 415 HC PRI A —E, 5 2111,
13 2HAEARREY . BMI R WAUIR 0 7 1T 25 S ¥ TG 2 L (3 P>0.05). FE I VOCs FRAERS 2 1) RF 157
16 SCZ #.# 5 HC ) s i —E W IX /3 HE J1, AUC 90.900(95% CI 0.812~0.973), TEAAR 432 BI{E N HUE 4 82.4%
(28/34), FEFEEN 82.4%(28/34), TEAFIAFERCE S5 P A HERIR S, AUCHEFE 0.857~0.900, A [FIAFEECER 4%
T~ ROC MIE SRR, P BEAH IPEREAE AT N AR UERESE T ARXSFRE o BT 100 YR 3¢ SLHRHIE 1Y 51 42 1)1 5
5NN, REBEARVEEIER N 0.816, MERZMECNET; B L T R IIR B R 1) 73 JEERE U] AR T I s
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R, R EA G (&5 P<0.001), PLS-DA I AUC 4 0.816(95% CI 0.696~0.953), #HURE Jy82.4%, %
SR 58.8%, FEARFNPEREAR T REALAY  SE Al 22 500 . KL 2R K RF FRAE T A5 5] 10 4
SCZ M KAk VOCSFHE , X m/z 43512971, 119.1, 78.1, 115.1, 108.1, 73.1. 55.1, 56.1. 75.0#1123.1, Hrf,
m/z 78.1, 115.1 F1108.1 F 41 43 5 %3 7 7 (benzene) . 2- P (2-heptanone) FXT F A<} (p-cresol); m/z 97.1 F1119.1 K
THAKME M AT REEE. i PR VOCs KB A HLE 2= > 4 HT ] 76 SCZ B 5 HC [ B HAT X
O3 U SARHRFAE . RFBRLZE M TR A RN P3P B0 EHE SR T o Hh— 2 BRI RE Fr, HMERES T4k 44 PLS-DA
BA IR SCZ AT HY AR B T BT AR R 4B AR, TR SR — VOCs FF-E A Il 7 B AE o i e 15 51
FRMBERE VOCS FHAE K e PGS ] g 5 4 SCZ WP AR A F e 4R LR R

[RER] KM 20T AR ALY ALY SRR TR RIS TCaRI; REAL
AR HLEREE>T s SHEh2W

Breath metabolomic characteristics of schizophrenia
and their potential for auxiliary diagnosis
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[1. Clinical Medical College, Hunan University of Chinese Medicine, Changsha 410007, 2. Department of Psychiatry,
Second People’ s Hospital of Hunan Province (Hunan Brain Hospital), Changsha 410007, 3. Key Laboratory of
Pediatric Rare Diseases, Ministry of Education, University of South China, Hengyang 421001, 4. Hunan Key Laboratory of
Medical Genetics, Changsha 410013, 5. School of Life Sciences, Central South University, Changsha 410013,

6. Dalian Institute of Chemical Physics, Chinese Academy of Sciences, Dalian 116023, 7. Liaoning Key Laboratory of
Mass Spectrometry Technology and Instrumentation, Dalian 116023, 8. National Clinical Research Center for
Mental Disorders, Second Xiangya Hospital, Central South University, Changsha 410011,
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ABSTRACT Objective: The clinical diagnosis of schizophrenia (SCZ) primarily relies on psychiatrists’
comprehensive judgment based on symptom assessment, medical history collection, and
mental status examination. However, in the early stages of the disease, in cases with
atypical symptom presentations, or when differentiation from other psychiatric disorders is
required, diagnosis may be influenced by patients’ subjective reporting, symptom
fluctuations, and differences in evaluators’ clinical experience. Detection of exhaled
volatile organic compounds (VOCs) is a noninvasive, rapid, and repeatable approach that
can provide metabolic information related to physiological and pathological states. This
study aims to compare the characteristics of exhaled VOCs between patients with SCZ and
healthy controls (HCs) using a high-pressure photon ionization time-of-flight mass
spectrometry (HPPI-TOFMS) platform combined with machine learning methods, and to
evaluate their discriminative performance for the auxiliary diagnosis of SCZ.

Methods: An exploratory case-control study was conducted, including 34 patients with
SCZ and 34 HCs. All patients with SCZ were diagnosed independently by 2 licensed
psychiatrists according to the Diagnostic and Statistical Manual of Mental Disorders, fifth
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edition (DSM-5). During study design, participants in the 2 groups were matched by sex,
age, and body mass index (BMI). Exhaled breath samples were collected from all
participants within 30 minutes after waking in the morning. Participants consumed a light
diet on the evening before sampling and avoided foods with strong odors or irritant
properties. Fasting for at least 8 hours before sampling was required, and participants were
instructed not to brush their teeth on the sampling day but only to rinse their mouths with
purified water. Healthy controls stayed for at least 8 hours in the same ward environment as
patients with SCZ on the night before sampling to minimize the impact of short-term
environmental exposure differences. End-tidal breath was collected as the primary
analytical sample using disposable polyether ether ketone (PEEK) sampling bags, and
HPPI-TOFMS analysis was completed within 1 —3 hours after collection. Raw mass
spectrometry data were processed by denoising, baseline correction, peak position
calibration, peak detection, peak alignment, background subtraction, and interval
normalization. A VOC feature matrix with mass-to-charge ratios (m/z) ranging from 20 to
200 was subsequently constructed. Random forest (RF) and partial least squares-
discriminant analysis (PLS-DA) were used to build binary classification models. Model
performance was evaluated using receiver operating characteristic (ROC) curves, area
under the curve (AUC), sensitivity, and specificity. Internal validation was performed using
Monte Carlo cross-validation (MCCV), and model stability and non-randomness were
further assessed through repeated training, prediction probability distributions, and
permutation testing. Candidate VOC features associated with SCZ were identified through
between-group differential analysis, volcano plots, hierarchical clustering heatmaps, and
RF feature selection. Selected significant peaks were subjected to preliminary compound
annotation.

Results: The SCZ and HC groups had identical sex distributions (21 males and 13 females
in each group). No significant differences were observed between the groups in age, BMI,
or smoking status (all P>0.05). The RF model constructed from exhaled VOC features
demonstrated discriminative ability between patients with SCZ and HCs, with an AUC of
0.900 (95% CI 0.812 to 0.973), a sensitivity of 82.4% (28/34), and a specificity of 82.4%
(28/34) at the corresponding classification threshold. After repeated model construction
using different numbers of features, the AUC remained stable between 0.857 and 0.900,
and the ROC curves showed similar shapes across feature sets, suggesting relatively stable
discriminative performance within the current internal validation framework. Based on 100
repeated cross-validation runs, the RF model achieved a mean accuracy of 0.816 with a
concentrated accuracy distribution. In permutation testing, classification performance of the
randomly labeled models was significantly inferior to that of the original model (empirical
P<0.001). PLS-DA model yielded an AUC of 0.816 (95% CI 0.696 to 0.953), with a
sensitivity of 82.4% and a specificity of 58.8%, indicating inferior overall performance
compared with the RF model. Through differential analysis, volcano plots, hierarchical
clustering heatmaps, and RF feature selection, 10 candidate VOC features associated with
SCZ were identified, corresponding to m/z values of 97.1, 119.1, 78.1, 115.1, 108.1, 73.1,
55.1, 56.1, 75, and 123.1. Among these, m/z 78.1, 115.1, and 108.1 were preliminarily

annotated as benzene, 2-heptanone, and p-cresol, respectively. Reliable preliminary

©Journal of Central South University (Medical Science). All rights reserved.



770

PR (BE2EI ), 2026, 51(4)  https://xbyxb.csu.edu.cn
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annotations for m/z 97.1 and 119.1 could not be established based on the available
analytical information.

Conclusion: Exhaled VOC analysis combined with machine learning can identify
discriminative breath metabolomic features between patients with SCZ and HCs. Under the
current sample size and internal validation framework, the RF model demonstrated
promising discriminative performance and outperformed the linear PLS-DA model. These
findings suggest that SCZ-related breath metabolomic information may be characterized
more by multi-feature patterns than by isolated alterations in individual VOCs. The
candidate VOC features and qualitative results in this study may provide valuable clues for

future breath metabolomics research in schizophrenia.

schizophrenia; exhaled volatile organic compounds; breath metabolomics; high-pressure

photon ionization time-of-flight mass spectrometry; noninvasive detection; random forest;

machine learning; auxiliary diagnosis
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BRI BRE 1A T A T S TR B AR 100 C N
60 °‘C, HLER TAEE J129°8 300 Pa, JRi%(ES RHit
KAL) K 60 s, 7E m/z 92 Ab 1 T 4y HE R L) N
4000 LA e vE ), A ORI R 26 m/z 350 LA
X R o AR S YA AL B O R AR HELL A W (U
¥ 1 pmol/mol) I FRHESMA,  LAIEAT I & 42 1) 5 it
R

bR TR R s SR H B AT g 19 MATLAB 5154
MG — R IAL B, s o | JLZRARIE | TR
T e o7 RS L RGN L 06 X 5 B ERCHRE ] B AR o
P BRI, el ik EEER s &
FHTLA R AR, IF LIbR R S IR E T4
BOEMROE, SCELBTIG I E A . 7R A |
B 1] B b oAb 3 T 48— o i B0 38 20 1 ST bR
X A FEARETE T, BRI RIAE m/z 20~200

©Journal of Central South University (Medical Science). All rights reserved.



772

PR (BE2EI ), 2026, 51(4)  https://xbyxb.csu.edu.cn

T N 0.1 B E L KA HE, SRS, £
AAF 5 e HR G — (0 b o SO Sk gl DX DR A T SRS, 9 A
FEAS m/z (BT DX ] [x—0.05, x+0.05) P i 55 U4 1 FRAE
SHAZAFE I 2 t AR AR, DA S BN [R)RE AR [B] AR AE 11
XA, R, 256 BRI S5 R R A AR
MET UG T SR, DUS T REFE(IRA SR
AR S K 2B YR I 20 X ARG 45 R B S . B 4R HL
m/z 20~200 75 Bl Y 1Y VOCs B T-HRE, kg ne <
VOCsF#HIEAERE, T IRssit .
1.3.3 1% VOCs 4 4L 69 1L 5 )2 J&

Xof s A5 B Y DG s g W A T E M . s
of F B2 45 4 HPPI-TOFMS I 40 H B A 1k . AR i i
1 m/z {5 B T REE TR, IS H L Al 2
FHOCHIF 51232733390 Jo 0 SRR e B RL R 17 25 6 F BT
Xt F7E HPPIAS X T Al T LR 2 40 15 —F I (M) s
T FUE[(M+H) IR LAY, 254 S0 m/z
S RO —EE XA AR e A T A 0
R

1.4 GitEFAbE

ST A BS PR RGO X VOCs RAIEFERE, K
G AR 2250 7F- £5 MetaboAnalyst™ 47 )4 —
AL PR K Geit oAt o T BORMR I8 234 15 00 LA B+
Pt 22 B T B CER  DA 8, 55 3 Ui B0 R
2 a] bb A SR 8 37 A AR ¢ 45 56 5% Mann-Whitney U £
5, THEBOR DR (R FoR I HEECR A P K
5% Fisher VIR 3L o Fr G it o3 25 AU G 36
P<0.05 25 G0 X

VAT S VOCs 75 SCZ U 5 HC Z [l (X
SrRETST, RHBENVLAR M (random forest, RF)FI R /]s
& H 5 4> BT (partial least squares-discriminant
analysis, PLS-DA)J7iEMH — 2 iiRl, 24 G2
TR BAE FRE (receiver operating characteristic, ROC)
24 53 B >R FH 2 117 1l 1 52 - 3 38 SR IR
(Monte Carlo cross-validation, MCCV)#47 N EAR
TERFURAE SR, BEALAM 2/3 BREAS ] THEIE E
B PPAL SRR, TR 13 HEAR T T RIS IE 5
MR R MR, B EGET 2, 3. 5. 10&
R B 1= Y i B o = W S DA Sl AT
(area under the curve, AUC). #{UE | Fp5F B & H
95% EfF X[, MPAF I ROC Zk, HLdEfT 100
WA LEIE, FFXFE5RBCTE A

hy i — VPR BRI RS e M SRR LM, S5 S
WE S YIS . TOUI A 238 73 A1 A 404 56 (permutation
test) AT 04T, FEITE A 50ME P {H (empirical P-value).

FERSRY L v, AR TR M B 48 A 07 1 e I AL 1Y
BA s X TR MRERL, o — 25 A4 22 Ul 2k
TR 4 VOCs FHIE I BEBRATR B RAAIE B 2P X 22 57
Wit ATHER . SULEET, 454 Aol B Rk E xd e
HA VOCs (R 22 AR ST T AR b, JF28 6
TR HE e B 25 S AIE 20 BT 435 SR 7 30 VS A A SR 1
VOCs WE(EFFIE . 25 [E R AHIF G 452 M i) R A
58, WL AUCHE R FEAR BEAG T EZ L& 8 bR, JF
JR& A A T B . RS R FH BN ROC I 4R HE
A AL, £ Hanley & MeNeil J7 51158 .
TERR B S5 BRZH 121 L E A 25 1R, 35BS 567K
HE0=0.05, KIGALAEN 1-B=0.80, FFRIFE NI HY
i1, SR RFEHL AUC 11 95% BA5 X 8] T FRAE A 1
HIAUC, F43HrL AUC=0.50 1 MR, K Be A
FIRGE SR TR 2K

24 B

2.1 FARMEEL TR

2RI —E(T 21 6. L 13 4]), FEL AT
22 S RFFAE FE AR ZE R L3 1, SCZ 415 HC 4 7E4F
W% . BMI KW AR 0 45 S 2 5 1 1l 25 S B T Ge i T
27 (4 P>0.05).

2.2 RFREIF S FKiEEE 53568

FEFIEH S VOCs #71E, R RF BRI SCZ
HE HC AT =20 b, 5 RB/R, SEFITH
S, VOCs F A () RF AR AITE SCZ F8 3 5 HC Z [ R H i
MAFIIXArRE 1, HiAUC 20.900, 95% & 15X [E N
0.812~0.973(&l 1A), TEAHN 2K AT, A A
JERBE R 82.4%(28/34), F 5 R 82.4%(28/34), HET
RF B 1 A FOMAE R 20 A i, SCZ B 5 HCAE
T ARE 3 25 (] v S B — A B e (T 1B); R 241
FERSAAAER i S, (HER A B — g X
o3k

FEAFFHESE AT, Z2MCCV EE @5,
A BIRIXT N ) ROC i 23 AR A 5 23 (&1 1C).
Bl RO AR G, AR 0 e 2 B/ N R T S
BT, AUCTHIH 0.857 B4 T2 0.900; A[RI4F
TEECE 5 N AUC I AERFAE 0.857 L b, H 95% &
5 X R B R, /R ARLYE BB AS [ A TR0 2%
PR A RS o #E— 2D ARG VOCs FRAIE A 2 1K RF 5L
FUYI Zha B b A BE R R H B A AT HE Y, 45
F R ER 53 VOCs FRAEAE 22 OB AR I 2k rh g F e 1B
(F1D).

©Journal of Central South University (Medical Science). All rights reserved.



RIS GG AU S D2 WE 1 250 %, 4% 773

*1 SCZAS5HCAMEZ ANOFRIGKRFE

Table 1 Baseline demographic and clinical characteristics of SCZ group and HC group

BMI/ Sex/[No.(%)] Smoking/[No.(%)] First episode/ Relapse after medication
Group n  Age/Years . ) ) )
(kg'm™) Female Male Yes No [No.(%)] discontinuation/[No.(%)]
SCZ group 34 26.24+6.84 22.68+4.22 13(38.2) 21(61.8) 5(14.7) 29(85.3) 14(41.2) 20(58.8)
HC group 34 24.76+4.55 22.4542.20 13(38.2) 21(61.8) 3(8.8) 31(91.2)
1t 1.050 0.282 0.000
P 0.298 0.779 1.000 0.710

Continuous variables are presented as mean+standard deviation and were compared using independent-sample ¢ test. Categorical
variables are presented as frequencies (percentages) and were compared using y° test or Fisher’s exact test, as appropriate. First ep-
isode and relapse after medication discontinuation were recorded only in the SCZ group and were not included in between-group

comparisons. SCZ: Schizophrenia; HC: Healthy control; BMI: Body mass index.
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Figure 1 Classification performance of the random forest model based on breath VOCs

A: ROC curve of the random forest model for discriminating patients with schizophrenia from healthy controls. B: Distribution of
individual-level predicted probabilities generated by the random forest model. C: ROC curves of the random forest model obtained
from multiple repeated training procedures. D: Ranking of breath VOCs features according to their selection frequency in the
random forest model (selection frequency range: 75% to 100%). VOCs: Volatile organic compounds; AUC: Area under the curve;

SCZ: Schizophrenia; HC: Healthy control; ROC: Receiver operating characteristic.
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AUC }0.816, 95% EA5IX ]} 0.696~0.953, LA
. TSR b, REEAISEMEREDL T PLS-DA
P, PLS-DA BRI ROC [k K 7L 5 50 A 4 R
UL 1. 2(https://doi. org/10.57760/sciencedb. xbyxb.
00167).
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Figure 2 Internal stability and permutation test results of the random forest model

A: Distribution of classification accuracy of the random forest model under repeated training conditions. B: ROC curve of the

random forest model in permutation testing.
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Figure 3 Differential characteristics of SCZ-associated breath VOCs

A: Volcano plot of VOCs features between patients with SCZ and HC, with thresholds set at |log,FC|>1 and P<0.05. B:
Hierarchical clustering heatmap of differential VOCs features. FC: Fold change.
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2 SCZHHEIRIE VOCsHHE
Table 2 Candidate VOCs features associated with SCZ

m/z
Group
97.1 119.1 78.1 115.1 108.1
HC group 4560.03+4 464.30 18 731.21£19 121.58 1 934.76+1 716.68 792.18+852.40 2 234.47+2 502.33
SCZ group 1 123.47+2 400.97 9 725.15+15 122.59 947.15+1 663.20 468.41+£533.64 1312.35+1 840.19
P <0.001 0.009 0.019 0.039 0.049
m/z
Group
73.1 55.1 56.1 75.0 123.1
HC group 1202.41+585.66 4500.68+11 532.76 185.47+£133.22 1223.76+1 848.97 223.71£127.52
SCZ group 905.38+774.19 1 061.26+4 307.44 133.35+£164.35 925.56+2 138.00 242.21£193.52
P 0.079 0.108 0.156 0.541 0.643

Peak intensity of candidate VOCs are expressed as mean+standard deviation. Between-group comparisons were performed using

two-sided 7 tests. Candidate VOCs features were selected by integrating between-group differential analysis and RF-based feature se-

lection results; therefore, not all listed features reached statistical significance in univariate comparisons. VOCs: Volatile organic

compounds; RF: Random forest.

®3 BERRAERENTEHTE

Table 3 Qualitative classification of selected significant candidate differential peaks

m/z Tentative assignment CAS No. Theoretical molecular weight/Da Molecular formula
78.1 Benzene 71-43-2 78.047 0 CH;

115.1 2-Heptanone 110-43-0 114.104 5 CH,0

108.1 P-cresol 106-44-5 108.057 5 CHO

The assignments are preliminary tentative results and require further validation. m/z: Mass-to-charge ratio; CAS: Chemical ab-

stracts service.

33t i
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AR 22 5 . AN AHT 5 B EAFAERT, RF
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LA SRR, XS5 AR, BRI 2ihE
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