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Abstract: Breath analysis—a non-invasive, real-time, and convenient detection technique—has
broad application prospects in early screening, staging assessment, and dialysis monitoring of chron-
ic kidney disease (CKD). This article systematically reviews various techniques for detecting exhaled
volatile organic compounds and their application progress in CKD research, including offline analysis
using gas chromatography-mass spectrometry; online real-time monitoring techniques such as select-
ed ion flow tube mass spectrometry, proton transfer reaction mass spectrometry, and extractive elec-
trospray ionization mass spectrometry; and rapid detection techniques including ion mobility spec-
trometry, optical spectroscopy, and sensors. The main potentials of exhaled biomarkers, such as
nitrogen-containing compounds, aldehydes and ketones, sulfur-containing compounds, alcohols,
and hydrocarbons, are summarized, and their metabolic origins and associations with pathological
processes are elucidated. Finally, a summary and outlook on current research is provided as a refer-
ence for standardization studies of non-invasive CKD diagnostic techniques, discovery of novel bio-
markers, and their clinical translation.
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Fig. 1 Rationale, sample collection, analytical techniques, and classification of exhaled VOC biomarkers in CKD
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Table 1  Summary of various breath analysis technologies applied in CKD screening

Sample size

Detection method Breath sampling method Potential breath biomarkers Ref.
CKD HC
GC-MS Solution trapping 9 - Dimethylamine, trimethylamine [12]
GC-MS Evacuated sealed glass 30 - Isoprene, acetone, pentane [18]
vial
TD-GC-MS Tedlar® bag 14 - Isoprene, dimethyl sulfide, methyl propyl sulfide, allyl methyl sulfide, thio- [27]

phene, benzene

TD-GC-MS ReCIVA® Breath Sam- 10 20 2-Butanone, 3-heptanone, hexanal, acetonitrile, benzaldehyde, butanoic [74]

pler(mask and sorbent acid, decane, dichloromethane, dodecane, ethylenediamine, hexanoic ac-
tubes) id, propylamine, toluene

TD-GC-MS  Tedlar®bag + Tenax TA 14 9 Trimethylamine, pentane [14]
sorbent tube

TD-GC-MS FlexFoil bag + Tenax TA 22 - Trimethylamine, isoprene [20]
sorbent tube

TD-GC-MS Tedlar® bag + Tenax TA 20 10 Trimethylamine, methanethiol, dimethyl sulfide [21]
sorbent tube

TD-GC-MS Polyester bag + Tenax 33 18 2-Methylpentane, cyclohexanone [24]

TA sorbent tube
TD-GC-MS Teflon® FEP bag + 59 - 4-Heptanone, n-octane, n—dodecane [19]

Tenax TA sorbent tube

E-nose+TD-GC- Tedlar® bags + Tenax 22 22 Dichloromethane, dichloronitromethane, 1H-pyrrole-3-carbonitrile, 6-nitro- [26]

Q-TOF-MS TA sorbent tube 2-picoline, trichloromethane, 4H-1, 2, 4-triazol-4-amine, aniline, sty-
rene, limonene
GNP+TD-GC- Gas bag + SPME 37 15  Isoprene, acetone, ethylene glycol, acetoin, styrene, toluene, 2, 2, 6- [75]
MS trimethyloctane,, methyl ethyl ketone, 2, 4-dimethylheptane
SIFT-MS Tedlar® bag 26 - Ammonia [30]

SIFT-MS Direct sampling 19 17 Isoprene [31]
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(8:31)

Sample size

Detection method Breath sampling method Potential breath biomarkers Ref.
CKD HC
SIFT-MS Tedlar® bag 5 — Ammonia, acetone, trimethylamine, isoprene, methanethiol, trichloroben- [32]
zene, ethyl acetate, nicotine

SIFT-MS Tedlar® bag 54 - Ammonia, methanol, ethanol [33]

SIFT-MS Mylar® bag 86 25 2-Propanol, ammonia, acetaldehyde [34]

SIFT-MS Direct sampling 68 54 Trimethylamine, acetone, ammonia, dimethyl sulfide [35]

PTR-MS Adtech bag 50 - Isoprene [40]

PTR-MS Direct sampling 99 3 m/z 115(C,H,,0) [41]

PTR-MS Direct sampling 56 60 Ammonia, ethanol, isoprene, pentanal, heptanal [42]

EESI-MS Ultrapure water 50 50 Creatinine [48]

IMS+TD-GC-MS  Tenax TA sorbent tube 54 28 Hydroxyacetone, acetoin, ammonia [55]

MCC-IMS Direct sampling 6 6 Phenol [56]

IMS+CRDS Direct sampling 20 20 Ammonia [58]

CRDS Direct sampling 12 - Ammonia [59]

OAS Direct sampling 7 - Ammonia [57]

MOS sensor Tedlar® bag 40 - Ammonia [62]

Electrochemical Tedlar® bag 8 6 Ammonia [65]
sensor

Colorimetric Tedlar® bag 44 44 Ammonia [76]
method

Nanostructured Gas bag 125 24 Ammonia [69]
sensor

V-0SC sensor  Gas bag + NaOH desic- 121 - Ammonia [66]

cant tube
V-0SC sensor  Gas bag + NaOH desic- 88 35 Ammonia [67]
cant tube

MQ-135 sensor Direct sampling 51 47 Ammonia [63]

Composite sensor Tedlar® bag 6 3 Ammonia [70]

Flexible sensor ~ Tedlar® bag + silica gel 39 48 Ammonia [71]

desiccant tube
MEMS-Sn0, sen- Tedlar® bag 88 - Ammonia [73]

HC: Health control ({gHEXf IH)

X R 7RI VOCs AT AR, K23t AR | FEAS R TR R . A IRERS . RS S
PREZAGIN . I PR St Al Wi S S OR BRI S5 6 N AEBEHEAT T X b o 4348 T o K e PERE ) S il R,
GC-MS P8R K LIS € CKD WFSbREMN) “Ebrife”, (HAZIR TEBFEH AR TR . A
FEIT . ARG YN, CC-MSHARIEATE A IR, Wk LLSEBUG R = Ak . SIFT-MS .,
PTR-MS. EESI/SESI-MS )B4 TETAEASHT AT PR AE AT INGE 7T, REdE 0 5 2t AL BT SR A
A5 YL, KRR E ppiv B, @A H T AR RGX R E B AR ) T bR i, DU IR
B VOCs BRbrE . U8 TSR A B HARFRESK . dEd Bk . PERE 22 HASREIX 43 [F]
oy SRR A, BIRREIRSFERE, WX LIRS R P2 o 10 IMS B R A I 15 £ ARG SR s A BRASE N
W] SEIFAREA N PR AE LR AT I, R SR G R P2 A B 78 18, (HXPIZRBOR I /IR 7ET R
TEORE RN S HERAAIG, B30 A R 1) 43 A TGS P A A AR I > AR IR B AR I B HL A PR S5 R T
IR SIS AR, G EBOAR A TAL . AR/, AEAGE A5 2047 B R B ppby
Fo, T E R GC-MS S5 5 AR CKD WFURR R4 B & % B (A% SR & iR A Tl PR
BiE .

AR TR VOCs FE I PERE A Pr 22 5%, & TUF 8 &1 CKD WA AT I 00 0 a5 B A7 1
WAAE, PG RIS EF R VOCs i AF A e Im], AR RSB, finik A v g
J§ K CKD MR B VOCs.
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Table 2 Comparison of performance and clinical application prospects of different detection technologies

Sample pretreat- Suitability for

Detection Single—test Clinical produc-

Technique o ment re- 5 point—of—care | Bottleneck
limit . duration . tization prospect
quiremetn testing
GC-MS  pptv level Required Minutes to  Not suitable Low Time-consuming, not real-time, standardization diffi-
hours cult(Tedlar bag contaminant release, adsorption losses)
SIFT-MS  pptv level  Not required Seconds  Not suitable Moderate Equipment size, cost, maintenance requirements,
precursor lon purity control
PTR-MS  pptv level Optional Seconds to  Not suitable Moderate Cannot distinguish isomers, expensive equipment, re-
minutes quires vacuum systems
EESI/SE-  pptvlevel  Notrequired Secondsto  Not suitable Low Cannot distinguish isomers, expensive equipment, re-
SI-MS minutes quires vacuum systems
IMS ppbv level  Not required Seconds Suitable High Limited resolution, compensation needed
Optical in- ppbv level  Not required Seconds Suitable Moderate Limited molecule types, optical cavity contamination
strument sensitive
Sensor  ppbvlevel  Notrequired  Secondsto  Highly suit- High Cross-sensitivity (humidity, temperature, CO interfer-

minutes able ence), long-term stability, sensor aging, requires

large training datasets

3 OIRER CKDESIEEY
RS0 CARIE 1) 2 Rl BEH) CKD MR e LB RE IR 4 M 5 25 SR . ahifky
Wy, BERZAL AN . WAL AW R A, FEMAREAR R . S P SR TIEIS AL . RShE R |
SR TR . SEGAEFROULBF . BUNFIeGFR)KESENE | I 1IN FH BT S48 f AT a0 3 (35 3).
3 CIREN 5 ZETEALEN CKD RS AREM N L 5N 28

Comprehensive overview of five kinds of reported potential CKD exhaled biomarkers

Table 3

Cumulative Multi—technology Metabolic pathway Correlation with tra-  Potential
Class VOCs sample size independent valida- analysis Comorbidity interference ditional indicators  of clinical
tion (BUN/Cr/eGFR)  application
Nitrogen- NHs, TMA, n>1 000  NHjvalidated by ~ NH,: ureacycle Moderate: NH; affected by NHs vs. BUN High:
containing DMA [57’76;‘:;;:77]‘69’ SIFT-MS IMS, & ornithine cy-  hepatic dysfunction, H. py- r=0. 43— NH,,
compounds ' CRDS, sensors clem‘ﬂ'; TMA: lori infection, high-protein 0. 95“7’58'67"’9'7“; TMA
TMA validated by ~gut microbiota cho- diet, oral hygiene; TMA  NH; vs. creatininer,
GC-MS, SIFT-MS line & carnitine  affected by gut microbiota  =0. 57-0. 9157677,
metabolism "7 and diet NH; vs. eGFRr, =
-0. 533"
Sulfur-con- DMS, thiols, n=100 DMS detected by DMS: Methionine High interference: DMS af- Not reported Poor
taining methanethiol f14.21.55] GC-MS and IMS  cycle& transsulfu- fected by oral bacteria(peri-
compounds ration path- odontal disease), diet(sea-
wayizmg: food), hepatic dysfunc-
tion'*!
Aldehydes/ Acetone, cy- n=300 Acetone validated Acetone: fatty ac- High interference: acetone 4-Heptanone vs. eG- Moderate
ketones  clohexanone, 197202425 by SIFT-MS GC— id B-oxidation & affected by diabetic ketoaci- FR
4-heptanone MS, PTR-MS ketogenesis’zg'42J dosis, starvation, diet, r=—0. 654!"°)
weight loss™®!
Alcohols  2-Propanol, n=200 No validation Ethanol: gut fer- Moderate: ethanol affected Not reported Moderate
ethanol [34.42] mentation & di- by alcohol consumption,
et 233801 gut fermentation
Hydrocar- Isoprene, eth- — n=400 Isoprene validated Isoprene: meval-  High interference: iso- Not reported Moderate
bons ane, pentane, [13.19.40.42.81] by PTR-MS, onate pathway &  prene affected by age(dou-
octane, dodec- SIFT-MS, GC-MS cholesterol synthe-  bles every 5-6 years to
ane, 2-methyl- sis precursorm: adult levels) , BMI, respi-
pentane ratory rate, blood lipids,
exercise, gender:w‘u:
3.1 ERKEW
SR CKDIF TS 5 2 0 R, AR, DMA, TMA L%, 3

W E T i B S DO RE T RSB SRR E R IR R AL e A . Z0RIET R
BRI EIR R, SAFIER R (CPS-1/ S E IR 2 WM& 2 ) & UG BEN ML, BUN 28Nk IR
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Weh Y B N, AE L RS20 R IREEVE R KA 7 WP S ALEF . BUN R FIEAE,
ENTE R SRR TR, W SER BOENTIERRZE, & BUN TS ETCGIRAER 7 o P HOR R b |
ARAL 2 HAGI ik i@, PPRER RitFEAR R LT, SIGIRIESE TS PRIAE PR 2 T T 5T
HARRIEE IUE, OB SIFT-MS, IMS, CRDS K& ZFMERESHARRE AN, A B AR # 5
#) CKD P bREY o AHHIG PRI HAT 5 sa Ak 1 B R IR SR B BRI T4, @ rbniffb RFE T %
TMA =% i R [ e & 9 vh e REURD (R Bl P2 A, 280 JER IR AL S ER PRI 9 3% S N 2eU Bl 48 Ak ok =
Je-N-EALY), G ENEHER S AR, TMA 3= B4 I o 2% b a5 10 N-SU4k AR i TMAO
ORHEME>95%) , i N-2% B AR AR i DMA (eSS s 7o) B PRk A, BB S CKD B S/
BRI R PR LB AR, HHEZE, R SRS ZMEIT . TMA R S5 B IS
fEPE “fBEWR” WA, TR LRI B R R R bR Y, HENT e E B %, HA
HEIT AN
3.2 BmiEw

EHAL A YR CKD MU E SR 20 ARy, FEMAEH NS . DMS, LD RGRE . N
FEP LR . wEmy, ATVESAABIEIN CKD BRI 15 R MR T T 8 R [ B e 1 )
BRI, I 2 EAMEH R A SR mE B R BRI R I 55 A K
Fhisii EFE, DMS KF 5 A R % R AR IR A R K B K™, HIEPIIEGIRE . M PIFE
FEGEEFIEM FEZ AR B B B2 S, nTAMBENTAROER, B8RS hhe s 5%
FIRCRIOTEAEM ™ . SHbS Y B aitF et &/, H 3R ZHB GC-MS R IMS SR, H
R4 & ThEeFabrid) EAZAH RE M AR @A, W2 O RSAEE  IRE SR ™ E T8, S
PIVE ST ARE P BE NG RAL AL B o
3.3 EEERWEY

B A CKD MR P B 5. PR S — 2RISR E Yy, 3 in) s fd & A0
W IR AL L ERE R KL BERF B SN R RIEAE, RO EE . R, SR,
FRIEAE CKD SR F WP rp T ™, LRERIR B A A o v 2 T i P R R TR HERR
JEESRIE T, PIHETRES A &SR . BRI R 70 > E2s E B Ea . T . 258
(3-F83L-2-T i) I L% . PRI Sk TR AR AR AR P, 78 CKD ER NP Ak B
FIE, EANTEARCTRE, R GE R RBPRAS SRR > T 2 SRR 2R
B2 A SRERIATR TR A S . T i S AR AR AR i T AR P24y, 7E CKD FIEITF iy, vTRE Sk
S FEILPUHE R CARIRTE CKD 4~5 B2 BT BHEZEIREE e FREHITHEER, AIREERE
fEPEVOCs 2 —, =F MBI “EIhReizs, EME" E, FFTeaEimiErk. B EY
W, 4-PEfi S eGFR MAH S HEAE S P ORI A I RGE ™, (H PSS B PR EE . DU AR &R
AR TR, HiZ2bnEY N 2o Bnbsdn e =, Hilk R E B 37 3 ZRIHE CKD ik
Wi AR RS
3.4 BEEWLKEY

R B F ZORIE T he B AR IR . R L ANEE IR 288, REEY RS L
B, 2-II% . S REfI2-236-1-C % . RPN AREEZRIETIR BN, i i 1 i 5 i
FE& B BB AR R, CKD SB35 BRI & BRI e B Dhae R S B0EBRE , WA ORHRE R
FIE, BA HARAREY T H TR B E QW ED . BHEERFES AR G, HIRROKP
o] T A BN BT R F A A R QR 2- I EEVE A PR PR IR JE PR, AR IS - A
WA AR T T Y . 2 AR CKD 4~5 152 ETHRES, ATREVE T4 I & R sk SME TR BT
FET ) 2-LFEC RN A BN 5 AL O g 2 CYPASO il 245 RS IR, (HEE2R b S k&
KRBT E, Bz 2ty SHEARTRIE, KRGS EHR .
3.5 BRULEW

BRRAEGYFEEARE O . e, TR K. HIERRPR OIS IR M N R il
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DL VOCs, FERIET HAERRE A & Bo& e b B BRI s AR SR, AN A H It
S B IR A YIRS, — SR R KT R TS B AR AR A e R R R
ZHRRRE R, ZAENS . BML, B3 WA B 2 Y. Ok SRR TUd A R,
3 RIETF 0-3 Fl 0-6 2 ANBRIREHHTR Ed S o i 72, o] SEid SR S0 B SeRARS 1
BT BB L eK-F 032 TR A S AT s ek e CKD I R 257t
5 FERIMEYZ RIET IR SR AR #EE >, CKD BF B NEHE DI TR, R ifE
ENERIFFEOP R ET S, BESEALN IR T, (EAREIREA 3 SNEETG G IR,
PE S PRALAAT 5 55 R RIS 2 O BRIE
4 BESRE

ARILLER T CKD M VOCs 70 AT B R 3 e SIS HEbR B Bk . B BOoR i, 2B &L
GC-MS MR FEM & ETEE R . SIFT-MS. PTR-MS Fl EESI-MS £ 1E 28 3) 23 W I 77 7 DL K MCC-IMS |
Nl 5L R RS PRI B AR . FERTENFSbREY T, SR GY . BEEZE . Stk . Bk,
R VOCs NEDREM S . AR . Wil A B R U8 B Ris AR 28815 J7 T et CKD RS VO Cs 1Y AZ
fb; Hrr, &, TMA., WEISAZ.OREYRIETE . A E, mEIRRFAIE .

R REE, SRt 0wl RS Wi bRt A 2 | FEAR AR k= 2 40 RiE 554k
o Ak, CKDWF iR ELL T J7 I sl 58 . @i AniE AL R SCREE | PlE 48 . AU S 888 oA
HikE, PRIt Sl EE M PR CKD A0 A KL L thO G R ST , REEEAEIESR
TETEPRAEIAE T . 23 IR0 . B PEAS 2201 e IR ) L SE A RE s TREERL G N TR RE R L 5
UGN, WREZSPREYERE 2R, IR M-S IR LU RO B AT 5
e bt L. KRR E 2177 & R, JFE RS RIR GG th gE T S, i i fm R W
W54 R EVE M, R, FFRVOCs AT A B e iibnififl . Kiefh . Raefb 5n g8, higk
BTGRP R A S T
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