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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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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 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 (fHFEX )

B R 7R VOCs AT AR, 23— A HHER | FEAS AT TR R . A RER) . RS
PREFRTI . 15 R b A i 35t B OB 0S5 6 N HEBEEAT T 0 b o 15945 T KW 8 VERE 1 & i RIRE
GC-MS 38R % B ¥ CKD WFSbRan) “bnifl”, (HAZIR TZBIFEN AR HT R PTR . A
FEBT . BRAEE G ZITYSHAI, CC-MSEARIFATGE GIRSZHLI, WAELLSEBURG R F= k. SIFT-MS .,
PTR-MS. EESI/SESI-MS#JHEA TETAEA AT PO AE LA IGE 7T, REdE o 5 2 AL BAl R A
ARG L)@, K R PR E pptv Fon], 1A T AR ROX R B T RE AR B TR AR 4T, LLR BUR
HIIFR VOCs BARbrEYy . HAF TS A & HARTREKR . 4P oRkE . EPERE 122 HAREX 47 ]
Gy SRR SRR A, AREIRSSFERE , A LSO R = St 17 IMS B2 ARSI 5 25 AR SR e AR AR A AN
W] LIPS PR AE LA, R S5 A DA R P AR 78 14, (HXPIZREAR I RIRAE T R
TR AN WERASAG T 0 A5 1) 43 BT DG R AR AR I > AR IR AR M e HL AT TR S5 i
IR SIS IR, M EBOR AR AL . SN, ABUE A1 4047 B R B ppby
Fo, W E R GC-MS S5 5 AR CKD WFS0RR RS B & 6 B [0 A% SR e iR A 1l PR
B

ASESGER X TIFR VOCs AN PEREAR T 22 5, 45 WU ST E1 6 CKD W43 7 0 il 2 i S A AR 1
WAAE, P R TETERF R VOCs in S AFE e ], AR RSB, fifik A v e
%A CKD BRI VOCs.

3 BEREM CKDESHRE
ARSOH CARGE Y 2 BT A1 CKD IFACHRRE Y et HL BT AR A1 5 5 2%
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Table 2 Comparison of performance and clinical application prospects of different detection technologies

. Sample pretreat- Suitability for .
Technique Det?Ct,wn Il;enlt) re- Slngle—.test point—of—}::are (?hnTcal produc- 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 ion 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 CARIER) 5 KITER) CKD MR EYMIN G SN 4

Table 3 Comprehensive overview of five kinds of reported potential CKD exhaled biomarkers

Cumulati Multi~technology Metabolic oath Correlation with tra-  Potential
umulative etabolic pathwa
Class VOCs lo i independent valida- | p~ Y Comorbidity interference ditional indicators  of clinical
mple siz nalysi
e tion et (BUN/Cr/eGFR)  application
Nitrogen— NHs3, TMA, n>1000  NH;validated by ~NH;: Ureacycle Moderate: NH; affected by NH; vs. BUN High:
containing DMA ””;“j:j:]‘"’ SIFT-MS IMS, & ornithine cy-  hepatic dysfunction, H. py- r=0. 43— NH,,
compounds N CRDS, sensors  cle!™"'; TMA: lori infection, high—protein 0. 955736769761, TMA
TMA validated by gut microbiota cho- diet, oral hygiene; TMA  NHs vs. creatininer=
GC-MS, SIFT-MS line & carnitine  affected by gut microbiota 0. 57-0. 917797711,
metabolism*""* and diet NHs; vs. eGFRr=
-0. 533"
Sulfur-  DMS, thiols, n=100 DMS detected by DMS: Methionine High interference: DMS af- Not reported Poor
containing  methanethiol [14.21.55] GC-MS and IMS  cycle& transsulfu- fected by oral bacteria(peri-
compounds ration path- odontal disease), diet(sea-
way" "7 food), hepatic dysfunc-
tion'>*
Aldehydes/ Acetone, cy- n=300 Acetone validated Acetone: fatty ac- High interference: acetone 4-Heptanone vs. eG- Moderate
ketones  clohexanone, 1972024250 by SIFT-MS GC—  id B-oxidation &  affected by diabetic ketoaci- FR
4-heptanone MS, PTR-MS ketogenesis ' dosis, starvation, diet, r=-0. 654"/
weight loss 1
Alcohols  2-propanol, n=200 No validation Ethanol: gut fer- Moderate: ethanol affected Not reported Moderate
ethanol [34.42] mentation & di- by alcohol consumption,
etl?33:80] gut fermentation ;
Hydrocar- Isoprene, eth- ~ n=400  Isoprene validated Isoprene: meval-  High interference: iso- Not reported Moderate
bons ane, pentane, [12.19.40.42.81] 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 pre(:ursor[gz' adult levels) , BMI, respi-
pentane ratory rate, blood lipids,

: [40,82]
exercise, gender

3.1 ARLEY

ERME Y CKD FF PRI 2) 1 2 22 R O, F2AEE. DMA, TMA R OE5, H
BT B S DhRE TR B SRR SR IREREIEIR K AL b il i A e . Z0RIET &
R AR R, ZFNEIR FIGER (CPS-1/ S Z IRFE 2 Bt R R A2 ) 5 i JE 2E NI, BUN ZEME R
WAy O N, 72 A REE AR T KA ™ WP S UL . BUN 222 IEAHSR,
EHNTS R RAEC TR, AT SCN SOBENT I IRRCE, A BUN BORTETC B AR ™7 I HOR IR T |
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AR HAS I 7 ik s, PR RITHEAR R CE T, SR EGIEPRIVH SEPELE 2 WS 5T
HSEIEEIRIUE, JFE M SIFT-MS, IMS, CRDS & £ FME G AR RS SURfIA , A dm LA I RS wif 5
) CKD WFAbRaEDD o B R B AP 5 sl SR I8 Bk & B AN T4, ST ARifEfb RAE T %
TMA = B B 773t B 00l £ b A IEASR R B A, 81 T S A o PP A 2 25 S N 4 g AL Ak ok =
We-N-%E4bYy, B S WEHEM s FE AR, TMA =S80 ¥ 2 30 0 A A S 1 N-48 46 A= %,
TMAO (JRHEI>95%) , ifif N-2% B B AV AR il DMA A FERS & & TRk A4, JRIREE S5 ™ . CKD 8%
PSR ST R TR X RS, HHEMZE, ElhERUGEMMENT . TMA SR #E R
WEARIETE “IRIR” B BCEERY, WIVE LRI R bR R, HE AT S R TR
HAGRIT U
3.2 EmiEW

EWA AP CKD WFARFERS S0 A s, F S ERE . DMS, WL ILmimE . N
SEH LR . mEWy , WIAESAHRBIUEIN CKD MR T R PER AL Y IE T A SR 4 ) B e R 1)
PRI AL, S5 IR& R S5 mEm " B BRI B 1 5 85 e oK P
Fhimn EFE, DMS /K 5 i 2w A U R A SR s 2K T 2 A P EmREE . Jmpa 2L
FEUR Bk FIE WY (E LA B 5 R I h BT, T RMIRENT A SERR, S S thag s 5%
MIRCRIOEENE . SHifbaY B ATt se AR By, HEZRE GC-MS R IMS 5/ AR, HY
L5 B SHREFE PRI ELREAH S AR ST, [N SZ2 Ol . IR AP ShRE S W™ S P4, bl P x
VIVE ST AR S #E NI RELAL B B
3.3 ERELEM

FERZEA A A CKD PRI P B 35 FRRE R — 2B EbR Y, 36 H) R fk Py Ak )Y
W BRSO RE A L. B R B S ANV SRAEA G, IR BER IO EE . R . K.
BREEAE CKD JFH IR a7, RN B R WA 2RI v B T . ook B TR HE R
FEERIFETHE, WHEATRERE &S VAT IR BRI B2 Bl . T 0. 28K
(3-F2FE-2- Tl MR EE LTSS . VIl SBEC TR RN G2 RIs =4, 7€ CKD M iR i
FIHE, ENEARCTERE, R AE & RGIR A S E R R T2 ZARIEAEEE R
By SRR BR AU G o T R 2 A A A 5 A v T AR P, A CKD BRI, WTRE S
B FEAPUH ™ SABINAE CKD 4-5 AR A BIECWIREE Dhae T T E R, AR
TEPEVOCs 2 —, = HHRI “FIhRemlzs . REME" ia:, IETaEmiErR. B EY
Hr, 4-BE5 eGFR BIAHSGPEAE S OO SE A I2ARGE™, (H PR BE PRBTME . DL B IR R AR
RXFHEE, HiZZSbREwn 2 oM Bir s =, HiGRFE O E H #i £ ZAIE CKD ik
Wi 2T
3.4 BREEWLKEY

MR A T ZORIE T He R RIS 2SR . 2RI i LA S ANEVE IR 58, IREBEY RS 2
B, 2-NIE . LR 2-23%-1-C 5, WP CRE EEOREFIRE N, A5 i 10 i 5 i i
A B A BEAE i, CKD SRR A FEHE RS R X B DhRE R S E8UE BRSO E
A, BA HAREY T A TR LTS A E A ED . B RERERE S R K ELAHOE, HEUKE
0] T4 B Ak B R FE A SR R E S 2-INREVE IR R NI R P28, A2 AR i b A
M ARG AT T . £ REAE CKD 4~5 342 EIHE S, T8I FAE QI 2= & R AN TE R 85
FET ) 2-ZH ORI A ) 548 B G 58 [ CY PA50 il R 45 RS YIAH L, (HEESRME AT
FSRRFE TP E, Bz bl . SHEARSRIE, HRE RS T0A01.
3.5 BREWLEY

BRI EEMAIEOhE . ki, R I8 HIERPEOMAS . BRI N RIS
DL VOCs, T BT FFIEIH E R AP 5 @ Aa v i B R IR S22 ARl , Ao HIT
S s IR A YIRS, — I IR IR KPR T3 B AR AR A R R
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ZHIRERNE, AR . BMI, B3 RIFIRARRE LTI Lk 5 I A U A AL T,
I3 RIET 03 M -6 ZABANGHTIIR E0S EAW i /3 i A, nl Sy ML S R RS ™ I
WOENT BEVE P I CHOKF B3 S TR SIBEEAT B U5eAE CKD B e & Tt
e RS L ORIET IR S EE AR #EE, CKD EH NS IEHEI O EE TR, Y
FENEBIFREOFRET S, BESAMERIT 1, (EbrEi A —2 SNEPE S G TR,
B g R AL AT SR USR5 O BRIE

4 BEE5RE

ARLLER T CKD FFS, VOCs AT AR BE g SIS TEbRE IR SR DR . FES T EE R 7T, T LA
GC-MS IR EM B L ENEE R . SIFT-MS, PTR-MS Fl EESI-MS 25 {E & 8h 25 Wil 77 1%, LA K& MCC-
IMS., Sl 5 &GS IR SF BRI A . TEREF SRS A, SELEY . B2, Smtsdy.
BEZS . BRI VOCs B IhREM . AL R . Aii v HE O U R A 1R 3L 55 J7 ThT SRk CKD IER
VOCs A Horr, 2. TMA ., PES % ObR B RIRE T . St , mAIER g .

RUE IR, MR G R S TR PR A . FEA R IR L= £ DB E S5k
o Ak, CKDFFS MLl T i 5En . bR ISR EE . TR 45 RSN BB d 43 i
AR, IRFLE RO S EE M FFRE S CKD 24 B R L o OIE RIS, REITEEITES
TEAERR e T | PR T WA, BT & FON T M BRI RS N TR ER S
MR RNE , WR LR EYIA SR, BT MRS IR LRSS BT ;
Heah &R I . KRR EZI T & g, e S PR v B uE o] S, DOmi 2 1% a5
54 R TCANE B, e, PR VOCs o MT A B Scdibniidl . Rl . Rtk 5T s sidk, Aiedk
B MERRTCA] . FEGE . RS A A R A B T
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