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Abstract

Introduction: Anastomotic leak (AL) represents a significant complication following gastrointestinal (Gl) surgery,
contributing to increased morbidity and mortality. pH monitoring has emerged as a potential diagnostic tool for the early
detection of AL, but its effectiveness and clinical utility remain to be fully elucidated. This review aims to summarise the
evidence regarding perianastomotic pH monitoring for AL detection.

Methods: A systematic search of relevant databases was conducted to identify pre-clinical and clinical studies in-
vestigating pH monitoring for AL detection following Gl surgery. Studies were screened by two independent reviewers
based on predefined inclusion and exclusion criteria. Data were extracted and presented as a narrative synthesis.
Results: A total of 10 studies were included in the review, comprising animal studies (n = 2), and human studies in upper
Gl (n = 3) and colorectal (n = 5) patients. Consistent findings of lower pH values in patients with AL across various
postoperative time points were demonstrated. There was diversity in the pH detection method, in addition to variable
frequency and timing of pH monitoring. Four studies reported a shorter time for AL detection with pH monitoring vs
conventional methods, although no statistical comparisons were used. No standard pH cut-off value for AL detection was
identified.

Conclusion: pH monitoring shows potential as a diagnostic tool for the early detection of AL following Gl surgery.
While the existing evidence supports its potential utility, further research is required to establish standardised protocols
and assess its clinical impact.

Keywords
anastomotic leak, gastrointestinal surgery, pH monitoring

Introduction y o . :
others may exhibit a more insidious presentation with

Anastomotic leakage (AL) represents a life-threatening
complication following gastrointestinal (GI) surgery. The
clinical consequences include abscess formation, faecal
peritonitis, sepsis, and multiorgan failure, resulting in
prolonged hospital stay and increased morbidity and
mortality." If it occurs following oncological resection,
there is a greater risk of local recurrence and reduced
disease-free survival.’ The early diagnosis and effective
management of AL are crucial in minimising adverse
outcomes. There is a direct link between the timing of
intervention and the severity of septic complications,*’
with a delay in re-operation or definitive treatment es-
calating mortality rates from 24% to 39%.°

AL may manifest in various ways. While some cases
present suddenly with fulminant sepsis and multi-organ
failure, necessitating immediate surgical intervention,

ileus or failure to progress.” In certain instances, leaks
may remain subclinical with no apparent symptoms. In
such scenarios, conventional diagnostic tests may fall
short in detecting AL promptly, thereby hindering timely
intervention and potentially increasing serious morbidity
and mortality.

In this context, a promising approach involves the use
of biomarkers from perianastomotic fluid for the early
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detection of AL.® The tissue hypoxia and ischaemia that
accompanies Al produces an acidic perianastomotic en-
vironment, that other factors, such as bacterial pro-
liferation and inflammation, might contribute to.”'
Therefore, monitoring the pH of the perianastomotic
environment might enable AL to be detected earlier.

The aim of this review was to explore the literature
regarding approaches to perianastomotic pH monitoring
for the early detection of AL following GI surgery, in-
cluding the timing and frequency of pH measurements,
and pH levels associated with AL.

Methods

Protocol and Registration

The protocol for this review was prospectively registered
with Prospero (Registration ID CRD42024500573)."% A
systematic review of the literature was performed in ac-
cordance with the Cochrane Handbook for Systematic
Reviews of Interventions'® and has been reported fol-
lowing the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) guidelines.'

Eligibility Criteria

All studies that described perianastomotic pH monitoring
for AL detection following GI surgery in (i) adult patients
over the age of 18, or (ii) animal models, were eligible for
inclusion. Original clinical and pre-clinical research ar-
ticles were included. Case reports, editorials, reviews,
conference abstracts without available full text, and non-
English language articles were excluded. Studies which
assessed other biomarkers for AL detection were con-
sidered for inclusion, providing relevant data on pH was
extractable.

For this study, pH was defined as the logarithmic
measurement scale of hydrogen ion concentration. Sur-
rogate markers of pH such as electrical conductivity or
impedance were not included.

Information Sources

A comprehensive systematic search was conducted from
inception to 30th November 2023 using MEDLINE,
EMBASE, and The Cochrane Library on 5th December
2023. Additionally, the ClinicalTrials.gov Website was
searched for ongoing studies and authors were contacted
for results. The reference lists of all included studies and
screened full texts were manually reviewed for addi-
tional relevant papers. When full texts were not ob-
tainable via conventional access methods, the authors
and publishing journals were approached to request the
full article text.

Search Strategy

The search strategy was designed using relevant key-
words, including (gastr* OR colo* OR “oesophag*”)
AND (anastomo*) AND (heal* OR leak* OR fail*) AND
(“pH” or acid*) (Appendix 1).

Selection and Data Collection Process

Search results were uploaded onto the Covidence
systematic review software,'® and duplicates were re-
moved. Two independent reviewers (JW and KH)
screened titles and abstracts for eligibility, and full text
for potentially relevant articles for inclusion. Two in-
dependent reviewers (JW and KH) performed data
extraction using a bespoke Excel data extraction
spreadsheet. Any disagreement between reviewers at
either stage was resolved through consensus or with
a third reviewer (JB).

Data Items

Extracted data included: (i) study characteristics including
year of publication, country, study design, sample size,
and setting, (ii) patient demographics including sex, age,
and co-morbidities, (iii) intervention details including
operation(s) performed, method of pH detection, and
frequency of pH monitoring, and (iv) AL detection in-
cluding pH value, interval from index procedure to AL
detection, method for confirming AL, and diagnostic test
accuracy data.

Risk of Bias

Due to the heterogeneity of included studies, the use of
a standard scoring tool for risk of bias was deemed in-
appropriate and therefore a formal risk of bias analysis
was not performed.

Synthesis Methods

Extracted data items were tabulated and a narrative
synthesis approach was conducted in line with the
Guidance on the Conduct of Narrative Synthesis in
Systematic Reviews.'” This approach facilitated
a structured analysis of a broad range of studies. Con-
tinuous data are presented as medians and interquartile
ranges, or means and standard deviation. Categorical
data are presented as frequencies and percentages.
Where diagnostic 2 x 2 table data is provided (ie, true
positives, true negatives, false positives, false neg-
atives), this will be used to calculate diagnostic test
accuracy outcomes, including those not reported directly
in the original paper.
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Results

A total of 3016 articles were identified for title and ab-
stract screening following duplication removal. Following
screening, 18 reports were sought for retrieval with the
results not yet available for 2 studies. The full texts of
15 studies were reviewed and, based on the inclusion and
exclusion criteria, 6 studies were further excluded. An
additional study was identified by hand-searching the
references of the screened full texts, leading to 10 studies
included in the final review (Figure 1).

Study Characteristics

The 10 included articles encompassed two animal
studies'®!” and eight human studies; grouped into five
colorectal surgery’”* and three upper GI surgery
studies.”>’ The individual study results are summarised
in Table 1.

pH as a Biomarker for Anastomotic
Leak Detection

Nine of 10 studies demonstrated statistically significant
lower pH values in anastomoses that had leaked.'®'%->!-?7

The three studies conducted on upper GI patients
following oesophagectomy highlighted the utility of
pH monitoring using gastric tonometry in the detection of
AL, with pH values summarised in Figure 2A. Linder
et al*> observed that each surgical step altering the vas-
cular supply to the gastric conduit in 32 patients un-
dergoing oesophagectomy resulted in a detectable
decrease in mean pH when compared with the previous
step, and a significant increase in mean pH following
anastomosis completion (7.15 +/— 0.13 vs 7.21 +/— 0.11,
P <0.05). In patients with major AL, defined as Clavien-
Dindo®® >3b, the pH was significantly lower on the first
POD compared to those with no AL (7.12 +/— 0.05 vs
7.27 +/— 0.07, P = 0.04). This was confirmed by Tarui
et al,’® who noted significantly lower mean gastric
pH levels in patients who experienced AL (13 out of
39 patients), both on the evening of POD 1 (7.13 +/—
0.05 vs 7.26 +/— 0.02, P < 0.05) and the morning of POD
2 (7.15 +/— 0.05 vs 7.29 +/— 0.01, P < 0.01). They also
calculated corrected pH by subtracting gastric pH values
from rectal pH values, finding a significant difference
from the morning of POD 1 until the morning of POD 2
(P < 0.05). However, they observed that while mean
rectal pH values increased gradually postoperatively,
there was no difference between the two groups.

Identification of studies via databases and registers

Duplicates removed (n=423)

Records excluded (n = 2998)

« Databases (n = 2980)
« Trial registers (n = 18)

Reports not retrieved (n = 0)

Results not available (n=2)

Reports excluded (n = 6)

g Records identified from:
_‘g Databases (n = 3418)
b= Trial registers (n = 20)
5 Hand search references (n=1)
Records screened
(n =3016)
=
=
!
i Reports sought for retrieval
(n=18)
B (- -
g eports assessed for eligibility
o (n=16)
w
E Studies included in the review
3
S (n=10)

« Wrong intervention (n=4)

« Wrong study design (n=1)

« Sleeve gastrectomy suture
line leak (n=1)

Figure |. Preferred reporting items for systematic reviews and meta-analyses extension for scoping reviews (PRISMA) flowchart.

n = number.
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Figure 2. Reported pH values in patients with and without anastomotic leak in studies that report pH values and their post-

operative day; (A) upper gastrointestinal, (B) colorectal.

Machens et al*’ also found that the median pH in six
patients with AL was lower immediately following
surgery and for the following five days, compared to the
six patients with no AL. However, they noted limited
clinical benefit in identifying AL ahead of clinical or
radiological evidence.

Similarly, in studies focusing on colorectal patients,
pH monitoring proved valuable in the detection of AL,
with pH values summarised in Figure 2B. Millan et al**
utilised tonometry in the stomach and at the anasto-
mosis in 90 patients that had a rectal or rectosigmoid
resection. The pH was found to be significantly lower in
patients with AL at both the gastric level (7.3 vs 7.37,
P =0.027) and anastomotic level (7.05 vs 7.32, P=0.0015)
at 24 h postoperatively. However, only anastomotic level
pH at 24 h emerged as an independent risk factor for AL on
multivariate analysis (P = 0.001). Molinari et al*' in-
vestigated pelvic drain fluid pH in 173 patients undergoing
colorectal resection for either cancer or diverticulosis. They
identified a significantly lower pH in patients with AL on
both POD 1 (7.3 vs 7.76, P < 0.001) and POD 3 (7.05 vs
7.83, P > 0.001). Furthermore, a retrospective cohort of
753 patients by Yang et al”® observed that an early and
persistent decline of pH from pelvic drain fluid was in-
dicative of AL, reaching statistical significance from POD
3 through to POD 12 (P < 0.001). Contrary to these findings,
Ge et al*” found no significant difference in pH values on
POD 1, 4, or 7 between the AL and non-AL groups from
peritoneal drainage following rectal resection in 300 patients
(P =0.769).

Seven of the eight human studies reported their method
for confirming the presence of AL.2%?*?%27 This varied
and included a combination of clinical signs (examination
findings, systemic signs of infection, discharge from the
drain or wound), laboratory tests (raised white blood cell
count), radiological diagnosis (computerised tomography
(CT), water-soluble contrast enema or swallow), and re-
operative findings.

Four studies classified the occurrence of AL, with
definitions varying (Table 2). All upper GI studies clas-
sified AL as major or minor,>>” with only Linder et al*’
noting a significant difference in pH between patients with
major AL and those without AL on POD 1. Millan et al**
classified colorectal AL as clinical vs subclinical, however
the combined reporting impedes the comparison of
pH between these groups.

Method of pH Detection

Three main strategies were used to measure pH in the
studies (Table 3). The most frequently used method of
pH measurement used in the studies was the analysis of
peritoneal drain fluid."®*%2* Four studies used tonometry to
monitor intraluminal carbon dioxide, allowing for deriva-
tion of intracellular pH using the Henderson-Hasselbalch
equation.>*?” Among these, two studies included both
gastric and rectal tonometry readings,”**® with Tarui et al*®
additionally calculating corrected pH by subtracting the
rectal pH value from the gastric pH value. Only one animal
study utilised colonic intramural pH monitoring.'”

Four studies described the methods used to calibrate
pH measurements.'®?*2® Three of these studies utilised
tonometric devices calibrated with saline solution,>*2°
and one study used a set of pH buffers to calibrate
a pH sensor.'® Temperature considerations for pH mea-
surements were noted in three studies, with two animal
studies using thermistors to enable temperature-correction
of pH measurements,'®'? while Yang et al*® determined
the pH value at 25°c using a pH meter.

Frequency and Timing of pH Monitoring for
Anastomotic Leak Detection

The included studies exhibited variability in the frequency
of pH readings and the subsequent timing for AL



Surgical Innovation 32(2)

"[e97 dNOWOISEUY “Ty :UONEBIASIGQY

‘wn1daJ Jad snd jo adueydsip uond3sad
BWAUD JO  JO ‘spuocyluad ‘ssadsqe djA[ad ‘urep plowsgiso3dau 040>
sisjeue dnou3qns oN 1D Aq pa1d919 9Ys wouy a8J4eydsip [ed94 Jo snd ‘sen) Jo €19y 06 9Andadsouy ureds 900t 42I® 3@ ey
[e32340]0D)
- selpn1g uewnH
Seq uleJp [BD1AJ9D BU3 Ul PUNO) SEM
Pa.3PISUOD UM SHed| Jofew SSIPNIS  BAI|ES JO J[E USUM OB UOIBWIWE}UI
Ajuo ji paseaJdap uond3Ip ISBUIUOD [e20] wouy uoididsns [ed1uld 03
Ses| A|J4ea .oy Andwouo) dLsed aupnoJ  3NP PUNOM 23U 3Y3 Jo uone.dojdxa 1J0Yyod
Jo sanuadoud aAnoipaud ay] ul Ajuo paynuap| UO paWIuUod syes| [edIARD)  AwoldadeydossO 71 9Andadsouq Auewdsan) 9g4| I 30 suaydely
uonddul  UONIIUI JO SUBIS DIWRISAS PIMOYS
TV Joulw sA Jolew pasuaiiadxa J1Wa)sAS  pue Aep B 92IM) UBL) dJow sagueyd
oym syuaned jo sanjea Hd uesw  jo suSis ou pue  3uissaJp Sulinbau agm d1LiseS Juo 140yod
U99MI13q dUIRYIp Juediudis oN|  d3JeydsIp )33 SIS DJOWOISEUE A3 Wodj adeydsiq  Awoldadeydoss 6§  9Andadsouy uede[ gg6] ozl® 32 Ine]
a3eyjes|
S[I0WoIseUE INOYIM Ssuded
0} paJedwod Aep aAnesadoisod
1541} Y3 Uo Hd uBSW JIMO]| € 340yod
pey syea| Jolew yaim siuaneq uoniuyap oN q¢ ueyy aJow opui udlae])  Awoldadeydosa 7€ 9dAndadsoud  USpPamS /0T & 3 Japur
[eunsa)uloJISED)
Jaddn
- S3IpNIS UewNH
sisAjeue uonesiyissed Hd uoniuyap uoniuyap Ty [ed1ulD/Joleny paw.Joyiad sjuedipnaed ugisag uiBuQ  Jea Joyne 3s.14
TV [e21ulpgng (s)uonesadpo JO JaquinN
[douly

186

‘sdno.8qng es onowoaseuy jo sisAleuy Hd pue

suonluyeQq *Z 2JqeL



187

Walshaw et al

(panunuo>)

pa1e1s 10N pa1e1s 10N

uw 09-0¢ -0}
UoO||Bq J9I9WOUO] OIU|
Pa7E3s JON PIIa3Ul SUIIes %60 TW §'T

J31378d pUE UOO||Eq
33 Ul JIe JO Inoysem
J0oj Jaumodejnuew syl

Aq papuswiwodad uiw Og

p91e1s JIO0N  JO Swil uoneJqI[ed [enu|

Co_ums_uw EAVRIE] |
Joj aunjesadws)
[e20] JO uoneuIWISISP
Joj moje
01 aqoud Joasiwaay |

'sJaynq
3uisn paureiqo Hd
sA andino Josuas
40} S9AIND uone.qI[ed
Jesurq (epeued) 99gand
-aamesadwan ‘syuawinisul YNINVYH)
40§ mole (001 Pue O£ ‘0" HI)

01 Joisiwaayd diyd>-uQ staynq Hd pJepuess jo 195

syuswaJnsesw Hd
Jo uondauiod

sisowolseue
s13sedodeydosao [edIAIed
o1 [@sip wd 7 (VSN ‘YW
‘191S3DUOAA 'S1IIBWOUO | )
Answouol d11ses
Hd [e309y
- Hd o1isesy = Hd pa1dsudod)
(VSN ‘VIA ‘19159240AA
‘soldwouo] ‘duy)
Answouo) [e138. pue J11ISED)
Hd [eluse pue
(purjuiy “Duis;pH ‘epawyo
-x21eQ ‘ONOL-W) 3INPol
Answouo] §S epawyQ
-x21e(] Aq 3uIpJodaJ UM
J91941Ed A)IdWouo) dLiIseD)

SISOWO]SBUE 3} O) [eISIp
wd | pue 9e ‘o3 [ewixoid
w> | 32 (YW ‘pHojswpyD

yroN “du| ASojouyds |

Jejnasep ‘saqouad Hd anssn

pa1eIs 0N 1Inyyy) seqodd Hd [eanwesiu|

ureJp [eauojliad

O3} auljul pa3dauuod

(epeue) ‘Jauayoiry

‘[e21paly |VPIN4) Josuss

paseq-(INVd) auljiuedjod
3uisn Hd [eulwnjesxg

140yod
Awoydageydosa 4l aAndadsoud Auewd) 96| . [B 39 suaYdEl
14oyod
Awoydageydosa 6€ aAndadsoug uede[ gg6| ogl® 30 Inue]
140yod
Awoidageydosa 43 aAndadsold  USpams /0T oI 3@ Japur
[eUS9IUIOIISED
Jaddn
- so|pmg uewnp
3INsul dIWSeYdS! 9dNPpUl
o1 [easip pue [ewixoud
wd | AJ93ussaw
JO UOISIAIp Yum
Asojuowoud [eades ayy (sid)
1B UOD3saU [B32940[0D) s3id ¢ sjopow OAIA U VSN 0661  ,Ie @ dJodeuag

(>es] uado

Aq pamoj|o} pinjy dLsed

jo uoneuidse sjpasu)
>ea] USWOpPQe paso|D)

(Awoyoanses)
>[es| uswopqe uadQo

(s3d)

s8id 7 sjopow OAIA u|

epeued €707 g[8 39 yudny

saIpnIg [eWIUY

aumesadwa ) poylaw uopne.qijeD)

uon>a19p Hd jo poyiapy

pawuopad (s)uonesadp  syuedppaed

Jo JaquinN

udisaq uBuQ  Jes) Joyine 3sJi4

‘8ulioliuoly pue uoneuiwaalag Hd jo poyis|y *€ dqel



Surgical Innovation 32(2)

188

(VSN ‘YW
ulw 09 Jo4 *191SIUOAA ‘S1IIBWOUO |
UoO||eq J333WOUO] O] ‘diu] ) Au3swouos uopd3sa 140yod
pa3els 30N Pa3J33ul dulfes %60 TW §°T JJ0WOJSBUE pUE DLIISED)  PIOWSISOIdaU JO [€109Y 06 aAndadsouy ureds 900¢ LR RV [T
(Auewaan
“p17 snoliodles ‘g |-dd)
4 Ja3aw yd 3uisn pa3sa) ‘uredp 140yod
e paulwJ319p anfeA Hd parels 10N 2lAled Buisn Hd [euiwnexg UONJ3Sa JOLIBIUY €S/ 9Andadso.iay 'UIYD £10T ¢7® 2@ Bue)
pae3s jou Sunsay Hd
Joj poylaw ‘uresp 1J0yod
pa3els 10N pasels 310N dlAlRd Buisn Hd [eulwnjesixg UOI393S3. IOy 09 aAndadsouy BUIYD +10T 2% 3@ 3uoo
sisA[eue [ea1wayd pue Hd 1oy UoI323s3. JIOlIdIUE
uadey ajdwes Jw Q| ‘uredp Jamo| ‘Awoids|odiwsy 2J0yod
pa3els 10N paels 310N dlAlRd SBuisn Hd [euiwnjesaxg o] ‘Awolds|odjwiay IYSry €/1 9Adadsouy A 610T 17|B 3@ Heuloly
(uede[ ‘uoneiodior
AVYDIYY 0£0-XV
XVIW NOILNY) JosAfeue
auln pajewolne A||nj e
Suisn pa3sa) ‘sisowolseue
punoJe uieJp [esuoiliad 14040d
pa3els 30N pa3els 30N Suisn Hd [eujwinjeaix3 UoI393s3. [E193Y 00§ 9Adadsouy BUIYD 1T20T NLECED)
[e30340]0D)
- soIpmS uewnH
aunesadws | poylsw uoneaqijed uond919p Hd jo poyisy pawuopiad (s)uonesadp  suedppued udisaq usuQ  Jes) Joyane 3s.i4
40 JaquinN

(penunuod) ¢ a|qel



189

Walshaw et al

(panunuod)

3eq uresp
[ed1A490 aya ul (O] Aep
uo juaned auo) eAljes
Jo (| Aep uo jusned
auo) Jare Aq Jo (Q| pue ¢
skep skep g
uo sjuaned oma) aus Suimoljo} ayy
J1IO0WOISBUE B3 I8 uo pue AJaduns
uonewwejul [ed0] Aq  Jaye A[9IBIpaWIWI

Y 00:60 & J23jea.4a1 Ajiep pue

240yod
paisajiuew syes)| Jolely  Jamo| Hd uelpsl| uons|dwod dpowolseu. Uy Awoydageydosa 4| 9Andadsold Auewdan) 944 | I 30 suaydely
T
7d0d QOd38uiuiow ‘| gOd uluaAs
¥ dod Suluaow pue | pue 3uiuiow ‘ApAnesado
uo paAJasqo A|feaulp adoOd 8uiuaas -1s0d y g ‘uonesado
sem Aouampuynsul uo 9duaJIBYIp oy jo pus ‘s39|dwod aqny 340yod
J1owWoIseUy weoyiudig  o1sed uaym ApAnesadoenu| Awoydageydosa 6€ aAndadso.y uede[ g46] ogl® 30 Ine]
(y €z
-G | @8ued ‘y g| uelpaw) |QOd
| Aod Jo Suiuiow ‘AjpAnesadolsod
uo 2duaJIBYIP y 7 ‘sdeas 43 9 yoea 1J0yod
paels 10N uediudig Jaye ulw g |- | | ApAneIadoeu| Awoydageydosa 43 aAndadsoud  USpamS /0T & 3 Japun
[eunsaluloISED)
Jaddn
- s2Ipmg uewnH
3ynsul djwaeyds|
9onpuj 031 [e3asip pue [ewixoud
wd ] A423UasaW JO UOISIAIP
yum Aiouowoud [eades (s3id)
- pa3els 10N 09 PUB ‘[T ‘]] ‘6 AQOd  @Y3 3B UONIISAJ [EIDDIO0|OD) s3id g s|opow OAIA U] VSN 0661  ,Ie 2@ dJo3euag
(oes| uado Aq pamojjoy
pinjy o1ased jo uonedidse
3|paau) >es| UsWOopge paso|D
uondnpul es| (Aworoansesd) (s3id)
— joulw Q] UIYIAA snonunuoy) >[ea] uswopqe uadp s3id 7 sjopow OAIA U]  BpPEUBD £70T g[8 3@ yudny
selpmg [ewiuy
Hd anoyaim Hd yam uondarep  Suronuow Hd jo Adouanbauy pawuoyiad (s)uonesado syuedipn.ed udissg uiBuQ  Jea

uono9l3p Y 10} AOd v 104 dOd

Joyane 31s.14

Jo JaquinN

"uo32319(] >ea dnowojeuy Joj Sutionuol] Hd jo Aousnbauy *p 9|qe



Surgical Innovation 32(2)

190

s Jnowolseuy Ty ‘Aeq sAneiedo-1sod ‘qOd :suoneirs.aqqy

Y T 354y ul e
|2A9] d130WOlSseue

(y 8§ 3s41y) Aep aanesadorsod

18 92UBJYIP  PUOISS Uo pareadad pue (Y pg uondIse.l 140yod
pajels 10N jueoyiudis 3s.y) porsad aanesadolsod Ajeg plowdiso1da. Jo [e109Yy 06 aAndadsoud ureds 900¢ 47I® 32 uEly
(8 AOd uesw) 7| Tl © € A0d
pue 9 JOd Usamiaq Wo.y 9dUaIRYIp 140yod
apew sisougelp Ty uedIudig sAep 7| Joj Ajieq UoNDI3SA IOLIBIUY €5/ 9Andadso.ray BUIYD €10 ¢zI® 30 Sue)
(8 AOd uesw) 7| € aod
pue 9 JOd Usamiaq uo 9dUdIBYIP 140yod
apew sisouselp Ty uedIudig (e 39 8ue) wou) £ AOJ uoNJ9sa. JOLISIUY 09 aAndadsoud BUIYD 10T 2|2 3@ 8uoo
(» aod
ueaw) g pue y AOd € pPue | dod UOND3sa JolIAIuE
U99MI9q JUBAD[D. uo 3dUdIBYIP JaMo]| ‘Awo1d3]0d1WaY 110yod
Aj[eaiul> swedsq 1y uedYIUSIS € PUe | AOd 39| ‘Awoidsjodiwsy ysry €/l aAndadso.y A 610T 1|E 3@ LEUOl
sdnou3
VTICLIVEN I ) 14oyod
pa1els 10N ON - P9312319p 10N / PU® ‘% ‘| AOd uondasal [e109Yy 00€ aAndadso.y BUIYD |T0T LR D)
[e303.40[0D
- s9Ipmg uewnp
Hd 3noyum Hd yum uondayep  Surocyiuow Hd jo Adusnbauy pawioyiad (s)uonessdp syuedidn.ed udissqg usuQ  Jesp Joyane 1s.14
uonse1ep v 0y AOd v 404 A0d 30 JequinN

(penunuod) - sjqeL



Walshaw et al

191

detection (Table 4). All human studies utilised non-
continuous monitoring, with a median postoperative
reading interval of 24 h (12 h - 72 h).

All three studies involving upper GI patients un-
dergoing oesophagectomy initiated pH monitoring in-
traoperatively using tonometry.>>>’ Among these, two
studies identified a significantly lower pH in patients
with AL on POD 1.>>° The third study by Machens
et al’’ identified a lower median pH immediately after
surgery and on the following 5 days, noting that
pH values in AL after POD 3 were generally lower than
those within the first 3 days postoperatively. Two ad-
ditional studies focusing on colorectal patients also
identified a significantly lower pH in patients with AL on
POD 1.2'** However, Yang et al>* found no significant
difference in pH on POD 1 and 2. They observed a sharp
decline in mean pH on POD 3, reaching a diagnostic
threshold (6.811 in AL vs 7.325 in non-AL, P < 0.001)
that remained significant until POD 12, with the lowest
mean pH reading on POD 5 in those with AL (pH 5.522).
Gong et al** confirmed these findings by Yang et al,*
identifying that the pH value less than or equal to
6.978 in pelvic drain fluid on POD 3 was significantly
associated with the development of clinical AL (P <
0.001).

An animal study by Senagore et al'® utilised the longest
postoperative pH monitoring period of 60 days. They
identified a 70% anastomotic complication rate overall,
however the timing of AL detection using pH was not
reported.

Continuous monitoring of drain fluid pH using inline
sensors was utilised in one animal study involving sim-
ulated leaks in two pigs.'® The sensors successfully de-
tected the resulting local changes in drain fluid pH within
10 min of leak induction.

Five papers reported the time that AL became clinically
observed.?' 22627 Although most of these studies report
a shorter time for AL detection with pH, there are no
statistical comparisons in diagnosis time using pH vs the
reported methods for clinical detection.

Diagnostic Test Accuracy of pH for Anastomotic
Leak Detection

Five of the included studies specified a pH cut-off value
for the diagnosis of AL (Table 5).'%2"%3*27 Molinari
et al*! identified that drain fluid pH of <7.53 on POD
1 and <7.21 on POD 3 were both independent predictors
of AL. They concluded that pH on POD 1 was useful for
selecting patients who will not develop AL (positive
predictive value (PPV) 24.1%, negative predictive value
(NPV) 99.1%) while POD 3 may identify those requiring
more careful management (PPV 70.59%, NPV 97.44%),
and by combining these values they were able to increase
the diagnostic performance of the pH (PPV 85%, NPV

97.4%). The lowest identified cut-off value was 6.978 at
POD 3, this yielded a sensitivity and specificity of
98.7% and 94.7% respectively. This cut-off value was
explored further by Gong et al*> who identified this value
on POD 3 as an independent predictive factor for the
development of clinical AL (P < 0.001, OR 283.71, 95%
CI 25.54 - 3152.11). However, the wide range in confi-
dence intervals suggests substantial variability in the
estimated odds for predicting AL.

Discussion

This review presents a comprehensive analysis of pre-
clinical and clinical studies focusing on pH monitoring
for the detection of AL. The included studies dem-
onstrate the potential of pH monitoring as a tool for
early AL detection, with lower pH values consistently
observed in patients with AL across various ana-
tomical locations and postoperative periods. Diverse
pH measuring and monitoring techniques were em-
ployed, with gastric tonometry predominantly utilised
in upper GI patients and peritoneal drain fluid analysis
for colorectal patients. Variability in the frequency of
pH readings and timing for AL detection was ob-
served, and further research is required to determine
diagnostic accuracy.

The typical pH of peritoneal fluid ranges between
7.5 and 8.0, with significant buffering capacity.”’ The
observed decrease in postoperative pH in patients with
AL can be attributed to a series of microenvironment
changes, beginning with reduced tissue perfusion.®'~*°
Although the pathogenesis of AL is not fully understood,
it is recognised that leaks seem to be a multifactorial
failure of wound healing, rather than solely due to
technical error.'? Additionally, surgical trauma decreases
the pH of inflammatory exudates,”**" which may also
account for the reduced post-operative pH values in
patients without AL. Furthermore, patients undergoing
surgery might experience systemic reductions in pH due
to factors such as pre-operative fasting, hypovolaemia,
and peripheral shutdown.*? This may also explain the
finding by Millan et al** that both the gastric and
anastomotic pH were lower at 24 h postoperatively in
colorectal AL.

Current diagnostic methods generally detect AL be-
tween day 5 and day 8 post-operatively, however, they
exhibit variable sensitivity and specificity, along with
logistical constraints that may delay timely in-
tervention.®® The studies included in this review dem-
onstrate that pH monitoring may detect alterations in
pH levels associated with AL as early as the first post-
operative day in both upper GI and colorectal patients,
potentially facilitating prompt intervention and miti-
gating the severity of AL-related complications. How-
ever, before pH can be considered a useful biomarker for
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the early detection of AL, several issues need further
clarification. More research is needed to establish the
accuracy and predictive values of pH monitoring, to
determine the cut-off pH values that differentiate AL
from normal tissue inflammation and healing, and to
determine the biological variability in defined patient
populations.

Integrating pH monitoring into routine post-
operative care protocols could offer an additional
valuable tool for multifactoral risk stratification. This
would allow clinicians to tailor interventions including
closer monitoring, further investigations, early initia-
tion of nutrition** and antibiotic therapy, non-surgical
interventions including percutaneous drainage’® or
endoscopic management,*®*” and timely return to the
operating theatre when necessary.

However, the potential influence of perioperative factors
on pH monitoring needs consideration. While the use of
combined mechanical and oral antibiotic bowel preparation
has demonstrated a reduced risk of AL, ***° there was
inconsistent reporting and methods regarding preoperative
preparation across studies in this review. Furthermore, no
analysis was conducted to assess the potential impact of
these practices on pH values. In patients undergoing
emergency surgery, factors such as pre-existing peritonitis
and severe systemic inflammation may alter pH, in addition
to potentially confounding patient outcomes. Moreover,
additional factors such as pre-operative carbohydrate
loading, resumption of oral intake, and influence of post-
operative complications including ileus and surgical site
infection should be evaluated and efforts made to stan-
dardise potential confounders.

Enhanced Recovery After Surgery (ERAS) protocols
have been effective in reducing postoperative com-
plication rates and hospital length of stay.*'**> In ERAS
protocols, routine placement of intra-abdominal drains
after colorectal surgery is discouraged due to evidence
suggesting no improvement and potential worsening of
postoperative outcomes.**** Historically, prophylactic
drains were thought to aid with the evacuation of
perianastomotic fluid collections and enable early AL
diagnosis through faeces or pus content in the drain.*’
However, this is not supported in the literature with
a recent meta-analysis of RCTs identifying that routine
prophylactic drain placement after colorectal anasto-
mosis did not prevent clinical or radiological AL, or
decrease the clinical sequelae of AL-related compli-
cations.*® Furthermore, multiple studies report an in-
creased rate of drain-related complications including
wound infection in patients who had abdominal drains
inserted following GI surgery.*’"*° Despite this, the use
of drains is practised selectively according to surgeon
preference®® and the potential impact of drain fluid
pH analysis for early AL detection remains to be fully

evaluated. The implementation of pH monitoring re-
quires careful consideration, balancing the potential
benefits with the associated logistical and cost im-
plications which conflict with the goal of streamlining
postoperative care.

Limitations

A narrative synthesis was performed to summarise the
diverse range of identified studies in a structured manner.
However, due to the wide heterogeneity of the literature
included in this review, we were unable to conduct
a quantitative comparison outcome measure. Particularly,
there was a large variation in reading frequency and
pH cut-off values for AL detection, largely due to the
limited evidence currently available, and therefore we are
unable to give clear evidence-based guidance. Further-
more, while the included studies demonstrate the potential
utility of pH monitoring in identifying AL, further re-
search is required to evaluate its impact on clinical
management and patient outcomes.

Future work in this field should focus on establishing
standardisation of pH monitoring for AL detection
including frequency of monitoring and methods of
measurement to ensure consistency and comparability
across studies and to facilitate the integration into
clinical practice. Given the varying use of intra-
abdominal drains, future studies should also explore
patient and surgeon acceptance which is a crucial factor
influencing adoption in clinical practice. All human
studies were single-centre, with one retrospective co-
hort and the remainder prospective cohort designs. The
conduct of high-quality well-designed diagnostic test
accuracy studies and randomised trials would further
elucidate the accuracy and reliability of pH monitoring
in AL to allow for the assessment of the clinical utility
in guiding patient management decisions.

Conclusion

These findings collectively highlight the potential role of
pH monitoring as a tool for early anastomotic leak de-
tection following gastrointestinal surgery. The reported
sensitivities range from 75.0% to 98.7% and specificities
from 70.0% to 99.0%, suggesting its potential as an early
warning system for clinicians to tailor their management
strategies to allow for timely intervention and improved
patient outcomes. Future recommendations for research
include examining the feasibility and cost-effectiveness of
routine pH assessment as part of postoperative care, the
validation of emerging pH sensor technologies, and the
clinical use of real-time continuous monitoring to provide
a dynamic and instantaneous understanding of pH alter-
ations associated with anastomotic leaks.
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Appendix |

Database Search Strategy

Search Number Keyword

| Gastr*

2 Colo*

3 Rect*

4 Esophag*

5 Oesophag*

6 Anastomo*

7 Heal*

8 Leak*

9 Fail*

10 Insufficien*

I pH

12 Acid*

13 Impedance

14 | OR20OR3 OR40RS5
15 70OR80OR9O0OR 10

16 Il OR 12

17 I30C0R 16

18 6 AND 14 AND I5 AND 17
19 Limit 18 to English language
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