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Abstract

Background

Sepsis and infection are the leading cause of morbidity and mortality after surgery, but the
inflammatory response to the trauma of surgery can make diagnosis challenging, and no
biomarker with high diagnostic accuracy has been discovered or implemented in clinical
practice. Carbon-13 breath delta value (BDV) is the ratio of the Carbon isotopes *?C and *C
in breath, where approximately 99% of universal carbon is 2C and 1% is *C. Data suggests
a shift in BDV during high metabolic states, for example sepsis, measured using infrared
spectroscopy. 13C BDV has been shown to be discriminant as a novel diagnostic marker for
sepsis and infection. This thesis assesses present putative biomarkers and novel breath and
circulating biomarkers following major hepatopancreatobiliary (HPB) surgery and Liver

Transplantation (LT) to diagnose postoperative infection/sepsis.

Methods

A meta-analysis of Procalcitonin (PCT) and Interleukin-6 (IL-6) was performed. A
prospective cohort of 20 participants undergoing HPB surgery and 20 participants
undergoing LT were recruited. Breath samples were collected from baseline preoperatively,
and on postoperative days (POD) 1-9, with plasma and peripheral blood mononuclear cell
(PBMC) samples preoperatively, POD1, 4 and 8 in the HPB group, and 2,5 and 8 in the LT
group. Breath samples were analysed using infrared laser spectroscopy to generate BDV
(per mil). Plasma was analysed for 9 proinflammatory cytokines using MesoScale Discovery
(MSD) immunoassay, PCT using ELISA, and cell surface marker expression on monocytes
was phenotyped using flow cytometry in the HPB group. Differences between groups who
did and did not develop infective complications was analysed using two-way Analysis of

Variance (ANOVA), Mann Whitney U test, and diagnostic accuracy.
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Results

5/20 HPB participants developed infective complications, mean day of diagnosis POD5.
There was no difference between BDV in patients with or without infection. Monocyte count
was increased in infected participants at all timepoints, and monocyte expression of
programme death-ligand 1 (PD-L1) on POD1, Cluster of differentiation 155 (CD155) and
Human-leucocyte antigen - DR isotype (HLA-DR) on POD4 were upregulated, +13.09%
(95%CI 1.59 to 24.61, p<0.05), +422.5 mean fluorescence index (MFI) (95% CI -770.9 to -
73.68, p<0.05), and +19.02% (95% CI 37.58 to 0.45, p<0.05) respectively. 4/20 LT
participants developed infective complications, mean day of diagnosis POD5. There was no
difference in BDV, CRP or sequential organ failure (SOFA) score in patients with or without
infection. Interleukin-12p70 (IL-12p70), Interleukin-2 (IL-2), Interleukin-4 (IL-4) and tumour
necrosis factor o (TNFa) were upregulated and Interferon-y (IFN-vy), Interleukin-6 (IL-6) and
Interleukin-8 (IL-8) were downregulated on POD2 and 5 following surgery. Cytokines were

not significantly different between participants with and without infection.

Discussion

In this prospective cohort, BDV was not significantly different between groups following HPB
surgery or LT. Monocyte expression of PD-L1, HLA-DR and CD155 is associated with
infection, +13.09% (p<0.05), +422.5 MFI (p<0.05), and +19.02% (p<0.05) respectively
following HPB surgery. Proinflammatory cytokines were not significantly different between

groups following HPB surgery or LT. All markers performed poorly as diagnostic markers.

The innate immune system is dysregulated in infection following major HPB surgery. In this
cohort BDV did not predict infection. Further investigation of novel biomarkers including BDV
and soluble monocyte markers in a higher-powered study is required.
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1 Introduction

1.1 Overview

Sepsis is a leading cause of critical care admission and mortality, and is a major cause of
postoperative morbidity and mortality.(1-3) Surgical site infections are estimated to double
postoperative length of stay, and significantly increase the cost of care.(4-7) There is
growing interest and research into biomarkers as early predictors of disease, including
postoperative infection, to allow for informed decision making before clinical deterioration. As
we learn more about host signalling in the immune response to disease and injury — there is
potential to utilise use these signalling biomarkers to predict deterioration before traditional
clinical and biochemical signs. Early antimicrobial therapy improves morbidity and
mortality,(8) although clinical and biochemical signs are shown or may be tested several
hours of even days after infection develops. Conversely, non-targeted antimicrobial use risks

generating antimicrobial resistance which can contribute to morbidity.(9-11)

The physical injury of an operation, particularly major cavity surgery involving disruption of
the gastrointestinal or biliary tract, initiates physiological systemic inflammatory responses.
Invasive procedures create potential sources of microbial contamination in sterile spaces
and sites for infection. Traditional clinical signs and biochemical investigations are not
specific and attributable to disease processes. Biomarkers commonly used to guide clinical
decision-making including leucocyte count (WCC) and C reactive protein (CRP) are acute
phase markers that can increase in response to major but sterile surgery, limiting their
specificity for infection in the postoperative phase. No new biomarkers have been
implemented in clinical practice, and there is a need in the post-surgical setting to diagnose

postoperative infection before sepsis develops to guide antimicrobial decision making.
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The aim of this thesis is to examine Carbon-13 breath delta value, a potential novel non-
invasive diagnostic biomarker of post-surgical infection/sepsis, along with the cytokine and

monocyte response to hepatopancreatobiliary surgery and liver transplantation.

1.2 Sepsis, Infection and Surgery

Sepsis is a clinical syndrome describing the dysregulated immune response to microbial
infection, and can cause organ damage, shock, and death.(12, 13) With increasing
incidence, 123,000 cases in England in 2015 and a sepsis-associated mortality of 29.9%,
there has been a National Health Service England campaign to improve diagnosis and
management of sepsis, and reduce avoidable deaths.(13) Surgery — particularly major
abdominal surgery with disruption of the gastrointestinal tract containing gut microbial flora —
creates potential sources for infection at the surgical site, and risks associated infections due
to procedures such as urinary catheterisation, central venous catheterisation, lung
atelectasis (following ventilation and due to postoperative hypoventilation), all of which are
potential sites for infection to develop. Sepsis is the leading cause of mortality in critical care
and is the leading cause of postoperative morbidity and mortality. Surgical site infections are
estimated to double postoperative length of stay and significantly increase the cost of

healthcare.(2-7)

Early antimicrobial therapy has been shown to improve morbidity and mortality,(8) The
Sepsis Six care bundle was shown to reduce the relative risk of death by 46.6%, including
administration of broad spectrum antibiotics, and was implemented nationally as part of the
sepsis strategy.(14, 15) Onset of change in clinical observations, or change in
haematological/biochemical markers of sepsis may be tested or observed several hours or
even days following the onset of an infective process. Therefore, there is significant clinical

need for a diagnostic marker during the preclinical phase of infection were this possible
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Sepsis-6 care bundle(1)

Give high-flow oxygen via non-rebreathe bag

Take blood cultures and consider source control

Give intravenous (1V) antibiotics according to local protocol
Check lactate

Start intravenous fluid resuscitation e.g., Hartmann's or equivalent

o g s~ w N PE

Monitor hourly urine output and consider catheterisation

Inappropriate antimicrobial use increases both morbidity and mortality as non-targeted use
risks antimicrobial resistance.(10, 11, 16) There is a weight of evidence for antimicrobial
stewardship, as unnecessary exposure to broad spectrum antibiotics in the lifetime of an
individual and the cumulative effect on a population could lead to antimicrobial resistance

and increased incidence of multi-drug resistant organisms.

There is growing interest and research in the use of biomarkers as early predictors of
disease - including postoperative sepsis — to inform clinical decision making before clinical
deterioration. As we learn more about the signalling in the human immune response to
disease and injury — there is potential to utilise use these signalling biomarkers to predict

clinical outcome or deterioration.

In the context of surgery, the physical injury of an operation — particularly major cavity
surgery —initiates a systemic reaction, the ‘Acute Phase Response’ (APR). This means that
traditional clinical and biochemical signs are not always specific and attributable to disease
processes. The issue is clouded further in transplant surgery, where immunosuppression,
steroid administration, and organ support during recovery from major surgery modulates
normal clinical and biochemical responses — making diagnosing postoperative sepsis a
greater challenge. Typically, a surgical patient may have perioperative prophylactic antibiotic
to control bacterial contamination at the surgical site and limit the development of surgical
site infection, with a postoperative course depending on the level of contamination.
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Prophylaxis can be discontinued in patients making a good recovery without signs and
symptoms of infection, minimising use and limiting antimicrobial resistance, but can be
continued or escalated in patients with persistently raise inflammatory markers or features of
sepsis with therapeutic intent to control infection. There is a role for biomarkers specific to
sepsis in the context of surgery, which may quickly and reliably diagnose postoperative

sepsis to guide clinical management and antimicrobial use and improve clinical outcome.

1.3 Immunity

The immune system is a network of cells, tissues and molecules that protect the host — in
this case human patients — from harmful pathogens and works to prevent or eradicate
infections, and stimulates a response to repair damaged tissues.(17) It is divided into the

innate and adaptive immune systems.

The innate immune system, or natural immunity, acts in response to pathogens to induce
inflammation by accumulating and activating leucocytes and plasma proteins at the infection
site. Monocytes are a type of peripheral blood mononuclear cell (PBMC), which can
differentiate to macrophages, which perform phagocytosis of pathogens, and dendritic cells,
which are antigen presenting cells, presenting antigen on their cell surface to T cells in the
adaptive immune system. Chemical mediators called cytokines to recruit immune cells to the
infection site, activate the complement cascade , remove pathogen via phagocytosis, and

activate the adaptive immune system through antigen presentation.

The adaptive immune system is slower and more specialised, compromising of humoral
immunity by B lymphocytes, which recognise antigen and produce antibodies to block and
eliminate extracellular microbes, and cell mediated immunity by helper T lymphocytes, which
eliminate phagocytosed microbes, and cytotoxic T lymphocytes which Kill infected cells and
clear reservoirs of infection. The adaptive immune system will not be examined in this thesis.
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Figure 1-1 Principle mechanisms of the innate and adaptive immune system[16]

Acute Phase Response

The acute phase response (APR) is initiated by the innate immune system in response to a
pathogen or injury, such as bacterial lipopolysaccharide (LPS). Monocytes and
macrophages recognise the injury or pathogen and produce inflammatory cytokines. These
cytokines act on liver hepatocytes which produce acute phase response up to 1000-fold,
including production of antimicrobial proteins e.g. CRP, LPS-binding protein, and coagulation
proteins e.g. fibrinogen, downregulating others e.g. albumin, and when combined effect may
induce leucocytosis, fever, thrombocytosis etc.(18) The clinical syndrome used to describe

the effects of acute phase response is the systemic immune response syndrome (SIRS).
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Monocytes

Monocytes are a large mononuclear white blood cell, whose cytoplasm is equipped to
synthesis secretory and membrane proteins. Produced in bone marrow, they circulate in
blood in a relatively low proportion, and settle in tissues, differentiating to macrophages and
dendritic cells. Monocytes are attracted to sites of infection or injury by endothelial adhesion
molecules. Monocytes express cell surface molecules called the cluster of differentiation
(CD). CD molecules often act as receptors or ligand that change the behaviour of that cell.
Hundreds of CD molecules have been discovered, and there is ongoing research into how

their expression related to disease, with potential diagnostic and therapeutic utility.

Cytokines

Cytokines are intercellular signalling polypeptides, produces by many cells and with usually
many roles. The main pro inflammatory cytokines are including interleukin-6 (IL-6),
interleukin-1p (IL-1B),tumour necrosis factor alpha (TNFa), interferon-y (IFN-y)and
interleukin-8 (II-8). These cytokines can be produced by many cell types, but at the induction

of APR it is predominantly by macrophages and monocytes at the site of inflammation.(19)
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Figure 1-2 The Acute Phase Response[19]

Immunity and Liver Disease

The immune system is dysregulated in liver disease. In cirrhosis, after longstanding injury

(from alcohol, infection, autoimmunity etc), healthy liver cells are replaced by fibrotic tissue,

causing cirrhosis. This results in immunodeficiency, as the liver loses its local immune
surveillance capability, and its ability to produce acute phase proteins in the acute phase

response. Simultaneously, immune cell stimulation by pathogen-associated molecular

patterns (PAMPSs) and damage-associated molecular pattens (DAMPS) from the gut lead to

systemic inflammation and upregulation of proinflammatory cytokines.(20) This is known as

cirrhosis associated immune dysfunction. Acute liver failure (ALF) is a syndrome of acute

onset liver failure due to overwhelming hepatocyte death and multiorgan failure, and is

associated with a systemic inflammation and functional immunoparesis, also presenting with

immune dysregulation.(21)
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Immunity in Cancer

Many cancers disrupt. the immune system by causing systemic inflammation.(22) Many
cancers disrupt haematopoiesis, leading to leucopenia, often with expansion of immature
monocytes and neutrophils which amass at the tumour site, and dysfunctional antigen
presentation by dendritic cells.(23) This immature cell population gathering at the tumour site

leads to systemic immunosuppression.

1.4 Biomarkers

C-Reactive Protein

C-reactive protein (CRP) is an acute phase protein upregulated in APR with broad functions.
CRP binds phosphocholine on dead or dying cells and initiate their phagocytosis, as well as
activating the complement system.(19) CRP further induces monocytes to produce further
pro-inflammatory cytokines, and PBMCs to produce tissue factor, a procoagulant(24, 25)
CRP is one of the routinely used biomarkers in hospital, as quick and relatively inexpensive
assay in plasma, clinicians use it to support the diagnosis of an inflammatory or infective
process, an monitor for improvement or progression of inflammatory or infective processes,
and to guide clinical decisions. In colorectal surgery following resection and anastomosis,
many colorectal surgeons use CRP at postoperative day (POD) 3-5 as a screening
biomarker of anastomotic dehiscence, with one meta-analysis giving a pooled area under
receiver operator curve (AUC) of 0-81 (95% CI 0-75 to 0-86) and a negative predictive value

(NPV) of 97% on POD3 with a cutoff of 142ng/L.(26, 27)
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Leucocyte Count

Similarly, to CRP, the leucocyte count (or white cell count, WCC) as part of the full blood
count has long been used as a marker of sepsis or infection. It measures all white blood
cells in each sample, and their subgroup counts are presented in the full blood count. WCC
>12 x 10°%/L or <4 x 10°%L is part of SIRS and Sepsis-6 criteria. Clinicians use WCC to
support the diagnosis of an inflammatory or infective process, a monitor for improvement or
progression of inflammatory or infective processes, and to guide clinical decisions.
Leucocytosis is part of the APR, which is a response to both infection/sepsis and tissue
injury — as happens in surgery particularly major cavity surgery. The leucocytosis of APR to
surgery cannot reliably be differentiated to a response to sepsis/infection, limiting WCC utility

following surgery.

Clinical observations

Monitoring of clinical observations or vital signs has long been a key part of hospital care
and nursing. Measurement of heart rate, blood pressure, respiratory rate, oxygen saturation
and temperature help clinicians assess a patient’s clinical condition and monitor for
improvement and deterioration. These have been used in the National Health Service as
‘medical early warning score’ to trigger clinical assessment and intervention, and improve
patient outcomes, with a 54% reduction in the number of cardiac arrest calls in one
study.(28) These clinical signs are deranged in sepsis representing a physiological response

after an infective insult has occurred, which is a limitation.

Each of these markers is used to raise suspicion of an infective process to sepsis, but all can

be triggered by the tissue injury response in the early postoperative phase. There is a role

for a novel biomarker to diagnose sepsis/infection in the early postoperative phase.
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Novel Biomarkers

To understand the existing evidence for biomarkers of postoperative sepsis and infection, |
conducted a systematic review of available literature on the perioperative use of novel
biomarkers in diagnosing postoperative sepsis in patients undergoing major abdominal
surgery. The strength of evidence is examined to assess whether novel biomarkers have a
role in current practice, or whether further research should be done to discover or validate

other biomarkers.
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1.5 Qualitative Synthesis: Observational Studies examining the Diagnhostic
Accuracy of Biomarkers of Sepsis and Infection following Major

Abdominal Surgery

Methods

Search Strategy

An electronic search of MEDLINE, EMBASE and Cochrane Library was conducted using the
terms ‘sepsis’ (Medical subject heading (MeSH) Major Topic and keyword) or infection
(keyword), ‘biomarker’ (MeSH term and keyword), and ‘surgery’ (MeSH term or keyword) or
from 1996 to June 2020 (searches in supplementary materials). Only human studies and
English language studies were considered for inclusion. Bibliographies of relevant studies
and the ‘related articles’ link in PubMed were used to identify additional studies. Any study
published only in abstract format or unpublished reports were excluded from the analysis. All
citations and abstracts identified were thoroughly reviewed, and secondary references were
obtained from the key articles. Studies were reviewed for relevance to diagnostic biomarkers
for sepsis in the early postoperative period in patients undergoing major abdominal surgery.
Study design and technique were reviewed. Studies were screened by title, abstract, and full
text articles were assessed for eligibility with relevant studies included in the synthesis. The
Preferred Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) guidance

was utilised.(29)

Inclusion Criteria

Included studies analysed the diagnostic performance of biomarkers for sepsis or infection in
patients undergoing major abdominal gastrointestinal (Gl) and Hepato-Pancreato-Biliary

(HPB) surgery, including transplantation with cutoff values. Abdominal aortic surgery was
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excluded. Studies were evaluated for duplication or overlapping. Adult and paediatric

patients were included, but studies on neonatal patients were excluded.

Exclusion Criteria

Studies were excluded if they reported data from small patient cohorts (<10 patients), or
there was overlap with institutions or patient cohorts already published in better quality

studies.

Outcome Measures

The primary outcome of interest was the performance (sensitivity and specificity, AUC) of
biomarkers in detecting postoperative sepsis. Secondary outcomes were to look at time
advantage of the novel biomarker over traditional markers (e.g. Leucocyte count, C-Reactive

Protein), and clinical diagnosis of sepsis. Confidence intervals (CI) are reported where given.

Study Selection

Abstracts identified by the search were reviewed to exclude those that did not meet the
inclusion criteria. When no abstract was available or the abstract details were inadequate,
the full text article was reviewed. Full text articles unavailable online were retrieved using

library services.

Results

24 Observational studies and 3 systematic reviews were found that examined the diagnostic
performance of biomarkers in postoperative sepsis or infection. 161 were excluded because
incomplete results were presented (Figure 1-3). Results are summarised in
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Records identified through Additional records identified
database searching through other sources
(n = 4909) (n=11)

Records after duplicates removed
(n=4362)

A 4

Recordsbscreened by Records excluded
abstract > (n = 161)
(n=216)
4
Full-text articles assessed Full-text articles excluded,
for eligibility with reasons
(n=55) (n =36)

13 Not assessed as diagnostic
tests with cut-off values
9 Different outcomes

A 4

Studies included in 5 Inadequate data to construct
qualitative synthesis 2x2 contingency tables
(n=19) 9 Other

Figure 1-3 PRISMA flow chart of included studies in the systematic review examining the diagnostic
accuracy of biomarkers of sepsis and infection following major abdominal surgery

Cytokines

Interleukin-6

A prospective cohort study by Boersama et al examined TNFa, IL1B and IL-6 in 47 adult
patients who underwent oncological colorectal resection.(30) TNFa and IL13 were not
detectable in all patients, however IL-6 ratio >1.21 on POD1 gave AUC, sensitivity and
specificity of 0.825, 0.76 and 0.86 respectively (95% CI 0.69-0.96), compared with AUC of
0.73 for CRP (cut-off value not given). AUC for IL-6 ratio and CRP on POD3 were 0.8 and

0.73 respectively, however timing of infectious complications was not given. These results
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suggest IL-6 ratio on POD1 performs well to predict postoperative infection, however the
paper does not describe the timing of onset of postoperative infection, and incidence of

postoperative infection was high (46.8%). The main aim of this study was to examine the
relationship between systemic inflammatory cytokines and post-operative ileus, however

results did not achieve significance.

Grammatikopoulos et al examined the utility of IL-6, PCT and CRP in differentiating
infections and rejection in paediatric liver transplant recipients in a prospective cohort study
of 58 patient.(31) PCT and IL-6 performed well as biomarkers of postoperative infection, with
AUC, sensitivity and specificity in bacterial infection vs rejection were 0.842, 0.96 and 0.73
for IL-6 (p<0.0001 compared to 0.5 area), 1.0, 1.0 and 0.91 for PCT (p<0.0001) and 0.739,
0.96 and 0.36 for CRP (p=0.0046). Samples were taken at different time points for different
patient groups — day 1, day 7 and at the point of a febrile episode and combined in the
analysis. The inconsistency in the timing of biomarker sampling limits the ability to draw

conclusions on their diagnostic accuracy.

Mokart et al assessed the diagnostic performance of IL-6 and PCT on POD1 in 50
consecutive patients undergoing major elective Gl or gynaecological resection.(32) IL-6
yielded the highest diagnostic accuracy, with sensitivity, specificity and AUC were 0.9, 0.58
and 0.821 (95% CI 66.1-98.2) for IL-6, 0.81, 0.72 and 0.749 (95% CI 60.2-89.6) for PCT, and
0.63, 0.72 and 0.664 (95% CI 49.3-83.5) for CRP respectively. All septic events occurred
after POD2, with authors concluding that IL-6 and PCT are early markers of postoperative

infection.

Zant et al conducted a prospective cohort study of 25 consecutive paediatric patients
undergoing liver transplantation examined IL-6, PCT and CRP preoperatively and for 7
consecutive POD.(33) Median age for the population was 2 years, with a range from 19 days
to 16 years. IL-6 performed well with AUC, sensitivity and specificity of 0.95, 1.0 and 0.89
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compared to PCT 0.52, 0.82 and 0.34 respectively. Authors observed that in non-septic
patients IL-6 peaked on PODO then dramatically decreased from POD1, compared with
persistently raised values on POD1-7 in septic patients, and significantly correlated with
sepsis (p<0.001). PCT peaked at PODL1 in non-septic patients, followed by as steady decline
on POD2-7 contributing to poor specificity (0.34), while PCT in septic patients was
persistently raised, but no significant association between PCT and sepsis was found
(p=0.81). The study is limited by a small patient cohort where sepsis was diagnosed in just 4
patients. IL-6 and PCT values were analysed cumulatively over POD1-7 limiting use as a

preclinical predictor of sepsis.

4 studies examining the diagnostic accuracy of IL-6 for sepsis/infection following major
abdominal surgery provided adequate data to conduct meta-analysis, which is presented in

Chapter 4.

Acute Phase Proteins

Calprotectin

Huang et al reports a prospective case-control study of 163 adults of whom cases were
admitted to intensive care following any major operation examined serial changes in serum
calprotectin (SC) — a damage-associated membrane protein found in neutrophil cytosol and
expressed on monocytes and immature macrophages with inflammation inducing,
antimicrobial and apoptosis inducing properties(34) - and PCT to identify cutoff values as a
diagnostic screening test for sepsis.(35) The change in SC between POD1 and POD3
(ASCi3) and APCT13 at 3 days postoperatively showed AUC, sensitivity and specificity of
0.86, 0.87, 0.89 (p<0.01) and 0.88, 0.89, 0.9 (p<0.01) respectively. ASCi3 and APCT13 The

study is limited by heterogeneity in operation types (and ‘major’ operation, elective and
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emergency), and the 72-hour biomarker assessment limits clinical application as an early

predictor of sepsis.

Procalcitonin

Procalcitonin (PCT) has been investigated as a biomarker for postoperative infection/sepsis
showing higher diagnostic accuracy than traditional markers such as CRP or WCC,(36-38)
which together are often examined as para to index tests for novel biomarkers. PCT is a
precursor of calcitonin produced by C cells (parafollicular cells) of the thyroid gland and
neuroendocrine cells of the intestine and lung and has been proposed as being a specific
marker to bacterial infection and has subsequently been implemented in clinical practice
particularly in critical care gaining widespread acceptance during the COVID pandemic when

assessing the relative safety of high dose corticosteroid therapy.(36, 37)

In a study of PCT and CRP as markers of postoperative intrabdominal infection (PIAI)
following colorectal surgery, Dominguez-Comesana et al measured PCT and CRP in 120
patients on PODO0-3.(39) Diagnostic accuracy of PCT was highest on POD1, with sensitivity,
specificity of 1.0 (0.48-1.0), 0.69 (0.57-0.78) and 1.0 (0.94-1.0) respectively. Performance of
PCT was similar to CRP on POD3 (sensitivity, specificity and AUC of 1.0 (0.4.8-1.0), 0.74
(0.63-0.83) and 0.865 and 1.0 (0.48-1.0), 0.63 (0.52) and 0.864 respectively).

Durila et al examined AST, PCT, IL-6, coagulation profile and thromboelastography (TEG)
as biomarkers for postoperative sepsis in this prospective cohort study in 38 patients who
underwent oesophagectomy.(40) Researchers tested several cutoff levels on POD1-3.
Median time to sepsis diagnosis was 3 days. Coagulation parameters and TEG did not offer
significant diagnostic value. AUC values were not given, but for AST, PCT and IL-6 on
POD2, sensitivity and specificity were 0.78 and 0.76, 0.78 and 0.76 and 0.78 and 0.83
respectively. The study was limited by small patient numbers, and these results conferred a

median diagnostic time benefit of 24h.
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The IMACORS study by Facy et al examined PCT as a marker of intraabdominal infection
(IAl) and all postoperative infection (API) in 501 patients undergoing colorectal surgery, to
assess diagnostic performance in ‘fast-track’ recovery.(41) Sensitivity, specificity and AUC of
PCT for IAl on POD4 was 0.82, 0.40 and 0.689 (0.616-0.762) respectively, compared to
0.81, 0.64 and 0.775 for CRP (0.706-0.843). CRP outperformed PCT for API on all days,
with PCT AUC on POD4 of 0.671 (0.617-0.724), compared to 0.783 (0.735-0.830) for CRP.
Authors concluded that PCT demonstrated lower discriminant ability compared with CRP
and in combination with CRP and was not a preclinical biomarker of postoperative

sepsis/infection.

A prospective cohort study Figiel et al of 60 adult patients undergoing liver transplantation
(LT) examined PCT, neutrophil-lymphocyte ratio (NLR) and CRP and postoperative
sepsis.(42) PCT >42.8ug/L over 6h postoperatively gave AUC, sensitivity and specificity of
0.64 (0.59-0.89), 0.47 and 0.84 respectively, compared with CRP>142.7mg/L within 48h of
0.728 (0.54-0.92), 0.43 and 0.92. No significant relationship with NLR was observed. The
authors concluded that none of these markers were reliable in the diagnosis of post LT

sepsis.

Ghiasvand et al conducted a prospective cohort study examining PCT in the diagnosis or
infectious disease after adult orthoptic LT.(43) PCT >2ng/L and >5ng/L at POD6-7
performed moderately (AUC 0.7 and 0.67 respectively) with poor sensitivity (0.44 and 0.33),
and for PCT>5ng/L on POD1-2 AUC, sensitivity and specificity were 0.78, 0.78 and 0.79 (p
values not given). The study was limited by small case numbers (9 LT within cohort) and

patients with infections confirmed preoperatively and intraoperatively.

Kaido et al examined PCT preoperatively and in POD2, 3,5, 7, 14, 21 and 28 in a

prospective cohort study of 104 consecutive adult patients undergoing LT. (44) 43 patients
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(43.3%) developed bacteraemia. PCT >2.0ug/L reported positive predictive value (PPV) 0.39
with sensitivity 0.97 and specificity 0.83, and PCT >0.5ug/L NPV 0.96, sensitivity 0.57 and
specificity 0.97, however p values were not given. Authors found that PCT until day 7 was
not significant between groups and so reported on bacteraemia developing on POD8-30

therefore these results cannot be applied as early marker of postoperative sepsis.

Kuse et al conducted a prospective cohort study of 40 adult patients post LT, examining PCT
perioperatively and day 0-13.(45) PCT >0.8ug/L gave AUC 0.93 — however sensitivity and
specificity were not given and authors have not described at what POD this result was
available. Optimal cutoff for sensitivity and specificity for PCT (day of diagnosis value —
preoperative diagnosis) was given as 5.9ug/L - 1.0 and 0.75 respectively. While clinically
significant, these results are at the time of diagnosis — helpful in differentiating sepsis from

acute rejection - rather than detecting a preclinical sepsis phase.

Munoz et al examined PCT on POD1 and POD2 in a cohort of 115 patients undergoing
laparoscopic sleeve gastrectomy.(46) PCT performed well, but did not outperform CRP for
surgical site infection (SSI), with sensitivity, specificity and AUC of 0.7, 0.9 and 0.876

respectively for PCT, and 0.85, 0.9 and 0.923 for CRP.

In a study of 79 patients undergoing elective colorectal surgery, Oberhofer et al measured
PCT at baseline and POD1,2,3 and 5(47) On POD2, sensitivity and specificity and AUC
were 0.69, 0.79 and 0.75 respectively, comparable to CRP on POD3, 0.76, 0.68 and 0.746
respectively. PCT offers a time advantage with median clinical diagnosis of infection on

POD7.

Saeed et al examined PCT on POD1,3 and 6 in 50 patients following cytoreductive surgery

for peritoneal malignancy.(48) PCT on POD1 had a sensitivity, specificity and AUC of 0.69.
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0.62 and 0.689 respectively, outperforming WCC and CRP, but PCT results between

infected and non-infected groups converged on POD3.

In a study of 114 consecutive patients undergoing colorectal surgery for cancer by Takakura
et al, PCT was measured on POD 1 and POD3.(49) Diagnostic accuracy of PCT for
diagnosing SSI was highest on POD1, with sensitivity, specificity and of AUC 0.83, 0.64, and
0.76 respectively, and a higher diagnostic accuracy that CRP on POD3, with DOR 9.79 and

1.74 respectively.

Takeuchi et al conducted a prospective observational study of 30 patients undergoing
oesophagectomy, measuring PCT alongside Presepsin (sCD14), WCC and CRP on POD1,
2, 3, 5 and 7.(50) Median day of postoperative complication was POD6. Presepsin
performed better than PCT, (and WCC and CRP) with sensitivity, specificity and AUC of 0.6,
0.9 and 0.675 respectively for Presepsin, and 0.5, 0.75 and 0.583 respectively for PCT.

Values were highly on POD7, but this is after the median time to clinical diagnosis.

Xiao et al examined PCT in 552 consecutive patients undergoing radical gastrectomy for
gastric cancer on POD3 and 5.(51) PCT was more discriminant for post operative infection
than WCC on POD3, with sensitivity, specificity and AUC of 0.65, 0.66 and 0.678
respectively for PCT, and 0.51, 0.73 and 0.6 for WCC. The difference between markers was

significant (p=0.028), however the diagnostic accuracy of PCT was not particularly high.

Zant et al conducted a prospective cohort study of 25 consecutive paediatric patients
undergoing LT and examined IL-6, PCT and CRP preoperatively and for 7 consecutive
POD.(33) Median age for the population was 2 years, with a range from 19 days to 16 years.
IL-6 performed well with AUC, sensitivity and specificity of 0.95, 1.0 and 0.89 compared to
PCT 0.52, 0.82 and 0.34 respectively. Authors observed that in non-septic patients IL-6
peaked on PODO then dramatically decreased from POD1, compared with persistently
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raised values on POD1-7 in septic patients, and significantly correlated with sepsis
(p<0.001). PCT peaked at POD1 in non-septic patients, followed by a steady decline on
POD2-7 contributing to poor specificity (0.34), while PCT in septic patients was persistently
raised, but no significant association between PCT and sepsis was found (p=0.81). The
study is limited by a small patient cohort where sepsis was diagnosed in just 4 patients. IL-6
and PCT values were analysed cumulatively over POD1-7 limiting use as a preclinical

predictor of sepsis.

10 studies in major abdominal surgery and 6 studies in liver transplantation examining the
diagnostic accuracy of PCT in postoperative sepsis/infection provided adequate data to

conduct meta-analysis, which is presented in Chapter 4.

Cell Surface Markers

CDo64

Jukic et al conducted an observational study examining the change in Cluster of
differentiation 64 (CD64) — a cell surface receptor for Immunoglobulin G on neutrophils,
monocytes and macrophages — following surgery including colorectal resection, open heart
surgery and maxillofacial surgery.(52) CD64 at POD1 and POD2 had a high diagnostic
accuracy, sensitivity, specificity and AUC of 0.91, 0.79 and 0.891 on POD1, and 0.82, 0.78
and 0.823 on PODZ2, and was highly statistically significant in prediction of infection using
Pearson Chi-square test on all days p<0.001. CD64 outperformed CRP and WCC on POD2
(sensitivity, specificity and AUC of 0.65, 0.72 and 0.68 and 0.36, 0.70 and 0.556

respectively).
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Toll-Like Receptor 4 and 5

Lahiri et al examined early innate immune dysfunction in 69 adult patients undergoing
complex major HPB surgery on POD 1 and 2 in a prospective cohort study.(53) Toll like
receptors (TLRsS) act as pattern recognition receptors in the initiation of SIRS, where TLR4
and 5 interact with LPS and flagellin components of bacteria respectively to activate
intracellular signalling pathways. The study found that TLR4, TLR5 and IL-6 were all highly
sensitive and specific in predicting SIRS at median 5 days before clinical signs (9/12 sepsis,
3/12 other SIRS response), and were upregulated in all patients who developed SIRS
(p<0.0001). AUC for intermediate TLR5 (CD14**CD16*) on POD 1 and 2 was 0.89 and 1.0.
SIRS was associated with increased length of stay and increased mortality. Quantifying cell
surface markers is useful to explore signalling pathways, but utility as a diagnostic marker is

limited as measurement using flow cytometry is slow and resource heavy.

Coagulation Markers

Durila et al examined AST, PCT, IL-6, coagulation profile and TEG as biomarkers for
postoperative sepsis in this prospective cohort study in 38 patients who underwent
oesophagectomy. Researchers tested several cutoff levels on POD1-3. Median time to
sepsis diagnosis was 3 days. Coagulation parameters and TEG did not offer significant
diagnostic value. AUC values were not given, but for AST, PCT and IL-6 on POD2,
sensitivity and specificity were 0.78 and 0.76, 0.78 and 0.76 and 0.78 and 0.83 respectively,
all were statistically significant. The study was limited by small patient numbers, and these

results conferred a median diagnostic time benefit of 24h.
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Markers of Organ Dysfunction

Syndecan-1

Holzmann et al examined syndecan-1 (sSDC1) — a product of endothelial glycocalyx
shedding in sepsis - in 55 patients undergoing elective major abdominal surgery (major
abdominal oncological resection or pancreatic duodenectomy) in a prospective single centre
cohort study.(54) AUC, Sensitivity and specificity for sSDCL1 in sepsis compared with
operated controls was 0.84, 0.87 and 0.72 respectively — however these results did not
achieve statistical significance. sSDC-1 at POD1 is suggested as an early predictor of sepsis
however the time to sepsis diagnosis was reported only as ‘within 25 days’ so conclusions

about the time benefit of sSSDC-1 cannot be drawn

Paugam-Burtz et al conducted a preliminary prospective cohort study of 122 adult patients
undergoing liver transplantation examining significant plasma proteins - plasma proteome
set (PP) - with PCT and CRP, using a derivation and validation set.(55) AUC was not
significantly greater in the plasma proteome set compared with PCT and CRP (0.74, 0.73
and 0.73 respectively) and sensitivity was poor in all tests with high specificity (0.99, 0.97
and 0.97) in all tests. Measurement at PODS5 limits the clinical value in application preclinical

detection and early intervention.

Review Articles

A 2015 scoping review by Xiao et al examined inflammatory mediators in intra-abdominal
sepsis or injury. 182 original studies were included in the synthesis, preclinical, clinical and
human and animal studies.(56) The focus of these studies was to predict complications and
mortality, not specifically related to surgical intervention. While many studies suggested an

association with PCT or IL-6 and morbidity or mortality, the authors concluded that the role
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of mediators remains unclear, with limitations in all studies on small sample sizes, lack of

uniformity in design and outcome measures.

Uzzan et al conducted a systematic review and meta-analysis of the diagnostic performance
of procalcitonin for sepsis in critically ill adults and those after surgery and trauma.(57) Of 25
eligible studies, 15 were included in the meta-analysis and only 1 of these related directly to
a surgical cohort, (Rothenberger et al’) following cardiac surgery. Global odds ration (OR) for
the diagnosis of systemic infection was15.7 for PCT and 5.4 for CRP, and overall PCT
significantly outperformed CRP. Conclusions form this meta-analysis are not applicable to

the surgical cohort as they are underrepresented in the synthesis.

Yu et al conducted a systematic review of the diagnostic performance of PCT in solid organ
recipients, with subgroup analysis of 4 studies with 175 participant who underwent Liver
Transplantation. Pooled sensitivity was 90% (95% CI 75-97), specificity 81% (95% CI 72-88)
and AUC 0.90 (95% C1 0.87-0.92). PCT performed well but one of the four included studies
reported outcomes that were not infection. This meta-analysis does not contain all of the

most current data in the literature.
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Table 1-1 Summary of studies included in the systematic review examining the diagnostic accuracy of biomarkers of sepsis and infection following major

abdominal surgery

Authors (year)

Boersama et al(30)

2018

Dominguez-

Comesana et al(39)

2012
Durila et al(40)

2017

Facy et al(41)
2016
Holzmann(54)
2018
Huang(35)

2016

Location

Rotterdam,
Netherlands
Pontevedra,

Spain

Prague, Czech

Republic

Dijon, France

Hamburg,
Germany

Beijing, Chine

Surgery Group No. of
Mean age patients
Colorectal resection 47
68.6 years

Colorectal resection 120
69.9 years

Oesophagectomy 38
Not given

Colorectal resection 463
65.4 years

Gastrointestinal 55

cancer resection
Major surgery 163

53.2 years

Rate of

infection
46.8%
(22)
13.3%

(16)

23.7%

9)

12.1%
(56)
21.8%
(12)
31.3%

(51)

Biomarker

Interleukin-6

Procalcitonin

Procalcitonin

Interleukin-6

Aspartate

Transaminase

Thromboelastography

Procalcitonin

Syndecan-1

Procalcitonin

Calprotectin

Timing of
Sample

POD1

POD1

POD2

POD2

POD1

POD3

Sensitivity
%

76

100

78

78

82

87

89

87

Specificity
%

86

80

79

83

40

72

90

89

AUC

0.825

0.648

84

0.88

0.86
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Jukic(52)
2015
Lahiri et al(53)

2016

Mokart et al(32)
2005
Munoz et al(46)

2016

Oberhofer et al(47)

2012
Saeed et al(48)

2016

Takakura et al(49)

2013

Takeuchi et al(50)
2020

Xiao et al(51)

2020

Ljubljana,
Slovenia

London, UK

Marseille,
France

Alicante, Spain

Zagreb, Croatia

Basingstoke,
UK
Hiroshima,
Japan

Tokyo, Japan

Changsha,

China

Major surgery
65.2 years
HPB resection

63.2 years

Gastrectomy
50.7 years
Bariatric

44.8 years

Colorectal resection

64.9 years

Cytoreductive surgery

54.7 years

Colorectal resection

64.4 years
Oesophagectomy
72 years
Gastrectomy

56.5 years

229

69

115

79

50

114

30

552

29.3%
(67)
13.0%

9)

32.0%
(16)
11.3%
(13)
36.7%
(29)
28.0%
(14)
15.8%
(18)
33.3%
(10)
6.7%

@37

CD64

Interleukin-6

TLR4

TLR5

Procalcitonin

Interleukin-6

Procalcitonin

Procalcitonin

Procalcitonin

Procalcitonin

Procalcitonin

Procalcitonin

POD2

POD2

POD1

POD2

POD2

POD1

POD1

POD5

POD3

82.1

100

81

90

69

69

69

83

50

65

78.0

83

72

58

78

78

62

64

75

66

0.823

0.98

0.749

0.821

0.876

0.75

0.690

0.76

0.582

0.678
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Chen et al (58)
(2011)

Figiel et al (42)
(2020)

Ghiasvand et al (43)
(2019)

Grammatikopoulos et
al(31) (2012)

Kaido et al(44)
(2014)
Kuse et al(45)
(2000)

Paugam-Burtz et
al(55) (2009)

Zant et al(33)
(2014)

Tianjin,
China

Warsaw,
Poland

Tehran,

Iran

London,
UK

Kyoto,
Japan
Hannover,
Germany

Paris,

France

Regensberg,
Germany

Liver Transplantation

53 years

Liver Transplantation

50 years

Liver Transplantation

47 years

Paediatric Liver

Transplant
2 years

Liver Transplantation

52 years

Liver Transplantation

Unknown age

Liver Transplantation

Unknown age

Paediatric Liver

Transplant
2

55

28

58

91

40

61

25

25 (46%)

9 (15%)

9 (32%)

23 (40%)

26 (29%)

11 (28%)

31 (51%)

4 (16%)

Procalcitonin

Procalcitonin

Procalcitonin

Procalcitonin

Procalcitonin

Procalcitonin

Procalcitonin

Procalcitonin

On day of
suspicion
of sepsis

POD3

POD1-2

POD1/7/at
febrile
episode

POD8

Infection
day-1

POD5

PODO-7

71 (51-88)

47 (14-79)

78 (40-97)

100 (85-

100)

97 (80-99)

67 (31-89)

32 (17-51)

82 (19-99)

87 (69-96)

84 (71-93)

79 (54-94)

91 (77-98)

38 (44-69)

100 (88-
100)

97 (83-100)

34 (14-57)

0.84

(0.73-
0.95)

0.64

(0.54-
0.92)
0.78

(0.59-
0.92)
0.97

0.93

0.73
(0.59-
0.87)
0.52
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Discussion

The review presented here shows that PCT performs moderately well as a diagnostic
markers of post operative sepsis, with only moderate diagnostic performance seen in the
biggest cohorts reported by Facy et al and Xiao et al. Meta-analysis of PCT in LT, and PCT
and IL-6 in major Gl surgery is conducted in Chapter 6 to pool results. Calprotectin showed
promise with sensitivity, specificity and AUC of 0.86, 0.87, 0.89 (p<0.01) in a study by Huang
et al, as did sSDC1, with sensitivity, specificity and AUC of 0.84, 0.87 and 0.72 respectively

in a paper by Holzmann et al.

For PCT there is inconsistency in when it is tested and what the cut off is. This inconsistency
is significant as there are large numbers of small studies, so it is difficult to draw conclusions
between them.. A large observational study with consistent sampling and cut-off points for
PCT may demonstrate more clearly it's diagnostic benefit. There was further heterogeneity
between studies from different countries and hospitals with different practices, different
surgical groups. While other markers, including Calprotectin, sSDC-1 and sCD-14, showed
promise, the study groups were small and not validated, and warrant further investigation
before considering using them in clinical practice. PCT has been available to use for quite
some time and has not been adopted into routine practice following surgery. The number of

novel biomarkers other than PCT being investigated is low.

The review is limited by including publications in English only, and by excluding papers not
reporting outcomes of diagnostic accuracy (sensitivity, specificity, AUC). The search terms
may have limited the results, where the title and abstract did not describe all markers
analysed. The findings are consistent with other reviews of PCT by Xiao, Uzzan and Yu, and

meta-analysis is conducted in Chapter 6 to further examine this.
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The review has not demonstrated a novel biomarker significantly outperforming traditional
biomarkers including WCC and CRP. PCT has been extensively investigated and should be

examined alongside Carbon 13 breath delta value (BDV) in this cohort.
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1.6 13C Breath Delta Value

Carbon is a non-metallic element, which - with oxygen and hydrogen - forms organic
compounds which act as substrates for cellular respiration in living organisms. Classically, in
aerobic respiration, the substrate glucose (CsH:.Os) with oxygen (O.) is metabolised to
carbon dioxide (CO.) and water (H:O), and the energy from this reaction is converted to
phosphorylate adenosine diphosphate (ADP) to adenosine triphosphate (ATP) through a
process called oxidative phosphorylation. ATP provides energy to drive energy processes in
all living cells. In animals — including humans - as a waste product of respiration, CO:is

expired through the lungs during ventilation.

CsH1206+ 6 O, — 6 CO; + 6 H,O + ATP

Equation 1-1. Aerobic Cellular Respiration

Carbon naturally occurs in 3 isotopes, 12C, 13C and *C.2C the most abundant isotope
(98.9% universally), with 6 protons and 6 neutrons forming its nucleus. *C represents 1.1%
of universal carbon and is a naturally occurring stable isotope of Carbon with an additional
neutron in its nucleus. *C represents <0.1% of Carbon, an unstable isotope whose beta
decay is used in carbon dating. 13C is well researched, with differential fractionation between
C3 and C4 plant groups,(59-62) and *3C delta value (6*3C) is commonly utilised in
geochemistry, paleoclimatology, palaeoceanography and archaeology to examine historical
vegetation and diet. (63, 64) *C has been implemented in clinical care, with **C labelled
ingested urea a widely used test to diagnose helicobacter pylori infection, (65) research into
other 13C labelled breath markers,(66-68) and the use of 3C in magnetic resonance imaging

to assess the metabolic activity of tissues. (69, 70)

During the acute phase response in sepsis, innate immune cells including monocytes and

macrophages use amino acids (AA) containing carbon to synthesise cytokines used in
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signalling and bioenergetics homeostasis. Researchers hypothesise that lighter AA are
preferentially metabolised in the high metabolic state, such as sepsis or during exercise, and
this changes the isotopic composition of carbon in exhaled CO,.(71, 72) This changes the

exhaled ratio of 3CO, and 2CO; and has the potential to act as a marker of the onset of

sepsis.
Interleukin-1,
Tumor Necrosis Factor
Pratein
S}m’ th product
/ s Enz4
Immune Recognition product
Enzs !?co’
produ(l ¢
' expired
/ plouucl
Pathogen cwdua

€ recycled in body

Figure 1-4 Fractionation of Carbon during the Acute Phase Response[72]

Infrared molecular spectroscopy is a well-established method for detecting trace quantities of
gases.(73) As infrared electromagnetic radiation passes through a gas, bonds in molecules
in the gas absorb the energy and it is converted to kinetic energy in those bonds. Each gas
and their isotopes have a characteristic absorption frequency and spectroscopic
characteristic, or ‘signature’. The *CO, /*2CO, breath delta value (BDV) is generated by
scanning the absorption frequency of CO; by infrared spectroscopy, examining the size of
the *CO, and 2CO; infrared absorption, and comparing to a standard reference material

(Pee Dee Belemnite (PDB) where the isotopic ratio is known), as below.

BCO,/2C0,(sample) — BCO,/2CO,(PDB)
b = 2 2\sampe) = M L 1000
13C0,/12C0, (PDB)

Equation 1-2 Breath Delta Value Calculation(72)
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Laser Isotope Ratio-meters (LIR) can determine the BDV quickly (<10s), with a precision
<0.5%o. Pilot data in a swine model of sepsis have demonstrated that BDV can diagnose the
onset of sepsis within 2-4 hours compared to more than 10 hours for physiological
parameters.(74) BDV has not been tested in patients hospitalised for sepsis or undergoing

major surgery.

1.7 Systematic Review of 13C BDV as a Biomarker of Sepsis and Inflammation

To further assess existing literature on 3C BDV as a clinical marker, | conducted a

systematic review of existing literature.

Methods

Search Strategy

An electronic search of Allied and Complementary Medicine Database, British Nursing
Index, CINAHL, Embase, Ovid Emcare, Medline, PubMed, and Cochrane Library was
conducted from January 1996 to June 2020 using the term ‘breath delta value’.
Bibliographies of relevant studies and the ‘related articles’ link in PubMed were used to
identify additional studies. All citations and abstracts identified were thoroughly reviewed by
the investigators, and secondary references were obtained from the key articles. Studies
were screened by title, abstract, and full text articles were assessed for eligibility with
relevant studies included in the synthesis. The Preferred Reporting Iltems for Systematic

Reviews and Meta-analyses (PRISMA) guidance were utilised.
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Inclusion Criteria

Original studies in humans and animals were considered for inclusion. Adult, paediatric, and
neonatal patients were included. Included studies analysed **C BDV as a marker of infection

or inflammation were included. Studies were evaluated for duplication or overlapping.

Exclusion Criteria

Articles which did not report on 3C BDV as a marker of sepsis, infection or inflammation

were excluded.

Results

The search returned 6 articles relating to *C BDV, of which 1 was excluded as it did not
relate to *C BDV as a marker of infection or inflammation, and one was excluded as it was a
published tutorial review. Of the 4 remaining papers, 3 were full papers reporting original
research, 1 was a published poster abstract excluded due to overlapping data (Figure 1-5).
All articles were published by the Butz group, a spectroscopy group in the Department of

Animal Studies at the University of Wisconsin — Madison, USA.
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Records identified through Additional records identified
database searching through other sources
(n=6) (n=0)

A Y

Records after duplicates

removed
(n=6)
Y
Records screened by Records excluded
abstract (n=2)
(n=86) 1 published tutorial review
1 not reporting BDV

!

Full-text articles assessed Full-text articles excluded,
for eligibility with reasons
(n=4) (n=1)

1 Published poster with

overlapping data
A 4

Studies included in
qualitative synthesis
(n=3)

Figure 1-5 PRISMA diagram of studies included in the systematic review of 13C BDV as a biomarker
of sepsis and inflammation

Butz et al conducted a case-control study in a swine model, inducing sepsis by caecal
ligation and puncture (CLP) in live anaesthetised pigs, and monitoring their *3C BDV,
alongside clinical course, physiological parameters, serum markers including CRP and PCT,
and serum cytokines.(74) Sepsis was induced CLP in seven pigs, alongside four controls
who underwent sham surgery without CLP. Vital signs including mean arterial pressure
(MAP) were measured every 15 minutes, central venous pressure and blood glucose was
measured every 30 minutes. Where animals central venous pressure (CVP) was <10mmHg
or MAP <70mmHg, crystalloid fluid boluses were administered. Blood was collected for
plasma isolation at 2, 8 and 15 hours. BDV was monitored continuously via a side stream T-
connector. All four control animals survived the 15-hour experiment, 2/7 CLP animals did not

respond to fluid boluses and died at 10 and 14 hours respectively, while one CLP animal
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died from equipment failure. Authors observed a decline in BDV in normotensive BDV CLP
animals compared to controls (p=0.03) but the slope of the line was not different in
hypotensive CLP animals were not different to controls (p=0.15). BDV indicated onset of
infection at 3.54 hours (standard error of mean (SEM) 0.96), sooner than SIRS criteria —
11.1 hours (SEM 0.94) — (p<0.001) in all CLP animals. At 8 hours, BDV was -21.9 (1.5 SEM)
in the normotensive CLP group, compared to -19.0 (0.3 SEM) in the control group, and -21.2
(0.7 SEM, p<0.05) and -19.2 (0.4 SEM, p<0.05) at 15 hours respectively. BDV was not
discriminant between the hypotensive CLP group and controls. Cytokines IL-1p, IL-4, IL-12,
IFNy and transforming growth factor- (TGFp) did not change during the experiment. TNFa
was not detectable in the CLP group (other than a rise at 2 hours only in the hypotensive
group), and IL-6 increased in the CLP group at 15 hours. CRP increased in the CLP and
control groups and was not discriminant between groups following surgery. PCT increase
above baseline by 0.62ng/mL™ (0.12 SEM) at 8 hours and 0.60ng/mL™ (0.08 SEM) at 15
hours in the CLP group. Authors concluded that BDV was the earliest indicator of sepsis,
indicating the onset of sepsis before vital signs, including heart rate, MAP and temperature,

and plasma cytokines and other markers including CRP and PCT.

This experiment is important as it demonstrates a significant change in the BDV in response
to surgical induction of sepsis, despite surgery in all subjects. The change in BDV between
control and normotensive CLP group was clear and was significantly different at 8 and 15
hours. The experiment was well controlled, with close homogeneity between animals bred to
a similar size (35 kilograms) at the same farm, homogeneity in the surgical procedure and an
exact understanding of the time of initiation of sepsis, and homogeneity in their post-surgical
management. This was an earlier indicator compared to MAP which was also frequently
monitored; however, it is hard to conclude whether this is an earlier indicator than the

plasma markers examined as they were only measured at 2, 8 and 15 hours, and may have
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changed in the interim — particularly between 2 and 8 hours at the time when BDV becomes

discriminant.

O’Rourke et al reported the changes in BDV as an early indicator of infection in intensive
care patients in 2017.(75) In an observational study, 27 critically ill patients following trauma
or acute care surgery were included and breath samples were taken for 3C BDV 4 hourly for
7 days, and correlated with PCT, CRP and clinical diagnosis of infection by a body of
independent clinicians taken as the primary endpoint. The mean timing of clinical diagnosis
of infection was made on day 3.9 = 0.63. BDV increased from 1% to 1.7% (p<0.05) on day 2.
In participants with a clinical diagnosis of infection, with a divergence into significance
between the infection and non-infection group on day 1.9, receiver operator curve (ROC)
analysis indicated an optimal cutoff value of 1.4%. *C BDV >1.4% had a sensitivity and
specificity of 90.1% and 66.7% respectively, outperforming PCT with sensitivity and
sensitivity of 81.8% and 55.6% respectively with a cutoff of 0.05ng/mL, and CRP with

sensitivity and sensitivity of 90.9% and 22.2% respectively with a cutoff of 5.0mg/dL.

Boriosi et conducted and observational pilot study on 17 mechanically ventilated paediatric
patients without SIRS, with SIRS and with SIRS and shock.(76) BDV was measured in
exhaled breath from ventilated participants hourly for 72 hours, and analysed for BDV. BDV
was not significantly different in the SIRS group, compared to non-SIRS, and SIRS with
shock participants. Participant were further grouped based on infection, trauma or surgery
(ITS), to no-ITS, ITS improving, ITS developing infection and ITS septic shock, and
participants were included if they provided 9 sequential samples. BDV was significantly
lower in ITS developing infection (-23%, SEM 1.3), ITS improving (-23%, SEM 0.5),
compared to non-ITS (-19.7%, SEM 0.7) and ITS shock (-19.1%, SEM 1.1)The mean slope
of the line was positive for the non-ITS group (0.33, 0.35 SD) and ITS improving groups, and
was negative for those developing infection (-0.56, 0.13 SD), and those with septic shock (-
0.45, 0.76 SD). BDV was stable in the non-ITS group. Vital signs and WCC were examined
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at each postoperative day and were statistically different on day 1 for participants developing

infection, and on day 1 and 2 for participants in septic shock.

Discussion

These studies from the University of Wisconsin group demonstrate the potential for BDV to
be a novel and clinically useful tool in the earlier detection of sepsis in surgical patients.
Using a swine model and continuous monitoring, BDV is shown to decrease in response to
induction of sepsis, and this is also observed in both adult and paediatric participants with
evolving sepsis. In the adult population, BDV is shown to indicate the onset of sepsis before

vital signs and other biomarkers and has higher diagnostic accuracy than PCT and CRP.

The studies are limited by their small size, and the number of participants included in the
analysis for each group is not well reported. While the swine model showed clear results,
animals and the CLP were homogenous, and heterogeneity between the clinical condition of
human participants and their interventions may introduce variation and make results difficult
to replicate. All studies showed that BDV was not discriminant in hypotensive participants,
and authors seem to group participants to exclude those participants from skewing results.
The authors may have done this to best demonstrate the difference in BDV in a case without
clinical signs and therefore clinical doubt, or to exclude the impact of hypoperfusion on
metabolism. They may have done this to create positive results which is likely to introduce
bias. The authors cannot conclude that BDV outperforms markers in plasma if they are not

measured at the same intervals as BDV.

The review was limited by searching medical journal databases in English only, however all
relevant work seems to be produced by one study group at the University of Wisconsin.
None of the articles describe the challenges of implementing spectroscopy in a clinical or
bedside setting and go into detail about their sampling methodology.
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Conclusions

BDV is related to developing infection, the authors observe BDV become more negative
except for participants with shock and appears to indicate infection before vital signs e.g.
MAP, and other commonly used biomarkers including PCT and CRP. 3C BDV should be
investigated in the post-surgical setting with frequent observation and several days study, to
capture the onset of post-surgical sepsis and infection and examine how this correlates with

BDV and other biomarkers of sepsis.
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1.8 Surgery and the Immune System

Wound creation, tissue resection, reconstruction is recognised as injury by the innate
immune system and stimulates APR and the response of monocytes and other white cells to
release inflammatory mediators including cytokines. While sterility is maintained where
possible, operations on the gastrointestinal tract expose the sterile peritoneal cavity to its
colonised gut flora. These operations are described as ‘clean-contaminated’, where
contamination is controlled but there is potential for microbial exposure in sterile spaces. The
tissue response to injury occurs in 3 phases, the inflammatory stage, the proliferative stage,
and the remodelling stage. (77) In the inflammatory stage — in the first 2-3 days — platelets
accumulate to achieve haemostasis and build a fibrin clot. Neutrophils act to control
microbial invasion, and on day 2-3 are replaced by monocytes and macrophages who
produce growth factors. In the proliferative phase, fibroblasts replace neutrophils, monocytes
and macrophages and replace the inflammatory matrix with collagen rich granulation tissue,
and angiogenesis occurs to deliver blood and nutrients to the healing tissue. In the third
stage, remodelling, over weeks and months the number of fibroblasts and macrophages at
the injury site reduces and type Ill collagen is replaced by type I collagen to leave a scar
closer to healthy tissue. Gastrointestinal healing at a site of resection and anastomosis
happens in a similar fashion, though at a much faster rate and with initial reduced strength at
the anastomotic site due to collagenase activity reducing the effect of collagen, stress of
transit across the anastomosis, and vulnerability to ischaemia due to hypoperfusion

perioperatively.(78)

In this thesis | will be examining patients undergoing Hepatopancreatobiliary (HPB) surgery

and Liver transplantation (LT) operated at King’'s College Hospital, a large volume tertiary

centre in London.
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1.9 Hepatopancreatobiliary Surgery

Hepatopancreatobiliary (HPB) Surgery is defined as surgery involving the liver, pancreas

and biliary system. The liver is a solid organ located in the right upper quadrant of the

abdomen, with many functions, and the biliary system is a network of ducts which drain bile

from the liver into the digestive tract at the duodenum (first part of the small intestine), and
includes the gallbladder, which stores bile and contracts and empties in a hormonal
response to the release of cholecystokinin from the duodenum after eating. The liver
receives blood from the stomach and intestine via the portal vein (confluence of superior
mesenteric vein and splenic vein), and oxygenated blood from the common hepatic artery.
Both the artery and vein give branches to the right and left lobes, which further
divide/confluence to supply/drain 9 liver segments (Couinaud segment I, Il, Ill, IVa,, IVb, V,
VI, VIl and VIII) as demonstrated in Figure 1-6.(79) Segments I-1V form the left lobe and

segments V-VIII form the right lobe.

Right hepatic vein

iy Hepatic
Duct
~~j——p Inferior
Gallbladder i _ venacava
Hepatic
Duct Bile Portal artery

Duct vein

Figure 1-6 Anatomy of the Liver, demonstrating the Couinaud classification(79)
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The pancreas is a retroperitoneal solid organ which lies behind the stomach in the upper
abdomen and drains into the duodenum via the pancreatic duct alongside the common bile

duct, with exocrine and endocrine functions, as demonstrated in Figure 1-7.

Spleen

Lymph nodes
Tumor

Tail of pancreas

Figure 1-7 Anatomy of the Pancreas (79)

As an endocrine organ, the pancreas produces insulin, glucagon, somatostatin and
pancreatic polypeptide, hormones which regulate blood glucose homeostasis. As an
exocrine organ, the pancreas produces pancreatic juice, a solution of enzymes including
amylase, lipase and trypsinogen, which help break down dietary carbohydrates, fats and
proteins. Pancreatic juice drains into the digestive tract alongside bile to digest dietary

carbohydrates, lipids and proteins.

Hepatocytes in liver tissue have many functions, glucose homeostasis by gluconeogenesis
and glycolysis, protein synthesis and amino acid conversion and storage, lipid regulation by
lipogenesis and lipolysis, uptake and storage of vitamins A, B12, D, E, K and minerals such
as iron and copper. The liver produces bile — a solution of bile salts, bilirubin, lipids and
inorganic salts and water - which helps in the digestion of dietary fats by bile salt anions

forming micelles around hydrophobic lipids and dispersing them into droplets. These
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droplets then increase the surface are for the action of digestive enzymes produced by the
pancreas. The liver plays a central role in immunity and the mononuclear phagocyte system.
As well as participating in cell-mediated immunity and the complement system, tissue-
resident macrophages called Kupffer cells in hepatic sinusoid endothelium encounter and
phagocytose gut bacteria, endotoxins and microbial debris from portal venous blood from the

Gl tract, as demonstrated in Figure 1-8.(80-86)
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Figure 1-8 Liver sinusoid(87)
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Indications for HPB Surgery

The most common indication for resection of the liver or pancreas is malignant tumour,

leading causes in the liver are hepatocellular carcinoma and colorectal liver metastases, in

the pancreas pancreatic adenocarcinoma, and in the biliary system cholangiocarcinoma.

Resection is usually planned alongside adjuvant or neoadjuvant chemotherapy, as described

in Table 1-2.

Table 1-2 Indications for HPB Surgery

Organ Pathology Operation Types
Liver Malignant Hepatocellular Carcinoma (HCC), Right Hemi-hepatectomy (RH)
Colorectal Liver Metastases Extended RH
(CRLM), Gallbladder mass (GB) Left hemi-hepatectomy (LH)
Benign solid  Haemangioma, focal nodular Extended LH
lesions hyperplasia, hepatocellular Anatomical liver resection (AR)
adenoma, angiomyolipoma, Non-anatomical liver resection
hepatic lipoma, mesenchymal (NAR)
hamartoma
Cystic Hepatic cyst, hepatobiliary
lesions cystadenoma
Biliary Malignant Cholangiocarcinoma Pancreaticoduodenectomy (PD),
Benign Biliary stricture Pylorus preserving PD (PPPD),
Hepaticojejunostomy (HJ)
Pancreas Malignant Pancreatic Adenocarcinoma (PA)  Pancreaticoduodenectomy (PD)
Distal Pancreatectomy (DP)
Benign Intrapapillary Mucinous Neoplasm Hepaticojejunostomy (HJ)

(IPMN), Mucinous Cystic

Neoplasm (MCN)
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HPB Operations

Liver resection is most commonly performed to remove tumours within Liver parenchyma.
Lobar and segmental resection follows anatomical principles, resecting affected liver
segments/lobes with their arterial and portal venous inflow, and venous and biliary outflow.
Surgery is planned to allow for adequate ‘future liver remnant’ (FLR) — maximising the
remnant functional liver tissue post resection to allow for function and regeneration and

minimise the risk of post hepatectomy liver failure and its associated morbidity.(88-91)

Right Hemi-Hepatectomy and Extended Right Hemi-Hepatectomy

For tumours involving the right lobe, segments V-VIII are resected with the right portal vein,
right hepatic artery, right hepatic duct and right hepatic vein (Figure 1-9). Segments I-IVb are
left in situ with perfusion from the left hepatic artery, portal vein, outflow via the middle and
left hepatic veins, and biliary drainage through the left hepatic duct. In an extended right
hepatectomy, segment IVa and Vb and the middle hepatic vein are resected with segments

V-VIILI.

Figure 1-9 Right Hemi-Hepatectomy and Extended Right Hemi-Hepatectomy(79)
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Left Hemi-Hepatectomy and Left Lateral Segment Resection

For tumours involving the left lobe, segments I, Il and 1V are resected with the left portal
vein, left hepatic artery, left hepatic duct and left hepatic vein (Figure 1-10). Segments I, V-
VIII are left in situ with perfusion from the right hepatic artery, portal vein, outflow via the
middle and right hepatic veins, and biliary drainage through the right hepatic duct. In a left

lateral segment resection, only segments Il and Il are resected, leaving segment IV in situ.

Figure 1-10 Left Lateral Segment Resection and Left Hemi-Hepatectomy(79)

Anatomical/Non-anatomical Liver Resection

Where tumour involves one segment of the liver with a segment dependent tumour margin,
that segment can be removed along with potential tumour-bearing portal tributaries. This is
called an anatomical resection (AR).(92, 93) The alternative is non-anatomical resection
(NAR), where the tumour is resected with grossly macroscopic negative margins (which can
be confirmed with frozen section histopathological examination), which clinicians may
choose to preserve parenchyma, particularly for HCC which usually develops in cirrhotic
livers. The risk and benefit of each remains unclear and operative technique is chosen on an

individual case basis.(94-102)
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Pancreaticoduodenectomy

Pancreaticoduodenectomy (PD) (or Whipple’s procedure) is commonly performed to remove
tumour in the head of the pancreas or extrahepatic common bile duct (Figure 1-11), as
described in Table 1-2. The head of pancreas and distal common bile duct is resected en
bloc with the pylorus of the stomach, the duodenum and surrounding lymphatics. The portal
vein and superior mesenteric artery lying just posteriorly are left in situ. A Roux-en-Y jejunal
limb is formed on which the proximal common bile duct is anastomosed (forming a
hepatojejunostomy (HJ)) restoring biliary continuity with the gastrointestinal tract, and the
distal pancreatic duct is anastomosed (forming a pancreatojejunostomy (PJ)) restoring
pancreatic drainage into the gastrointestinal tract. A gastrojejunostomy is formed to restore

continuity from the stomach to the small intestine.

Bile duct Stomach

Gallbladder

Lymph nodes

Pancreatic
Specimen duct

Tumour

Figure 1-11 Pancreaticoduodenectomy(79)

Hepaticojejunostomy

At the time of PD, some patients are found to have disease progression such that a curative
resection is not possible. In such cases, Hepaticojejunostomy (HJ) can be performed, to
restore biliary drainage from the liver into the Gl tract, which while not curative can
decompress post-hepatic biliary obstruction, allowing restoration of liver function and

alleviating symptoms of jaundice.
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Distal Pancreatectomy

Distal Pancreatectomy (DP) is usually performed to remove tumour in the body or tail of the
pancreas, as described in Table 1-2 (Figure 1-12). The pancreas is resected proximal to the
tumour margin along with the spleen and its associated blood supply (splenic artery and

vein) and lymphatic drainage. The spleen is resected due to its shared blood supply with the

pancreas and the risk of vascular or lymphatic metastasis.

Resection margin oversewn
to prevent leak of pancreatic
juice

Specimen with tumor and
associated lymph nodes

Figure 1-12 Distal Pancreatectomy and Splenectomy

1.10 Liver Transplantation

Liver Transplantation (LT) is a major surgical intervention for people with poor predicted
survival or quality of life secondary to acute or chronic liver disease ( Immunosuppression is
induced using high dose corticosteroids (hydrocortisone or prednisolone), which has a non-
specific anti-inflammatory on intracellular receptors which are usually weaned within the first
6-8 postoperative weeks and maintained by a calcineurin inhibitors (usually Tacrolimus or

Prograf) which block the T-cell mediated response by inhibiting IL-2 production.
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Table 1-3). In principle, and following judicious assessment, selection and consent, the
diseased recipient liver is surgically removed (explanted) and a non-diseased liver from a
cadaveric donor is implanted to restore the function of the liver. Following transplantation,
the recipient takes medication to suppress immune-mediated rejection of the donor liver
graft. Immunosuppression is induced using high dose corticosteroids (hydrocortisone or

prednisolone), which has a non-specific anti-inflammatory on intracellular receptors which

are usually weaned within the first 6-8 postoperative weeks and maintained by a calcineurin

inhibitors (usually Tacrolimus or Prograf) which block the T-cell mediated response by

inhibiting IL-2 production.
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Table 1-3 UK Adult Liver Transplant Indications(103)

Aetiology Brief Pathophysiology

Cirrhosis Alcohol related liver disease (ArLD), Non-alcoholic Progressive liver injury and fibrosis resulting in portal hypertension and
fatty liver disease (NAFLD), Non-alcoholic decompensation, including ascites, spontaneous bacterial peritonitis, hepatic
steatohepatitis (NASH), Primary sclerosing encephalopathy, variceal haemorrhage, hepatorenal syndrome, and hepatocellular
cholangitis (PSC), Primary biliary cirrhosis (PBC), carcinoma(104, 105)

Autoimmune Hepatitis (AlIH)
Viral Hepatitis, Wilson’s Disease

Tumour Hepatocellular Carcinoma (HCC) Usually secondary to cirrhosis (as above), too large or too many to resect
a. Single tumour <5cm
b. Upto 5 tumours all <3cm
c. Stable single tumour 5cm-7cm

. Metastasis via the inferior portal venous system, unresectable
Unresectable Colorectal Liver Metastases P Y

Hilar and Intra-hepatic CCA
Unresectable NET liver metastases

Adenocarcinoma arising in the biliary system, unresectable

Metastasis via the inferior portal venous system, unresectable

Acute Liver Failure Paracetamol overdose Multi-system disorder in which severe acute impairment of liver function with
(ALF) Drug induced encephalopathy occurs within 8 weeks of the onset of symptoms and no recognised
Viral Hepatitis underlying chronic liver disease(106)
Idiopathic
Acute-on-Chronic Liver  (all cirrhosis causes) Decompensation of pre-existing liver disease with single or multiorgan failure
Failure (ACLF) subsequent to a precipitating event (e.g. infection, Gl bleed, alcoholic hepatitis, HBV

reactivation) with high mortality risk (107, 108)

Variant Intractable pruritus; Hepatopulmonary syndrome; Familial amyloidosis; Primary hypercholesterolaemia; Polycystic liver disease; Hepatic
epithelioid haemangioendothelioma; Recurrent cholangitis; Nodular regenerative hyperplasia; Hereditary haemorrhagic telangiectasia;
Glycogen storage disease; Ornithine transcarbamylase deficiency; Primary hyperoxaluria; Maple syrup urine disease; Porphyria; Amyloidosis-
other




Donor Organs

In the UK, most patients receive liver grafts from cadaveric donors, with a small proportion
receiving living-related donor liver transplants. After referral for organ donation, and after
verification of death - either with brainstem death testing or verification of cardiopulmonary
arrest — surgery is performed to retrieve the liver with its biliary drainage, inflow and outflow
blood vessels. In brief, the liver undergoes in situ perfusion via the aorta (main artery from
the heart) and the portal vein, using an isotonic solution — University of Wisconsin solution
(UW) — while draining it of blood via the vena cava (main vein to the heart), flushing out
blood and minimising thrombus formation in small and large blood vessels; biliary system
flushing to clear as many biliary vessels as possible; and cooled using sterile crushed ice.
Dissection is completed and following perfusion, the liver is removed and stored in cold UW
surrounded by ice. Cooling minimises ongoing anaerobic cell metabolism after the cessation
of perfusion with oxygenated blood, which can lead to the build-up of lactic acid and free
radicals which are damaging to tissues. Flushing of vessels and ducts maximises the
potential for their patency and function following reimplantation in the recipient, and these

techniques are key to optimising liver graft function after implantation.

Liver Transplantation Operations and Principles

Following retrieval and assessment of the liver graft, the recipient patient undergoes
orthotopic liver transplantation (OLT) (Figure 1-13). Under general anaesthesia, a
laparotomy is performed using a reverse T incision to access the right upper quadrant of the
abdomen and remove the recipient’s native liver, surgically disconnecting it from its arterial
and portal venous inflow, venous outflow and biliary drainage. The donor liver graft is them
implanted with using patient and surgeon dependent techniques, but in principle venous
outflow is created by anastomosing the confluence of hepatic veins or vena of the donor liver

graft to the recipient vena cava, venous inflow by anastomosing the recipient portal vein to
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the donor liver graft portal vein, arterial inflow by anastomosing the recipient common

hepatic artery (or other if variant anatomy) to the liver graft common hepatic artery, and

biliary drainage with a ‘duct-to-duct’ recipient to donor choledochal anastomosis or

hepaticojejunostomy (donor liver graft bile duct to recipient jejunum roux limb). The liver graft

is reperfused in the recipient circulation and the liver graft is rewarmed to core body

temperature. Restoration of blood flow homeostatic temperature - with delivery of oxygen

and glucose and removal of carbon dioxide and waste — allows cell aerobic respiration to

resume and liver graft tissues should begin to function.

Diseased liver removed
Hepatic artry

Gallbladder }
removed

Donor liver
transplanted

Inferior vena cava
Portal
vein

Common
bile duct

Figure 1-13 Orthotopic Whole Liver Transplantation

Inferior Vena Cava Replacement, Portal Vein Anastomosis, Single Arterial Anastomosis, Primary

Choledochal Anastomosis(79)

Orthotopic Right Lobe Liver Transplant (ROLT)

Following the same implantation principles as whole liver transplant however the liver graft

Anastomoses

has been split with the left lobe or left lateral segment being removed to be transplanted into
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a second recipient (usually a child) as seen in Figure 1-10. The main donor vessels and

ducts stay with the right lobe and are anastomosed as with a whole liver.

Auxiliary Liver Transplantation (Aux-LT)

In cases of ALF where there is potential for recovery of the native liver graft, the surgeon
may split the recipient liver leaving the left lateral segment in situ, and removing the recipient
right lobe, as seen in Figure 1-9. The right lobe liver graft is then implanted using the same
principles alongside the native left, allowing the potential recovery of the native liver. If the
native liver recovers, immunosuppression can be weaned over time allowing the native liver
to regenerate. If the native liver does not recover, immunosuppression and function of the

liver graft is maintained.
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1.11 Biomarkers for investigation

The cytokines examined in this work were taken from a panel of 10 pro-inflammatory
cytokines produced to use in MesoScale Discovery assay, as discussed in Chapter 2-11.
The panel has previously been used within the research group with reliable results, and the
markers of interest are related to proinflammatory states, in keeping with the aim to
investigate alongside the role of BDV in infection and Sepsis. Included cytokines and their
actions/features are included in Table 1-4. Cell surface markers examined in the HPB group
were selected based on established practice within the group, but particularly their role in
inflammation and infection, and inducing the acute phase response, summarised in Table

1-4.

Alongside cytokines and cell surface markers, other biomarkers including CRP, SOFA score,
WCC and differential and percentage of WCC, and neutrophil lymphocyte ratio, lymphocyte
monocyte ratio, neutrophil monocyte ratio, platelet lymphocyte ratio were analysed from
clinical data recorded in the CRF. Recent work has suggested these ratios taken from a
simple full blood count may be indicators of infection, bacteraemia, inflammation, and other
diseases including cardiovascular disease, and so were included in the analysis to examine

their association with BDV and clinical outcomes.(109-113) .
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Table 1-4 Biomarkers analysed in the thesis

Biomarker Action Experiment

BDV Lighter amino acids used in respiration changes the isotopic ratio of *2C and 13C in exhaled CO> LIR

PCT Precursor of calcitonin which is a specific marker to bacterial infection ELISA

IFNy Pro-inflammatory cytokine, potent activator of macrophages MSD

IL-18 Pro-inflammatory cytokine, induces IL-2, B cell maturation and proliferation, fibroblast GF and healing, pyrogenic MSD

IL-2 T cell growth factors, regulates T cells MSD

IL-4 B cell stimulatory factor/lymphocyte stimulatory factor, B cell activation and induces DNA synthesis, IgG/IgE expression MSD

IL-6 Induces acute phase response, differentiates B cells into immunoglobulin secreting cells MSD

IL-8 Attracts neutrophils, basophils, T cells and neutrophils MSD

IL-10 Cytokine synthesis inhibitory factor, suppresses pro-inflammatory response MSD

IL-12p70 Produced by macrophages and T lymphocytes, activates T cells and NK cells to produce IFNy MSD

IL-13 Positive regulator of B cell proliferation, macrophage activation, Ig p MSD

TNF-a Proinflammatory cytokine produces by macrophages, induces inflammatory response, endogenous pyrogen MSD

CD14 Receptor for LPS/LBP, LPS recognition Flow Cytometry

CD16 Component of low affinity Fc receptor, phagocytosis and antibody-dependent cell-mediated cytotoxicity Flow Cytometry

CD155 Poliovirus receptor participates in a considerable number of immunoregulatory functions through its interactions with Flow Cytometry
activating and inhibitory immune cell receptors

CD163 Monocyte/macrophage-specific membrane marker. Specifically, CD163 is considered a marker of alternatively activated or  Flow Cytometry
anti-inflammatory macrophages

CCR2 Mediates monocyte chemotaxis. Monocyte chemoattractant protein-1 is involved in monocyte infiltration in inflammatory Flow Cytometry

HLA-DR Present peptide antigens, potentially foreign in origin, to the immune system for the purpose of eliciting or suppressing T- Flow Cytometry
(helper)-cell responses that eventually lead to the production of antibodies against the same peptide antigen

MerTK Regulation of cytokine secretion and clearance of apoptotic cells Flow Cytometry

77



PD-L1

Suppressor of the adaptive immune response, by binding the inhibitory checkpoint PD-1, reducing proliferation of antigen
specific T cells and apoptosis in regulatory T cells

Flow Cytometry

PD-1 Immune checkpoint which promotes apoptosis(programmed cell death) of antigen-specific T-cells in lymph nodes. Second, Flow Cytometry
it reduces apoptosis in regulatory T cells
CRP Acute phase protein binds phosphocholine on dead or dying cells and initiate their phagocytosis, induces Clinical Bloods
complement activation, induces monocytes to produce pro-inflammatory cytokines, and PBMCs to produce
tissue factor
WCC Undifferentiated leucocyte count, participating in innate and adaptive immunity to mount inflammatory/cellular response Clinical Bloods
Leucocyte  Neutrophils Part of the innate immune system, phagocytes at site of infection or inflammation Clinical Bloods
differential Lymphocytes T and B cells, and innate
Monocytes
Leucocyte  NLR Neutrophil: lymphocyte ratio, increased value indicates a shift towards neutrophil production, Clinical Bloods
ratios LMR Lymphcyte: monocyte ratio, increased value indicates a shift towards lymphocyte production
NMR Neutrophil: monocyte ratio increased value indicates a shift towards lymphocyte production
PLR Platelet: lymphocyte ratio increased value indicates a shift towards platelet production
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1.12 Hypothesis and aims of the thesis

The immune system is dysregulated in liver disease and cancer, and no reliable biomarker
for diagnosing postoperative infections or sepsis. Given the previous findings on the
diagnostic utility of 13C BDV in sepsis and infection, | hypothesise that is that *3C BDV is
associated with postoperative sepsis and is a potential biomarker of sepsis following HPB

surgery and Liver transplantation. | aim to:

a. Characterise the BDV response to HPB surgery and LT using infrared laser
spectroscopy

b. Characterise the cytokine response to HPB surgery and LT using MesoScale
Discovery Assay

c. Characterise the monocyte phenotype following HPB surgery

d. Examine differences in these markers between groups who do and do not
develop infective complications/sepsis, and compare these to traditional

biomarkers of infection
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2 Methods

2.1 Participant Recruitment

Participants were recruited under the Immuno-metabolism in Sepsis, Inflammation and Liver
Failure Syndromes (I-MET) protocol at King’s College Hospital London, between June 2020
and March 2021 (Appendix 2). Research ethics was granted with Research Ethics
Committee Number 19/NW/0750, Integrated Research Application System number 244089

within 24 hours of admission to hospital.

Screening

Consecutive patients admitted for major HPB surgery or liver transplantation at King’s
College Hospital London were screened for eligibility. Eligible patients were approached and
given verbal and written information before deciding whether to give informed consent.
Patients who lacked capacity due to critical illness or pre-existing cognitive impairment were
consented by their next of kin consultee where available, or by an independent treating
Consultant clinician as professional consultee, and per I-MET protocol. Retrospective patient
consent was sought if a patient regained capacity. Healthy controls, and patients with sepsis

and liver disease were recruited and sampled to be included as control group.
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Inclusion Criteria

Adult participants

e Healthy subjects as control, recruited from staff at the Institute of Liver Studies at
King's College Hospital who did not meet exclusion criteria.

e Patients undergoing major surgery - Laparotomy/Laparoscopic-assisted surgery
requiring post-operative admission to the critical care unit

e Patients with sepsis or suspected sepsis

e Patients with acute hepatic failure or chronic liver disease

Exclusion Criteria

e Age <16
e Evidence of disseminated malignancy (isolated hepatocellular carcinoma without
evidence of secondary spread is not an exclusion criteria)

e Pre-existing immunosuppressive states including HIV infection and chronic

granulomatous diseases.

e Immunosuppression other than low dose steroids (defined as >40mg prednisolone or
equivalent)

e Pregnancy
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2.2 Blood Sampling

Venous or arterial blood was taken preoperatively (baseline), day 1/2 postoperatively (+- 1 day), day 4/5 postoperatively (+- 1 day) and day 8/9

postoperatively (+-1day)(Error! Reference source not found.). Approximately 45ml of blood was taken from central access where available, or peripherally
if patients had no central access. Bloods were taken in 3 x 10mL Lithium Heparin tubes, 2 x 5mL Ethylenediaminetetraacetic acid (EDTA), 1 x 5mL Citrate
and 1 x Serum tubes (Table 2-1 Sampling Schedule

Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 Day 8 Day 9 Day 10
Baseline POD1 POD2 POD3 PODA4 POD5 POD6 POD7 PODS8 POD9
Consent
CRF CRF 1 CRF 2 CRF 3 CRF 4
+-1 day +-1 day +-1 day
Clinical Data
Breath Sample 1 | Sample 2 | Sample 3 | Sample 4 | Sample 5 | Sample 6 | Sample 7 | Sample 8 | Sample 9 | Sample 10
Blood Sample 1 Sample 2 Sample 3 Sample 4
+-1 day +-1 day +-1 day
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). If patients were anaemic (Haemoglobin <70 or <80 with ischaemic heart disease,
symptomatic) or actively bleeding blood sampling did not proceed. If a patient declined blood
sampling, bloods were not taken. In patients who were unable to be sampled, plasma and
serum samples were requested from remaining routinely collected clinical samples via
Viapath (King's College Hospital Central haematology and biochemistry laboratory) and

stored at -80°C.

83



Table 2-1 Sampling Schedule

Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 Day 8 Day 9 Day 10
Baseline POD1 POD2 POD3 PODA4 POD5 POD6 POD7 PODS8 POD9
Consent
CRF CRF 1 CRF 2 CRF 3 CRF 4
+-1 day +-1 day +-1 day
Clinical Data
Breath Sample 1 | Sample 2 | Sample 3 | Sample 4 | Sample 5 | Sample 6 | Sample 7 | Sample 8 | Sample 9 | Sample 10
Blood Sample 1 Sample 2 Sample 3 Sample 4
+-1 day +-1 day +-1 day
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Table 2-2 Blood Samples

Specimen Tube Additive Volume Number Sample Type Aliquots for Frozen Storage
- o Lithium 9mL 3 PBMCs 1-2 x Cryovials PBMCs
‘%/ o Heparin Lithium Heparin plasma 2-3 x 500pL Lithium Heparin plasma
ﬂ/ \ _ 2-3 x 130pL Lithium Heparin plasma
¢
e ] EDTA 4mL 2 Whole blood 1 x Whole blood EDTA tube
‘ EDTA plasma 1 x 500uL EDTA plasma
8 x 130pL EDTA plasma
- Citrate 3.2mL 1 Citrate plasma 1 x 500pL Citrate plasma
aw 8 x 130pL Citrate plasma
D Serum 6mL 1 Serum 1 x 500uL Serum
e
8 x 130pL Serum
o Pagane 2.5mL 1 Intracellular ribonucleic 1 x PaxGene tube
o’

acid (RNA)
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2.3 Breath Sampling

Breath samples were taken daily between 06:00 and 12:00 using Supel™-Inert Multi-Layer
Foil gas sampling bags with Thermogreen LB-2 septa, with Screw Cap Valve (SCV) and
Push/Pull Lock Valve (PLV) (Error! Reference source not found.). These bags are
designed for sampling low molecular weight compounds such as carbon dioxide (CO>). The
multi-layer foil is composed of two outer layers of aluminium film providing a barrier to gases
permeating through walls of the bag. Thermogreen LB-2 septa installed in the valve fitting
minimises the risk of gas leak, and they are chemically inert with moisture and light
protection. This means that samples can be gathered and stored for simultaneous

processing.

Figure 2-1 Supel™-Inert Multi-Layer Foil gas sampling bags

After a demonstration, participants were asked to inflate the sampling bag as full as they
could manage by blowing into the valve, which was then locked and sealed until processing.
Where patients were ventilated, samples were taken from the expiratory circuit of the
ventilator tubing using Intersurgical Connector 22M (22 French gauge + 6mm stem), at the

patient end and ventilator end for later comparative analysis (Figure 2-2).
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Samples were taken in the morning between 6am and 12pm as close to 8am as possible as
schedules would allow. Samples were stored locked and sealed at room temperature until

sample analysis.

Ventilator end Patient end

Figure 2-2. Ventilator Circuit for Breath Sampling

The BDV analysis from the sample bags was carried out at the Laser Spectroscopy
Laboratory of the Space Science and Technology department (aka RAL Space) of the
Rutherford Appleton Laboratory. Samples were stored at room temperature and analysed as

discussed in Chapter 4

2.4 Clinical Data Collection

Baseline clinical data were collected on the day of recruitment, including the participant’s
baseline characteristics, indication for surgery, past medical history, medications,
anthropometrics, vital signs and baseline blood results, using a case report form (CRF) and
data were stored on a central database. Data on the operative procedures performed,
duration of surgery, estimated blood loss (EBL), donor graft factors (for LT participants) and

intraoperative complications were collected. Where EBL was documented as <500ml, a
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value of 500ml was recorded. CRFs were completed at each sampling day including the
patients’ vital signs, blood results and any clinical issues and interventions including
episodes of sepsis, infection, procedures and other complications at the time of breath and
blood sampling. Routinely collected vital signs and blood results data (e.g. WCC, CRP) were

collected on every day at the time of breath sampling.

Definitions of sepsis, infection, and complications are defined below and recorded depending
on vital signs, blood results, microbial cultures, radiological findings and clinician reported

diagnoses. Diagnoses were confirmed by 2 independent clinicians.

Sepsis definitions

Sepsis

Sepsis is defined as life-threatening organ dysfunction caused by a dysregulated host
response to infection, and is associated with in hospital mortality of 10%.(12) Sepsis has
previously been defined as a patient having two or more systemic inflammatory response
syndrome (SIRS) criteria in the presence of an infective source -temperature < 36°C or >
38°C, heart rate > 90 beats per minute, respiratory rate > 20 breaths per minute, and WCC <
4 x 10%Litre (L) and > 12 x 10°%L - as is referenced in much of the reviewed literature.(114)
This was redefined in 2016 by the Society of Critical Care Medicine and the European
Society of Intensive Care Medicine, as it was felt to be too sensitive and not representative
of a dysregulate host response to infection, not specific to infection particularly in critically ill
patients, and not discriminant between infective sources and sterile inflammation.(115)
Through a series of meetings and Delphi processes, sepsis was re-defined by the Third
International Consensus Definitions for Sepsis and Septic Shock (Sepsis-3) as organ
dysfunction identified an acute change in total sequential organ failure (SOFA) score 22

points consequent to the infection (Table 2-3).
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Septic shock

Septic shock is a subset of sepsis in which underlying circulatory and cellular/metabolic
abnormalities are profound enough to substantially increase mortality. Patients with septic
shock can be identified as a clinical construct of sepsis with persisting hypotension requiring
vasopressors to maintain MAP 265 mm Hg and having a serum lactate level >2 mmol/L
(18mg/dL) despite adequate volume resuscitation. In patients meeting these parameters,

hospital mortality is more than 40%.

Organ dysfunction

Organ dysfunction can be identified as an acute change in total SOFA score 22 points
consequent to the infection.(12, 114) The baseline SOFA score can be assumed to be zero
in patients not known to have pre-existing organ dysfunction. A SOFA score 22 reflects an
overall mortality risk of approximately 10% in a general hospital population with suspected
infection. Even patients presenting with modest dysfunction can deteriorate further,
emphasizing the seriousness of this condition and the need for prompt and appropriate

intervention, if not already being instituted.

Definitions of Infection

Definitions of infection were taken from the Center for Disease Control criteria, as outlined in

Table 2-4 .(116)
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Table 2-3. Sequential (Sepsis-Related) Organ Failure Score

System System Score
0 1 2 3 4
Respiration PaO2/FiO2, mmHg >400 (53.3) <400 (53.3) <300 (40) <200 (26.7) <100 (13.3)
(kPa)
Coagulation Platelet count x 10%/uL 2150 <150 <100 <50 <20
Liver Bilirubin mg/dL <1.2 1.2-1.9 2.0-5.9 6.0-11.9 >12
(umol/L) (£20) (20-32) (33-101) (102-204) (>204)

Cardiovascular

Dose in pg/kg/h for

=21h

MAP =270mmHg

MAP <70mmHg

Dopamine <5 or

dobutamine (any

Dopamine 1.5-15

or adrenaline <0.1

Dopamine >15

or Adrenaline >0.1

dose) or noradrenaline 0.1  or Adrenaline >0.1
Central Glasgow Coma Scale 15 13-14 10-12 6-9 <6
Nervous
System
Renal Creatinine mg/dL <1.2 1.2-1.9 (110-190) 2.0-3.4 3.5-4.9 >5
(umol/L) (<110) (171-299) (300-440) (>440)
Urine Output - - - <500ml/25h <200ml/24h

FiO2, fraction of inspired oxygen; MAP, mean arterial pressure; PaO2, partial pressure of oxygen
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Table 2-4 Center for Disease Control definitions of infection (116, 117)

Site Subgroup Criteria 1 Criteria 2 Criteria 3
Surgical Site Superficial Within 30 days of Involves only skin and Purulent drainage from the superficial incision
Infection surgery subcutaneous tissue of the or organisms isolated from an aseptically obtained
(ssi) incision culture
or at least 1 of the following signs or symptoms of:
infection:
- pain or tenderness
- localized swelling
- redness
- heat
or diagnosis of superficial incisional SSI by the surgeon
or attending physician
Surgical Site Deep Within 30 days of Involves deep soft tissues (e.g.,  Purulent drainage from the deep incision but not from the
Infection surgery fascial and muscle layers) of the organ/space component of the surgical site,
(SSI) incision

or deep incision spontaneously dehisces/is deliberately
opened by a surgeon
and at least 1 of the following signs or symptoms:

- fever (>38°C)

- localized pain or tenderness
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abscess or other evidence of infection involving the deep
incision is found on direct examination/reoperation, or by

histopathologic or radiological examination

Surgical Site Organ space Within 30 days of Any part of the body, excluding Purulent drainage from a drain placed into the
Infection surgery the skin incision, fascia, or
organ/space
(ssi) muscle layers, that is opened or
. . or Organisms isolated from a culture of fluid or tissue in
manipulated during the
operative procedure the organ/space
or Abscess/infection on direct examination, during
reoperation, or by histopathologic or radiologic
examination
or Diagnosis of an organ/space SSI by a surgeon or
attending physician.
Pneumonia Community Acquired out of Rales or dullness to percussion ~ New onset purulent sputum
Acquired hospital on examination or organism isolated from blood culture

Pneumonia (CAP)

Hospital Acquired

Acquired during

Pneumonia (HAP) hospital admission
Aspiration Following aspiration
Pneumonia event

or
Chest Xray showing progressive

infiltrate or consolidation

or pathogen isolated from tracheal or bronchial sample
or virus detected in respiratory secretions

or diagnostic antibody titre

or histopathologic evidence of pneumonia
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Urinary Tract
infection
(uTh

Cystitis
Urosepsis

Pyelonephritis

Positive urine culture

that is, 10°
microorganisms/c® of
urine with no more
than 2 species of

microorganisms

at least 1 of the following signs

or symptoms with no other

recognized cause:

fever (>38°C)
urgency
frequency
dysuria
suprapubic

tenderness

at least 1 of the following

positive dipstick for leukocyte esterase/nitrate

pyuria (urine specimen with <10 WCC/mm3
organisms seen on Gram’s stain of urine

at least 2 urine cultures with repeated isolation
of the same uropathogen (gram- negative
bacteria or Staphylococcus saprophyticus) with
>102? colonies/mL in non- voided specimens
10° colonies/mL of a single uropathogen (gram-
negative bacteria or S saprophyticus) in a
patient being treated with an effective
antimicrobial agent for a urinary tract infection
physician diagnosis of a urinary tract infection
physician institutes appropriate therapy for a

urinary tract infection.

Bloodstream

infection

Recognised
pathogen cultured
from 1 or more blood

cultures

1 of the following signs or

symptoms:

- fever (>38°C)

- chills

- hypotension

Unrelated to an infection at another site and common

skin contaminant
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Surgical Complications

All surgery carries risk to patients, related to hospitalisation, anaesthesia, and the procedure
performed at the surgical site. These are some of the common early complications seen

following surgery.

Anastomotic failure

An anastomosis is a new connection surgically formed between two luminal structures — in
this case the Gl tract. Though uncommon, an anastomosis can fail (due to healing or
technical factors) and the luminal contents to collect out around the anastomosis and in the

peritoneal cavity.

Post-operative Pancreatic Fistula

Post-operative Pancreatic Fistula (POPF) is a clinical syndrome caused by leakage of
pancreatic fluid at the operated pancreas surgical site, with high morbidity and mortality.
Previously defined by the International Study Group of Liver Surgery (ISGLS) as drain output
with fluid amylase level > 3 times the upper limit of normal serum amylase,(118) that now
defines a biochemical leak. Clinically relevant POPF is defined as a drain output of any
measurable volume of fluid with amylase level greater than 3 times the upper Institutional
normal serum amylase level, associated with a clinically relevant development/condition
related directly to the POPF. This suggests prolongation of hospital or critical care
admission, includes use of therapeutic agents specifically employed for fistula management
or its consequences (e.g. somatostatin analogues, parenteral nutrition, blood product
transfusion or other medications). Postoperative organ failure is defined as the need for re-

intubation, haemodialysis, and/or inotropic agents > 24 hours for respiratory, renal, or
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cardiac insufficiency. Biochemical leak (BL), POPF B and POPF C depending on severity

Table 2-5

Bile Leak

Similarly, to POPF, bile leak is the leakage of bile from the operated liver or biliary site (cut
surface of biliary anastomosis) and is associated with morbidity and longer hospital
admission. It has been defined by the ISGLS as bilirubin concentration in the drain fluid at
least 3 times the serum bilirubin concentration on or after postoperative day 3 or as the need
for radiologic or operative intervention resulting from biliary collections or bile
peritonitis.(119) Severity of bile leakage was classified according to its impact on patients'

clinical management.

Post-operative bleeding

Post-hepatectomy haemorrhage (PHH) definition is taken from International Study Group of
Liver Surgery (ISGLS). PHH is defined as a drop of haemoglobin level >3 g/dl after the end
of surgery compared to postoperative baseline level and/or any postoperative transfusion of
PRBCs for a falling haemoglobin and/or the need for invasive re-intervention (e.g.
embolization or re-laparotomy) to stop bleeding.(120) To diagnose PHH (and to exclude
other sources of haemorrhage) evidence of intraabdominal bleeding should be obtained
such as frank blood loss via the abdominal drains if present (e.g. haemoglobin level in drain
fluid >3 g/dl) or detection of an intra-abdominal haematoma or active haemorrhage by
abdominal imaging (ultrasound, CT, angiography). Patients who are transfused immediately
postoperatively for intra-operative blood loss by a maximum of two units of packed red blood
cells (PRBC) (i.e. who do not have evidence of active haemorrhage) are not diagnosed with

PHH.
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Table 2-5 ISGLS Postoperative Pancreatic Fistula Criteria(118)

Grade Criteria
Biochemical

Fluid amylase level > 3 times the upper limit of normal serum amylase
leak (BL)

BL in association with a clinically relevant condition, with deviation from
B normal postoperative management, e.g. prolonged drains, endoscopic

intervention, nil by mouth etc

BL with organ failure, e.g. need for re-intubation, haemodialysis, and/or
C

inotropic agents > 24 hours for respiratory, renal, or cardiac insufficiency

Table 2-6 ISGLS Grading of Bile Leakage(119)

Grade Criteria
Fluid bilirubin level > 3 times the upper limit of normal serum bilirubin, with
A no change in patients' clinical management.
Requires active therapeutic intervention but is manageable without
° relaparotomy
C Relaparotomy is required

Table 2-7 ILSGS Grading of Post Hepatectomy Haemorrhage(120)

Grade Criteria
A PHH requiring transfusion of up to 2 units of PRBCs
PHH requiring transfusion of >2 units of PRBCs but manageable without
° invasive intervention
PHH requiring radiological interventional treatment (e.g. embolization) or re-
C

laparotomy
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Liver Transplant Complications

Hepatic artery thrombosis

Evidence of liver graft hypoperfusion with radiological/surgical evidence of thrombus in the
hepatic artery. This leads to graft hypoperfusion and ischaemia, and eventually dysfunction.
Management options include early re-exploration of the arterial anastomosis or urgent re-

transplantation.

Portal vein thrombosis

Evidence of liver graft hypoperfusion with radiological/surgical evidence of thrombus in the
portal vein. Management option include surgical re-exploration, anticoagulation, radiological

intervention and re-transplantation where the graft fails.

Early allograft rejection

Early allograft dysfunction (EAD) is a poor allograft function in the early postoperative phase
— the first 7 days following transplantation. EAD is associated with allograft quality, donor

and retrieval factors. It is associated with poorer long term recipient outcomes.

Olthoff criteria using one or more of,

1. Bilirubin 210 mg/dL on postoperative day 7
INR 21.6 on postoperative day 7

3. aminotransferase level (alanine aminotransferase [ALT] or AST) >2000 IU/mL within
the first 7 postoperative days(121)
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Acute Cellular Rejection

Acute Cellular Rejection (ACR) occurs when recipient T cells responds to alloantigens from
the donor liver. Allograft major histocompatibility complex (MHC) molecules initiate a T cell
mediated immune response against the liver graft. ACR manifests as allograft dysfunction

(usually transaminitis) and can usually be managed by optimising immunosuppression and

with a short course of high dose steroids. Diagnosis is made histologically with a liver biopsy.

Medical Complications

Acute Kidney Injury

Acute Kidney Injury (AKI) indicated by rise in serum creatinine (SCr), reduction in urine
output, or requirement for renal replacement therapy (RRT). Stage 1, 2 and 3, as defined by

Kidney Disease: Improving Global Outcomes (KDIGO) criteria (Table 2-8) (122, 123).

Table 2-8. KDIGO Criteria for Staging AKI

AKI Stage Serum creatinine (SCr) Urine Output

1 1.5-1.9 times baseline or >0.3mg/dL increase <0.5mL/kg/h for 6-12h
2 2.0-2.9 times baseline <0.5mL/kg/h for > 12h
3 3.0 times baseline or increase to >4.0mg/dL <0.3mL/kg/h for >24h

or Initiation of renal replacement therapy (RRT) or Anuria for >12h
or decrease in estimated glomerular filtration rate

(eGFR) to <35mL/min/1.73m in patients <18years
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Cardiovascular event

Acute coronary syndrome including ST-elevation myocardial infarction (STEMI), non-ST

elevation MI (NSTEMI), unstable angina, and cardiac arrest.

Cerebrovascular event

Ischaemic injury to brain parenchyma due to thrombus or haemorrhage, including transient

ischaemic attack. Diagnosis is confirmed radiologically.

Deep vein thrombosis

Thrombus in the deep veins — typically the lower limb, or lungs (pulmonary embolism (PE)),
associated with surgery, critical care, immobilisation and comorbidity. The diagnosis is

confirmed radiologically, treated with anticoagulation

Clavien-Dindo Classification

Post-surgery morbidity and mortality outcomes were classified in 1992 by Clavien et al, and
modified in 2004 by Dindo et al, to give the widely used Clavien-Dindo score for reporting
surgical complications.(124, 125) The classification grades complications based on the level

of treatment intervention required and organ system failure, as summarised in Table 2-9.

99



Table 2-9 Clavien-Dindo classification of surgical complications(124)

Grade Complication

I Any deviation from the normal postoperative course without the need for
pharmacological treatment or surgical, endoscopic, and radiological

interventions

Il Requiring pharmacological treatment with drugs other than such allowed for
grade | complications. Blood transfusions and total parenteral nutrition are

also included

1] Requiring surgical, endoscopic or radiological intervention

- b Intervention not under general anaesthesia

- Mib Intervention under general anaesthesia

v Life-threatening complication requiring critical care
- Iva Single organ dysfunction (including dialysis)

- Ivb

Multiorgan dysfunction

\% Death of a patient
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2.5 Blood processing

Plasma Isolation

Lithium heparin, EDTA, Citrate and Serum tubes were centrifuged at 1800 rotations per
minute (rpm) for 10 minutes at room temperature (20°C) with the brake on. Supernatants

were transferred in 2 mL aliquots and 8 x 130uL and frozen and stored at -80°C.

Peripheral Blood Mononuclear Cell Isolation

Whole blood in lithium heparin was further diluted at 1:1 with phosphate buffer solution
(PBS) in 50mL tube(s) and used to isolate peripheral blood mononuclear cells (PBMCs) by
density gradient centrifugation using Ficoll-Paque Plus (GE Healthcare, UK) at 2:1 with
Ficoll-Paque Plus. Samples were centrifuged at 2000 rpm for 20 minutes at room
temperature (20°C) with the brake off. Peripheral blood mononuclear cells (PBMCs) were
collected and resuspended with PBS and then centrifuged twice at 1800 rpm for 10 minutes
at room temperature with brake on. The cell pellet was re-suspended in the desired volume
according to the pellet size (indicating number of cells), with 500uL of Roswell Park
Memorial Institute 1640 Medium (RPMI) and transferred into 1ml cryovials containing 500pL
of freezing mix (20% Dimethylsulfoxide (DMSO) + 80% FBS to obtain a final concentration of
10% DMSO, 40% FBS, 50% medium). PBMC Cryovials were frozen in a Nalgenee ‘Mr
Frosty’ container, a polycarbonate container with blue high-density polyethylene closure,
white high-density polyethylene vial holder and foam insert surrounded by isopropyl alcohol.
This provides controlled 1°C/min cooling rate required for successful cryopreservation of

cells. PBMC cryovials were then freeze/stored at -80°C for future phenotyping.
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2.6 Breath Processing

The BDV analysis from the sample bags was carried out at the Laser Spectroscopy
Laboratory of the Space Science and Technology department of the Rutherford Appleton
Laboratory (aka RAL Space). Samples were stored at room temperature and analysed as

discussed in Chapter 4.

Infrared Spectroscopy

BDV value is generated using the concentrations of the isotopes 2C and **C in a sample
containing CO: gas in this experiment expired breath. Concentrations are generated, and
used to calculate the relative difference of the **CO,/*2CO, isotopic ratio of a sample with
that of an international reference (Pee Dee Belemnite (PDB)).(138) Breath samples were
analysed by and in collaboration with the Spectroscopy Group at the Rutherford Appleton
Laboratory Space Science and Technology Department, Harwell Campus, Didcot, UK, with
funding from the Science and Technology and Facilities Council., who developed the

technique and built the spectrometer.

Figure 2-3 IR radio spectrometer

a. Bench setup, b. sample attached to cell A via silicone tubing
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The spectrometer is composed of an IR light source — a quantum cascade laser that emits
radiation with wavenumber around 2296 cm, corresponding to a wavelength of 4.36 um.
The output frequency of the laser is ramped rapidly in time in a saw-tooth pattern. The laser
radiation is directed towards an optical beam-steering mirror (MEMs mirror). The MEMs
mirror cycles between three positions, each of which directs the laser beam along one of
three measurement paths (‘channels’) as shown in Figure 2-4. In the first position the mirror
directs the laser beam through the sample cell, through which breath samples are flowed. In
the second and third mirror positions the laser beam is directed through the two reference
gas cells, respectively. These hermetically sealed glass cells contain reference gas mixtures
of 5% (CHECK) COg, each with a known 39 value (-20.x %o and -37.x %.). Each channel has
a photodetector used to measure the transmission of the channel’s cell as a function of laser
frequency. The mirror has a dwell time of 2 s at each position, the first 0.6 s of which is ‘dead
time’ during which mirror vibrations damp down, and the remaining 1.4 s are used for
spectroscopic measurements. The laser current is ramp lasts 10 ms, and so during the 1.4 s
of measurement time, 140 laser scans are performed, producing 140 spectral traces. The

values are used to calculate a mean, and the mean trace is saved.
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Mirror position Detector Gas Current (mA)

-1 A Sample -12.5

0 B Calibrant 1 0

+1 C Calibrant 2 +12.5
8 X

MEMS

Input light/HW mirror

Figure 2-4 MEMS mirror

Rapidly switching the direction of the laser through cells from +1 to -1 to the photodetectors A
(sample), B (calibrant 1) and C (calibrant 2)

2 cells are reference cells containing a known concentration of 2CO; and **CO,. The third
cell contains a sample — in this experiment breath. The IR laser passes through each cell
several times per second, and the amount of IR is measured on a photodetector on the other

side of the cell (Figure 2-5).
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Figure 2-5 Infrared Spectrometer.

The infrared laser is directed through each cell using a MEMS mirror and fast optical switch, and the
light power transmitted by that cell is detected by a photodetector (D1-3)

Prior to measurements with a given breath sample, breath from the sample bag is drawn
through the sample cell for 1 minute to flush the system of any prior sample/room air during
sample changeover, after which the measurement starts. During the measurements, the
laser current is periodically linearly ramped, which ramps the laser frequency and output
power. As the laser frequency is scanned, the photodetector signal for a given channel
includes information about the varying laser power and the absorption by CO in the
channel’s cell. For most of a laser scan the gas cell transmits almost all the laser radiation.
However, when the laser frequency is close to a molecular vibrational frequency, the CO»
molecules absorb the radiation, reducing the photodetector signal. This absorption is
maximal when the laser is ‘on resonance’: the laser frequency matches the molecular
vibrational frequency. This absorption leads to ‘dips’ in the photodetector signal, centred on
laser frequency characteristic for a particular vibration of a particular molecules isotopologue
Figure 2-6. These absorption dips can be used to calculate the populations of *2CO, and

13CO; in the sample, from which the isotope ratio can be calculated.
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Figure 2-6 Infrared Spectrometer and Spectra

Generating BDV

Figure 2-7 shows examples of measured photodetector signals for each of the three
channels. Every laser scan starts with the laser below threshold, meaning that it is emitting
no laser radiation. This explains the ‘flat line’ signal at the start of the signals shown in Figure
2-7. Once the threshold passes threshold and starts to emit radiation, the photodetector
signal increases. This increase continues throughout the scan, increasing the detected laser
power. The photodetector signals show clear absorption dips from the two isotopologues of
CO; present in the samples. The two strong absorption features in the middle of each
spectrum are used for the isotope ratio measurements: one of the absorption features is
from 12CQO;, and the other from 3CO,. By measuring the relative amplitude of these two
features, the isotope ratio is calculated. The gas samples in the two calibrant cells have
known isotope ratios and are used to calibrate the isotope ratio of the breath sample. The
absolute amplitude of the absorption features in each of the channels is a measure of the
concentration of the CO- in that sample, which varies between the three samples. However,
it is the relative amplitude of the two strong absorption features in each gas cell that is
measured, and so the results are in principle immune to variations in the overall CO;

concentration.
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Figure 2-7 Spectra for sample (channel A) and calibrants 1 and 2 (channel B and C). The first large
trough represents absorption of *C and the second 3C

In order to measure the isotope ratio for a given gas cell, the varying baseline of the
measured photodetector spectra (which results from the increasing laser power during a
scan) needs to be removed. This is done in several sets of analysis, but briefly: (i) first the
sub-threshold photodetector is subtracted. This dark signal results from the photodetectors
responding to sources of mid-IR radiation other than the laser (any warm body emits mid-IR
radiation). The dark signal needs to be removed as it can bias the laser measurements. (ii)
Once this background signal has been removed, a polynomial function is fitted to the signal
baseline (i.e. all the data points in the scan that do not correspond to molecular absorption).
(i) This fitted function is then used to remove the varying baseline, producing a
transmittance spectrum that has a value of 1 when there is no molecular absorption and 0
when the molecules absorb all of the laser radiation. For molecular absorption dips with a

minimum value between 0 and 1 it is possible to calculate the molecular concentration.

In order to generate isotope ratio measurements from the transmittance spectra, a model
that describes the light-matter interaction is used. This model uses known information about
the absorbing strength and frequency response of the 2CO, and **CO; isotopologue
vibrations to produce a calculated transmittance spectrum. For each experimental
transmittance spectrum, a numerical fitting routine is employed that varies the ?CO, and
13CO; concentrations in the model in order to find the calculated model spectrum that best

agrees with the experimental spectrum. The ‘best-fit' concentrations are then used to
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calculate the isotope ratio for the sample. Uncertainties that arise at all stages of the analysis

are propagated and combine to provide an overall uncertainty in the isotope ratio.

For a given breath sample, every 6 seconds a new breath sample spectral measurement is
recorded, with corresponding measurements for the two calibrant channels. The analysis
routine produces an isotope ratio (and uncertainty) for each of these measurements. For
each breath isotope ratio, the corresponding isotope ratios measured for the two calibrant
samples was used to provide a linear, real-time calibration. Each breath sample was
analysed by the instrument for at least 3 minutes, resulting in at least 30 calibrated isotope
ratio measurements per breath sample. Each of these isotope ratio measurements has an
uncertainty, resulting from the analysis and fitting routine. For each set of measurements for
a given breath sample, the isotope ratio uncertainties were used to calculate the weighted
mean isotope ratio with an associated mean uncertainty generated from the fitting
uncertainties. In addition to this “fitting’ uncertainty, the standard deviation of the isotope ratio
measurements was calculated, and this measure of the spread of the individual
measurements was used as another uncertainty on the mean isotope ratio measurement. In
this way, for each breath sample there was a mean isotope ratio measurement, with two
accompanying uncertainties. Typically, the uncertainty from the spread of values was greater
than the mean fitting uncertainty, indicating that the uncertainty calculated from the analysis
and fitting routines does not describe all sources of error. The uncertainty arising from the
spread of measurements was used as the measurement uncertainty, except in those rare

cases where the ‘fitting’ uncertainty was greater than the ‘measurement spread’ uncertainty.

Sample assessment

Breath samples were stored and sealed at room temperature. Samples were transported to

RAL by courier service and further stored. Before each sample was analysed, it was
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assessed by batch number, valve type (push/pull closure/screw closure) integrity of valve
seal (sealed, leaking, left open etc), and filling of sample (well filled to empty). These data
were recorded as below, to correlate with results. All samples went through analysis

regardless of filling.

Table 2-10 Breath sample post storage data collection

Measure of data

Batch number As per label

Valve type 1 - push/pull valve, 2 — screw valve

Valve Integrity 1 - open, 2 - leaking, 3 - good seal

Quality of filling 1 - empty bag, 2 — poorly filled, 3 — moderately filled, 4 —

well filled, tense bag

Breath Sampling

Samples were connected to the sample cell A by connecting the valve tube silicone tubing.
Sample was drawn into the cell for one minute to flush the chamber of any room air/previous
sample. Measurements were taken for four minutes, after which the sample was
disconnected and resealed, in case a repeat analysis were required. BDV, error 1, error 2
and '2CO, concentration were generated, as described. Where there was insufficient CO; to

generate BDV, the value 0 is given for *?CO; and -0.01 for BDV.

Statistical analysis

BDV, error 1, error 2 and 2CO, concentration were analysed. Where there was insufficient
CO- to generate BDV and the sample will be excluded from the clinical analysis. Samples
are presented as baseline and POD1-9. Statistical Analysis was performed using GraphPad

Prism 9.2 Statistical software (Graph Pad software, Inc.). Values were tested for normality of
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distribution using Kolmogorov-Smrivnov test. Parametric data is reported as mean = SEM,
and nonparametric data as median * interquartile range. Two tailed P value<0.05 was

considered to be significant.

Data Quality

12C0O, concentration and BDV were correlated using Spearman r nonparametric XY
correlation. This was then repeated after using excluding outliers/non-physiological values,

to assess whether BDV at varying *?CO; concentrations were reliable.

Cutoffs

Samples with non-physiological results (samples with BDV more positive than room air, -8
per mil) were excluded. Samples with 12CO, concentration <0.02 - approaching atmospheric

12C0O; concentration - were excluded from clinical analysis.

Outliers

Outliers were identified using the ROUT method (GraphPad PRISM). Based on the False

Discovery rate, ROUT fits a model to the data where outliers have little impact, then uses a
new outlier detection method based on FDR to decide which points are far enough from the
prediction of the model to be called outlier. The user can set Q, the maximum desired False

Discovery Rate.

Missing Values

Patients with 50% of more BDV values missing or excluded as outliers were excluded from

the analysis. Missing data were imputed using interpolation between available data during
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the sampling period. When data were missing after patients were discharged (without

ongoing clinical infection) the last available value was imputed as BDV on subsequent days.

Sample Quality

In LT patients who were ventilated perioperatively, samples were taken at the patient and of
the circuit and the ventilator end of the expiratory tubing, as discussed in Error! Reference
source not found. Error! Reference source not found.. To examine for a difference in
BDV and ?CO; in the sampling point (Patient end or Ventilator end) a paired t test using
nonparametric Wilcoxon matched pairs signed rank was conducted. There were no

ventilated samples in HPB Group.

Bag types

To assess the integrity of storage/seal different between valve types for a difference in BDV
and *2CO, between bag types, BDV was correlated with valve type (push/screw) using

student’s t test.

Clinical Data

Statistical Analysis was performed using GraphPad Prism 9.2 Statistical software (Graph
Pad software, Inc.). Two tailed P value<0.05 was considered to be significant. HC samples
were compared to infected and non-infected patients using a nonparametric Kruskal-Wallis
one-way ANOVA, comparing the mean rank of each column with the mean rank of every

other column to assess for a difference between HC and patient sampled.
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Baseline Characteristics

Baseline Characteristics between groups using Fisher’s exact test for nominal data, and

Wilcoxon Rank summary for continuous data.

Infection/Sepsis

To examine for a difference in BDV between patients who do and do not develop a
postoperative infection, values were tested for normality of distribution using Kolmogorov-
Smirnov test. Parametric data is reported as mean + standard error of mean (SEM), and
nonparametric data as median % interquartile range. Samples are grouped by whether
participants developed postoperative infection/sepsis. Exploratory analysis was performed to
determine if BDV was different in infected and non-infected patients using the Mann-Witney
U (MWU) test at individual days. To assess the effect of repeated measurements data is
also analysed using a two-way ANOVA mixed effects analysis to allow for missing values.

Fisher's LSD test was used, not correcting for multiple comparisons.

Diagnostic Accuracy

The initial statistic plan was to assess diagnostic accuracy of BDV using receiver operating
characteristic, and sensitivity, specificity, DOR, and using Youden J statistic to give an
optimal cut-off based upon sensitivity and specificity. The cutoff is chosen from the value
highest Youden index (sensitivity + specificity — 1). This was to be compared to other clinical
markers including WCC, CRP and SOFA, and against experimental markers from MSD and

Monocyte Phenotyping.
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Clinical Condition

To assess whether BDV is associated with continuous biomarkers including SOFA score,
WCC, CRP, data were analysed using nonparametric Spearmann R XY Correlation. The
relationship between BDV and other parameters including feeding and haemodynamic

instability was examined using the MWU test at individual days. The relationship between
BDV and clinical outcomes including infection, sepsis, and other inflammatory processes

including bile leak, pancreatic leak, was examined using day by day logistic regression.
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2.7 Statistical Analysis

Statistical Analysis was performed using GraphPad Prism 9.2 Statistical software (Graph
Pad software, Inc.). Two tailed P value <0.05 was considered to be significant.

Healthy control samples were compared to infected and non-infected patients using a
nonparametric Kruskal-Wallis one-way ANOVA, comparing the mean rank of each column
with the mean rank of every other column. Baseline Characteristics between groups using
Fisher’s exact test for nominal data, and Wilcoxon Rank summary for continuous data.
Values were tested for normality of distribution using Kolmogorov-Smrivnov test. Parametric
data is reported as mean = SEM, and nonparametric data as median = interquartile range.
Samples are grouped by whether participants developed postoperative infection/sepsis.
Exploratory analysis was performed to determine if BDV was different in infected v non
infected patients using the MWU test at individual days. To assess the effect of repeated
measurements data is also analysed using a two-way ANOVA mixed effects analysis to
allow for missing values. Fisher’s LSD test was used, not correcting for multiple

comparisons.
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2.8 Mesoscale Discovery Assay

Cytokines are chemical mediators released by cells and that act on different cell receptors
and change physiology, as discussed in Chapter 1.3, and are soluble within serum/plasma.
They can be quantified using enzyme-linked immunosorbent assay (ELISA) techniques, but
a newer technology called Mesoscale Discovery Cytokine Assay (MSD) uses an
electrochemiluminescent multi-array allows several cytokines to be quantified in one sample

and experiment, with high sensitivity and low background signal interference.(139)

Electrochemiluminescence (ECL) uses electrical stimulation by labelled analytes to generate
light.(139) MSD uses the coreactant pathway, using Ru(bpy)s?*as a luminophore — a
functional group responsible for luminescent properties of a compound — with
triprophylamine (TPrA) amine based coreactant. Similarly to ELISA techniqgues, samples are
mixed with SULFO-TAG detection antibody, which bind to analytes — cytokines included in
the immunoarray — and allows them to bind to capture antibody (Figure 2-8). SULFO-TAG (is
an N-hydroxysuccinimide which couples to the primary amine groups of proteins, and the
conjugated proteins are used as detection reagents. The working electrode is connected to
an electrical source which controls the electrical potential, and at a particular potential ECL is
induced dependent upon the concentration of the lumiphore and coreactant. The coreactant
TPrA is oxidised at the electrode to create the reactants TPrA<+ and TPrA-. These radicals
react with the luminophore Ru(bpy)32+ to generate an excited state and photon emission,
giving luminescence (Figure 2-9). Luminescence is measured on an electromagnetic charge-
coupled device. ECL readers can spatially resolve luminescence from the regions of interest
(spots) at the electrode, allowing for simultaneous imaging of multiple assays (10 spots for
MSD V-PLEX), and microwells within a sample well are precoated with capture antibody

(Error! Reference source not found.).
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Figure 2-9 Electrochemiluminescence at the electrode

Coreactant TPrA is oxidised at the electrode to create the reactants TPrA«+ and TPrAe«. These

radicals react with the luminophore Ru(bpy)32+ to generate light
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Figure 2-10 96-well multispot MSD plate

Each well contains 10 'spots' or microwells for ECL reading. Experiments were conducted using a
MESO Quickplex SQ 12.

Table 2-11 Cytokines included in MSD V-PLEX Proinflammatory multiassay

Cytokine Action

IFNy Pro-inflammatory cytokine, potent activator of macrophages

IL-1B Pro-inflammatory cytokine, induces IL-2, B cell maturation and proliferation,

fibroblast GF and healing, pyrogenic

IL-2 T cell growth factors, regulates T cells

IL-4 B cell stimulatory factor/lymphocyte stimulatory factor, B cell activation and
induces DNA synthesis, induces IgG/IgE expression

IL-6 Induces acute phase response, differentiates B cells into immunoglobulin

secreting cells

IL-8 Attracts neutrophils, basophils, T cells and neutrophils

IL-10 Cytokine synthesis inhibitory factor, suppresses pro-inflammatory response

IL-12p70 Produced by macrophages and T lymphocytes, activates T cells and NK

cells to produce IFNy

IL-13 Positive regulator of B cell proliferation, macrophage activation, Ig p

TNF-a Proinflammatory cytokine produces by macrophages, induces inflammatory

response, endogenous pyrogen
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Mesoscale discovery assay was conducted using V-PLEX Proinflammatory Panel 1 Human
Kit (IFNy, IL-18, IL-2, IL-4, IL-6, IL-8, IL-10, IL-12p70, IL-13, TNF-qa, as described in Chapter
1.11 Biomarkers for Investigation), from MesoScale Diagnostics, LLC (Rockville, MD, USA)
on 2 plates on 9" July 2021. EDTA samples were thawed at room temperature and 2-fold
diluted. 50 uL of calibrators or sample (in singlicate) were added to each well of a V-PLEX
plate and incubated for 2 hours on a horizontal orbital microplate shaker at room
temperature. Plates were then washed three times (20-fold wash buffer concentrate
reconstituted). 25 L of detection antibody solution were added to each well and incubated
for 2 hours on a horizontal orbital microplate shaker at room temperature. 150 pL of a 2X
Read Buffer T were added to each well and the plate was read using an MESO QuickPlex
SQ 120 from MesoScale Diagnostics, LLC (Rockville, MD, USA). Mean of the duplicate
readings for each standard and sample were analysed, and analyte concentrations were
established fitting a 4-parameter logistic calibration curve on Discovery Workbench U-PLEX

software from MesoScale Diagnostics, LLC (Rockville, MD, USA).

1000000

100000 -

Signal

10000

1000 4

100

0.01 0.1 1 10 100 1000 10000
Concentfration (pg/mlL)

Figure 2-11 4-parameter logistic calibration curve
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160 samples were included, 3 HCs, 6 septic controls, 73 HPB samples, 75 LT samples and
3 repeated samples. Three samples were repeated on both plates to assess for plate-to-
plate variation using coefficient of variance. Coefficient of Variance (CoV) was calculated for

each cytokine measured in Microsoft ExCel using the equation below.

CoV= (STDEV(Platel:Plate5))/(AVERAGE(Plate1:Plate5))*100)

Equation 2-1 Coefficient of Variance using the standard deviation (STDEV) and mean (AVERAGE)
between MSD plates in Microsoft Excel

Data were analysed Statistical Analysis was performed using GraphPad Prism 9.2 Statistical
software (Graph Pad software, Inc.). Two tailed P value<0.05 was considered to be
significant. Mann-Witney U test for sequential samples, one-way ANOVA were carried out to
assess differences between groups, and logistic regression for HPB outcomes of infection
(no cases of sepsis), pancreatobiliary leak, inflammation (infection or pancreatobiliary leak),
and LT outcomes of sepsis, infection, bile leak, inflammation (infection or pancreatobiliary

leak), and postoperative bleeding.

Alongside cytokines, other biomarkers including CRP, SOFA score, WCC and differential
and percentage of WCC, and neutrophil lymphocyte ratio, lymphocyte monocyte ratio,
neutrophil monocyte ratio, platelet lymphocyte ratio were analysed from clinical data. Where
CRP values were missing PCT results from EDTA plasma PCT ELISA (Chapter 6) was

analysed alongside other markers.
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2.9 Procalcitonin ELISA

As explored in Chapter 1 and evidenced in the PCT meta-analyses (Chapter 4), PCT is the
most used novel biomarkers of bacterial sepsis and is often used to compare the diagnostic
performance of other new biomarkers, including BDV. PCT levels in plasma samples from
baseline and postoperative days were analysed using ELISA technigues. ELISA — enzyme
linked immunosorbent assay — is a common experiment which uses to detect an antigen
(PCT) in a biological sample (EDTA plasma) using antigen-antibody interactions. Antigens
are added to the ELISA plate and are immobilised on capture antibody. The antigen is then
complexed using a capture antibody, which in turn oxidises 3,3',5,5-Tetramethylbenzidine, a
chromogenic substrate, added to samples. HRP with hydrogen peroxide oxidises TMB to

give a blue colour which fluoresces and is read by a microplate reader.

Baseline and sequential EDTA samples from all 20 HPB and 20 LT participants (where
available) were included in the experiment, with 13 healthy controls, 13 septic controls and
5 ALF controls (total 200 samples). 1 HC (H27), 1 non-infected HPB patrticipant (S64 d3) and
1 infected LT participant (T165 d7) were repeated on each plate to examine variation

between plates.

Human PCT ELISA Kit (Invitrogen, Thermo Fisher Scientific, UK) was used to measure PCT
levels in participant EDTA plasma as per manufacturer instructions. ELISA plates were 96-
well precoated in human PCT antibody, and the 5-plate sample layout was planned in
advance. Plate 1 experiment was conducted on June 4™ 2021, and plates 2-5 on June 15",
2021. EDTA samples were thawed to room temperature and diluted 2-fold in assay diluent
and analysed in duplicate. Reconstituted human PCT standard A was diluted 2.75-fold in
assay diluent A to give standard 1, which was sequentially diluted 2-fold using diluent A to

give standards 2-7, and a blank standard 8 using diluent A.
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100uL of standards and 100uL of diluted samples were added to plate wells in duplicate.
Samples were incubated for 2.5 hours with gentle shaking. Samples were discarded and
washed 4 times with wash buffer (20X wash buffer concentrate diluted 20-fold in DD water).
100uL of biotin conjugate (Biotin conjugate diluted 80-fold in diluent B) was added to each
well and incubated for 1 hour at room temperature with gentle shaking. Samples were
discarded and washed 4 times with wash buffer.100uL of streptavidin horseradish
peroxidase (HRP) (700X Streptavidin-HRP diluted 700-fold in diluent B) was added to each
well and incubated for 45 minutes at room temperature with gentle shaking. Samples were
discarded and washed 4 times with wash buffer. 100uL of 3,3',5,5'-Tetramethylbenzidine
(TMB) substrate was added to each well and incubated for 30 minutes at room temperature
in the dark with gentle shaking. 50uL of stop solution was added to each well and plates

were analysed.

Optical density was assessed soon after, using a FLUOstar® Omega microplate reader
(BMG Labtech Ltd, UK) set to 490 nm. The mean of the duplicate readings for each
standard, control, and sample were analysed after subtraction of the mean zero standard
optical density. A 4-parameter fit curve was used to extrapolate the data, as recommended

by the manufacturer.

Coefficient of variance (CoV) was used to examine plate to plate variation using the equation
CoV=(STDEV(Platel:Plate5))/(AVERAGE(Platel:Plate5))*100 (Excel, Microsoft, USA).
Mann-Witney U test and one-way ANOVA were used to analyse differences between groups
using GraphPad Prism 9.4 software (GraphPad Software, La Jolla California, USA).
Statistical significance was assessed with non-parametric analysis for data not normally
distributed, unless otherwise specified in figure legends. Results are presented as median

with interquartile range (IQR), unless otherwise specified in figure legends.
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2.10 Monocyte Phenotyping

An integral part of the innate immune system, as explored in chapter 1, monocytes are cells
within the immune system, circulating in blood in small numbers, which respond to tissue
injury and express cell surface markers to initiate tissue response. Monocytes are a type of
peripheral blood mononuclear cell - PBMC — along with lymphocytes (T cells, B cells, NK
cells). Granulocytes (neutrophils, basophils, and eosinophils) have multi-lobed nuclei, and
erythrocytes and platelets have no nuclei. PBMCs can be isolated in blood using a technique
called density gradient centrifugation. Diluted whole blood is floated over Ficoll-Paque Plus
and centrifuged (as per Methods described in chapter 2). The Ficoll-Paque Plus has a lower
density than red blood cells, but a higher density that PBMCs and plasma. The sample is
centrifuged into layers by density, with erythrocytes setting at the bottom, a layer of Ficoll, a
layer of PBMCs and a layer of plasma and suspension fluid (PBS). This allows for the
isolation of these cells for further experiments. Ficoll Paque Plus has low levels of endotoxin

(< 0.12 EU/mL) to minimise stimulation of immune cells.

Cell surface markers expressed on monocytes can be read and measured using a technique
called flow cytometry. Similarly to ELISA, these markers are labelled with antibody which
interacts with the antigen (cell surface marker) which absorbs light at a particular wavelength
on the light spectrum. Cells are then run through an instrument called a flow cytometer,
which measures cell surface marker expression by generating fluorescence from labelled
cell surface markers. The sample is introduced into the cytometry instrument's flow chamber.
Hydrodynamic focusing on a fluidics system is used to separate the sample into its single-
cell components, and a controlled flow around the sample, forces it into a narrow diameter
causing the cells to separate. Separated cells pass through a laser that records each
individual cell as an event. Forward scatter (FSC) and side scatter (SSC) are produced by
each cell on passing through the laser. The fluorophore becomes excited as it passes

through the laser and emits this light which it reaches the appropriate detector for the
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targeted wavelength and is recorded by the instrument. These detectors recognise the
fluorescence of a certain, predetermined wavelength, and the level of fluorescence

measured marks the level of CD marker expression on that cell.

Methods

Monocyte phenotype was determined by flow cytometry on thawed PBMCs using Table 2-11
Cytokines included in MSD V-PLEX Proinflammatory multiassay monoclonal antibodies
against CD (Cluster of differentiation)14, CD16, CD163, chemokine receptor (CCR) 2
(Biolegend, USA), Human Leukocyte Antigen - DR isotype (HLA-DR) (eBioscience), Mer-
Tyrosine Kinase (TK) (R&D Systems, USA), Programmed death-ligand 1 (PD-L1)
(Biolegend, USA), Programmed cell death protein-1 (PD-1) (BD) and Fixable Viability Dye

eFluor 506 (Invitrogen) (Table 2-12).

Frozen PBMCs were thawed at room temperature and resuspended in 1ml sterile PBS. Cells
were centrifuged at 1800 rpm for 5 minutes at room temperature with brake on. The cell
pellet was resuspended in 100uL sterile PBS. Cells were counted using Tryphan blue stain
on a slide under the microscope, and samples were diluted in PBS to give 500uL of

500,000 cells/500uL sample. Samples were stained using 100uL of live/dead working
solution, then a master mix of antibody as above (Table 2-12). Samples were incubated for
30minutes in the dark in the fridge. Fluorescence minus one (FMO) samples were prepared
using H27 to prepare the flow cytometry gating, with each FMO containing all but one of the
antibodies (one per antibody). Following incubation, 1ml of FACS buffer was added to
samples, and were centrifuged at 1800 rpm for 5 minutes at room temperature with brake

on. Samples were resuspended in 300uL of FACS buffer, ready for acquisition.

Cell acquisition was performed on a BD LSR Fortessa™ cell analyzer (BD Biosciences, UK).

Flow cytometry data analysis was performed in FlowJo™ v10 software (Becton Dickinson &
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Company). Results are expressed as percentage (%) and/or mean fluorescence intensity

(MFI).

Table 2-12. Antibodies used for Flow Cytometry

Primary | Host

antibody
CD14 Mouse
CD16 Mouse

CD155 Mouse
CD163 Mouse
CCR2 Mouse
HLA-DR | Mouse

MerTK Mouse

PD-L1 Mouse
PD-1 Mouse

Gating

Anti

Human
Human
Human
Human
Human

Human

Human
Human

Human

Clone

M5E2
3G8
SKil.4
GHl/61
K03602
LN3

125518
29E.2A3
EH12.1

Conjugated
fluorophore
PeCy7
APC-H7
Bv421

PE
AlexaFluor488
PerCp-Cy 5.5

APC
BV 605
BV786

Catalogue
number
557742
560195
337632
556018
357226
45-9956-
42
FAB8912A
329724
563789

Producer

BD
BD
Biolegend
Invitrogen
Biolegend

Invitrogen

R&D
Biolegend
BD

Application

Flowcytometry
Flowcytometry
Flowcytometry
Flowcytometry
Flowcytometry

Flowcytometry

Flowcytometry
Flowcytometry

Flowcytometry

Monocytes were identified based upon positive selection CD14, CD16 and HLA-DR

expression, using an established gating strategy (Figure 2-12).(140) Surface marker

expression was determined in the total monocyte population and the “classical”

(CD14+CD16-), “intermediate” (CD14++CD16+) and “non-classical”’ (CD14,,CD16+)

monocyte subsets.(141)
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3 Characteristics of Included Participants

20 patients undergoing HPB surgery and 20 patients undergoing Liver Transplantation were
recruited to I-MET as described Table 3-1(HPB) and Table 3-3 (LT). Participants were
grouped by whether they did or did not develop an infective complication in the study period.
Differences between groups was analysed using ANOVA for continuous data and Kruskal-
Wallis test for categorical data (SPSS). Results are described in Table 3-2 (HPB) and Table

3-4 (LT). Averages of continuous variables are presented as median and interquartile range.
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Table 3-1 Characteristics of Included HPB Participants

ID Age Indication Operation Surgery date LOS Surgical Medical Sepsis Infection Clavien
(years) (days) Complication Complication Dindo

S044 64 CRLM Laparoscopic NAR 08/06/2020 7 - - - - -
S048 67 CCA PD 15/06/2020 38 POPF (B) POD3 POD3 HAP POD3 POD3 HAP Il
S064 41 MCN Laparoscopic DP 03/07/2020 8 - - - - -
S067 77 IPMN PD 13/07/2020 25 - - - - -
S069 72 CLRM Laparoscopic NAR 17/07/2020 5 - - - - -
S070 53 CCA PD 20/07/2020 22 - - - - -
S074 47 CCA HJ/GJ*/JJ** 17/08/2020 12 - - - - -
S078 63 CRLM Open RH 07/09/2020 9 - - - - -
S079 71 GB tumour Laparoscopic NAR 08/09/2020 16 POD4 Bile leak - - POD4 Bile leak Ila
S080 71 NET Laparoscopic DP 10/09/2020 10 POD4 POPF - - - I
S082 75 CCA PD 14/09/2020 9 - - - - -
S084 73 CCA PD 18/09/2020 35 POD7 SSI - - POD7 SSI Il
S085 79 CCA PD 21/09/2020 23 - AKI - - !
S091 48 NET Laparoscopic DP 05/10/2020 9 POD4 POPF - - - |
S108 68 CCA PD 06/11/2020 11 PODS5 POPF - - - I
S123 64 CCA PPPD 27/11/2020 18 POD3 POPF AKI - - I
S124 73 CCA PPPD 27/11/2020 PODS5 Chyle leak - - - Il
S128 52 PA Open DP 30/11/2020 - - - - -
S132 65 CCA Open RH 01/12/2020 9 POD4 Bile Leak - - POD4 Bile Leak Ila
S172 41 CRLM Laparoscopic RH 16/03/2021 13 PODS Bile Leak - - PODS Bile Leak Ila

*GJ, gastrojejunostomy; **JJ, jejunojejunostomy
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Table 3-2 Descriptive statistics: differences between infected and non-infected HPB participants

Averages are expressed as median and interquartile range. Differences between groups was

analysed using ANOVA for continuous data and Kruskal-Wallis test for categorical data (SPSS)

All Non infected Infected p value
Age 65.9 (52.4- 63.6 (52.3-73.1) 67 (52.8-71.3) 0.9
72.8)
Sex (n=)
Male (M) 12 8 4 0.3
Female (F) 8 7 1
BMI 24.3 (22.4- 24.5 (22.3-28.2) 24.2 (24.1-25.9) 0.6
27.0)
ASA score (n=)
1 1 1 0 0.7
2 13 10 3
3 6 4 2
Frailty Score(142) 3(2-3) 3(2-3) 2 (1.5-3) 0.44
WHO PS(143) 1(0.2-1) 1(0-1) 1 (0.5-1.5) 0.69
Comorbidity (n=)
Cardiovascular 2 2 0 0.39
Respiratory 3 3 0 0.29
Diabetes 3 2 1 0.71
Renal 1 1 0 0.55
Obesity 2 2 0 0.39
Neoadjuvant 9 8 1 0.32
Chemotherapy
Operation
Duration (hours) 6.25 (5.1-7.5) 6.75 (5.25-7.5) 5.5 (4.4-6.8) 0.5
EBL (ml) 500 (500-500) 500 (500-500) 500 (500-650) 0.08
LOS (days) 10.5 (8.25-21) 9 (8-18) 16 (11-37) 0.03

BMI, Body mass index; ASA, American Society of Anaesthesiologists Score; WHO PS, World Health

Organisation performance status; EBL, estimated blood loss; LOS, length of stay.
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Table 3-3 Characteristics of Included LT Participants

ID Age Sex Indication Operation and date of LOS Surgical Medical Sepsis Infection Clavien
(years) surgery (days) Complication Complication Dindo
TO60 30 M ALF Seronegative  OLT 24/06/2020 47 - AKI 3, - - IVa
PODS5 EAD
TO72 47 F ACLF Wilson’s OLT 15/08/2020 90 POD6 RTT AKI 3 - - IVa
TO75 63 M SC-HCC OLT 18/08/2020 90 POD1 PHH+RTT AKI 3, - - IVb
Cardiac arrest

TO77 62 M SC ArLD OLT 23/08/2020 16 - - - - -
TO86 57 M SCPSC OLT 28/09/2020 10 POD7 SSI - - POD7 SSI I
T087 40 F ACLF Wilson’s OLT 29/09/2020 22 POD2 bacteraemia AKI 3 POD2 POD2 bacteraemia Il
TO90 55 M SC ArLD OLT 03/10/2020 14 POD9 HAP AKI 3 - POD9 HAP Il
T105 64 F SC NASH OLT 10/11/2020 15 - - - - -
T106 58 M SC ArLD OLT 05/11/2020 13 - AKI - - |
T107 27 F SC Wilson’s OLT 06/11/2020 14 - - - - -
T111 66 F SC ArLD OLT 19/11/2020 9 - - - - -
T113 37 M ALF Seronegative  Aux-LT 20/11/2020 37 - AKI 3 - - IVa
T114 58 M SC ArLD OLT 18/11/2020 14 - - - - -
T119 52 M SC ArLD OLT 23/11/2020 11 - AKI - - IVa
T126 70 M SC ArLD OLT 29/11/2020 16 - - - -
T138 39 M SC ArLD OLT 30/12/2021 72 POD2 PHH+RTT AKI 3 - - IVa
T139 65 M ACLF ArLD OLT 31/12/2021 19 POD2 PHH+RTT MOF, AKI 3 - - IVb
T165 30 F SC PBC RL LT 02/02/2021 1 POD?2 Bile leak - POD9 POD?2 Bile leak lla
T166 45 M SC PSC OLT 03/02/2021 13 - - - - -
T175 60 M SC ArLD OLT 26/03/2021 12 - - - - -

RTT, return to theatre; MOF, multiorgan failure.
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Table 3-4 Descriptive Statistics, differences between infected and non-infected LT participants

Averages are expressed as median and interquartile range. Differences between groups was

analysed using ANOVA for continuous data and Kruskal-Wallis test for categorical data (SPSS)

All Non infected Infected p value
Age (years) 56.1 (39.6-62.3) 57.6 (39.4-62.5) 55.3 (35.1-61.0) 0.8
Sex
Male (M) 12 10 2 0.3
Female (F) 8 5 3
BMI 27.3 (22.7-33.4) 26.7 (22.8-32.4) 33.7 (21.3-47.4) 0.1
ASA score (n=)
1 1 1 0 0.2
2 14 9 5
3 5 5 0
Frailty Score(142) 3 (2-4) 3 (1-4) 3(2.5-4.5) 0.4
WHO PS(143) 1(1-2) 1(1-2) 1(1-1.5) 0.83
Comorbidity
CVS 1 0 1 0.08
Respiratory 3 3 0 0.28
Diabetes 4 4 0 0.2
Renal 1 1 0 0.55
Obesity 7 6 1 0.42
Operation
Duration (hours) 5.5 (5-7.25) 6 (5-7.5) 5.5 (4.25-6.75) 0.37
EBL (ml) 4985 (3325-7750) 5770 (3100-8000) 4000 (3500-8100) 0.65
PRBC Transfusion (ml) 665 (75-1217) 557 (0-1464) 860 (281-1194) 0.53
CIT (hours) 9.75 (7.94-10.69) 10.5 (8.5-11) 7.0 (6.5-10.25) 0.06
LOS (days) 14.5 (12.25-33.25) 15 (13-47) 14 (5.5-20.5) 0.20

BMI, Body mass index; ASA, American Society of Anaesthesiologists Score; WHO PS, World

Health Organisation performance status; CVS, Cardiovascular disease; EBL, estimated blood

loss; PRBC, packed red blood cells transfused; CIT, cold ischaemic time of liver allograft; LOS,

length of stay.
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4 Procalcitonin Meta-analysis

Procalcitonin (PCT) and Interleukin-6 (IL-6) have been investigated as biomarkers for
postoperative sepsis, infection or other complications, and are often examined as
comparator index tests for novel biomarkers. PCT is a precursor of calcitonin produced by C
cells (parafollicular cells) of the thyroid gland and by neuroendocrine cells of the intestine
and lung, involved in calcium homeostasis. It has been shown to be increased in bacterial
infection/sepsis, and high serum concentrations have been associated with mortality.(36, 38,
126) PCT has been implemented as a diagnostic test in clinical practice particularly in critical
care to differentiate systemic inflammatory response syndrome (SIRS) from sepsis — SIRS
with an infective source. IL-6 is a pro-inflammatory cytokine produced by macrophages,
endothelial cell and T cells. It acts on the liver to induce acute phase protein synthesis,
induces proliferation of antibody producing B cells and activates T lymphocytes
differentiation.(127, 128) It has been shown to be a moderately performing diagnostic test for

sepsis, and is often used as a comparator for other biomarkers.(126, 129)

4.1 Diagnostic Accuracy of Procalcitonin and Interleukin-6 for Postoperative

Infection in Major Abdominal Surgery: Meta-analysis

The aim is to undertake a systematic review and meta-analysis of available literature on the
use of PCT and IL-6 in diagnosing postoperative sepsis/infection in patients undergoing
major Gastrointestinal (Gl) and hepato-pancreato-biliary surgery (HPB). The evidence is
examined to assess whether PCT and IL-6 have a role as sepsis biomarkers in current
practice, or whether further research should be done to discover or validate other novel

biomarkers to diagnose post-operative infection or sepsis.
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Methods

Search Strategy

An electronic search of Medline, Embase and Cochrane Library was conducted from 1996 to
June 2020 using the terms ‘sepsis’ (MeSH Major Topic and keyword) or ‘infection’
(keyword), ‘biomarker’ (MeSH term and keyword, including Procalcitonin and IL-6), and
‘surgery’ (MeSH term or keyword). Bibliographies of relevant studies and the ‘related articles’
link were used to identify additional studies. Studies published only in abstract format or
unpublished reports were excluded from the analysis. Citations and abstracts identified were
thoroughly reviewed by investigators, and secondary references were obtained from the key
articles. Studies were screened by title, abstract, and full text articles were assessed for
eligibility with relevant studies included in the synthesis. The Preferred Reporting Items for
Systematic Reviews and Meta-analyses (PRISMA) guidance and Meta-analysis of
observational studies in epidemiology (MOOSE) checklist were utilised (Figure 1).(29, 130)
Studies were reviewed for assessment of diagnostic accuracy of PCT and IL-6 for sepsis in
the early postoperative period (up to 2 weeks) in patients undergoing major abdominal

surgery. Study design and technique were reviewed.

Inclusion Criteria

Only original studies in humans published in English were considered for inclusion. Adult
and paediatric patients were included. Studies that analysed the diagnostic performance of
Procalcitonin (PCT) and/or Interleukin-6 (IL-6) for sepsis or infection in patients undergoing
major abdominal gastrointestinal and hepatopancreatobiliary surgery with cut-off values

were included. Studies were evaluated for duplication or overlapping.
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Exclusion Criteria

Studies were excluded if they reported data from small patient cohorts (<10 patients), or
there was overlap with institutions or patient cohorts already published in higher quality
studies. Studies on neonatal patients were excluded. Studies were excluded if they included
data from patients undergoing other types of operation such as abdominal aortic surgery or
cardiac surgery, without reporting a subgroup analysis in major gastrointestinal or

hepatopancreatobiliary surgery.

Outcome Measures

The primary outcome of interest was diagnostic performance (sensitivity, specificity and
diagnostic odds ratio (DOR)) of Procalcitonin and Interleukin-6 in detecting postoperative

sepsis or infection.

Study Selection

Abstracts were reviewed to exclude those that did not meet the inclusion criteria. When no
abstract was available or the abstract details were inadequate, the full text article was

reviewed. Full text articles unavailable online were retrieved using library services.

Data Extraction

Data were extracted using standardised pro-forma. Data on demographic and clinical
parameters were recorded: study characteristics (first author, year of publication, study
design, study period, country where the study was performed), population characteristics
(number of patients studied, patient demographics), data quality, reported biomarkers with

timing of samples, cut-off values and test performance. Test performance variables were
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extracted as a 2x2 contingency table of true positive, true negative, false positive and false
negative from results. If not immediately available they were calculated from published
performance results including sensitivity, specificity, negative or positive predictive value.
Where insufficient results to construct 2x2 contingency tables were presented, authors were

contacted to contribute data.

Quality Assessment

Study quality was assessed by using the QUADAS-2 criteria, examining patient selection,

index test, reference standard and flow and timing of testing.(131, 132)

Data Analysis

Data analysis including heterogeneity assessment was performed using the freeware Meta-
DiSc version 1.4 (Universidad Complutense, Madrid) (133) DerSimonian—Laird random
effects model with over-dispersion corrections was used to calculate pooled sensitivity,
specificity and diagnostic odds ratio including heterogeneity using inconsistency assessment
(1%)(134, 135). Summary receiver operator curves (SROC) were generated using Moses-
Shapiro-Littenberg model.(136) Studies were examined for publication bias using Deek’s test
— a funnel plot and effective samples size (ESS) regression analysis. Logarithm of DOR is
plotted against 1/VESS, where ESS=(1/diseased + 1/not diseased).(137) Subgroup analysis
using sample size (<100 vs >100), location (European v non-European) and operation type
(Upper gastrointestinal v Colorectal) was performed to investigate heterogeneity using

diagnostic accuracy (1> DOR).
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Results

The search returned 4353 results after duplicates were removed, of which 166 were

screened by abstract. 32 full text articles were reviewed of which 20 were excluded for

reasons given, leaving 12 articles examining the diagnostic accuracy of PCT and/or 1I-6 for

postoperative sepsis/infection following major abdominal surgery.(144)

Records identified through
database searching
(n =4909)

Additional records identified
through other sources

Records after duplicates removed
(n=4353)

Records screened by
abstract

(n=166)

I

Full-text articles assessed

Records excluded
(n=134)

for eligibility
(n=32)

4

Studies included in
qualitative synthesis
(n=12)

/\

Full-text articles excluded,
with reasons
(n=20)
7 Not assessed as diagnostic
tests with cut-off values
4 Different outcomes
3 Data Inadequate
3 Unavailable
1 Duplicate data

Studies included in PCT

Studies included in IL-6

quantitative synthesis
(meta-analysis)
(n=10)

quantitative synthesis
(meta-analysis)
(n=4)

Figure 4-1 PRISMA Flow Chart
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Table 4-1 Characteristics of Included Studies

Authors (year) Location Surgery Group No. of Rate of Timing of  Cut-off Predetermi  Sensitivity Specificity AUC
Mean age patients  infection Sample PCT (ng/mL) ned cutoff? % (95% Cl) % (95% Cl) (SE AUC)
IL-6 (pg/mL)
Boersama et Rotterdam, Colorectal resection a7 46.8% (22) POD1 - No - - -
al(30) 2018 Netherlands  68.6 years n/a* 76 86 0.825
Dominguez- Pontevedra,  Colorectal resection 120 13.3% (16) POD1 0.5 No 100 80 -
Comesana et Spain 69.9 years - - - -
al(39) 2012
Durila et al(40) Prague, Oesophagectomy 38 23.7% (9) POD2 2.0 No 78 79 -
2017 Czech Not given 273.8 78 83 -
Republic
Facy et al(41) Dijon, Colorectal resection 463 12.1% (56) POD2 0.25 No 82 40 0.648
2016 France 65.4 years - - - -
Lahiri et al(53) London, Hepatopancreatobiliary 69 13.0% (9) POD2 - No - - -
2016 UK 63.2 years 97.7 100 83 0.98
Mokart et al(32)  Marseille, Gastrectomy 50 32.0% (16) POD1 11 Yes 81 72 0.749
2005 France 50.7 years 310 90 58 0.821
Munoz et al(46)  Alicante, Bariatric 115 11.3% (13) POD2 0.2 No 69 78 0.876
2016 Spain 44.8 years - - - -
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Oberhofer et Zagreb, Colorectal resection 79 36.7% (29) POD2 1.34

al(47) 2012 Croatia 64.9 years -
Saeed et al(48) Basingstoke, Cytoreductive surgery** 50 28.0% (14) POD1 15
2016 UK 54.7 years -
Takakura et Hiroshima, Colorectal resection 114 15.8% (18) POD1 0.77
al(49) 2013 Japan 64.4 years -
Takeuchi et Tokyo, Oesophagectomy 30 33.3% (10) POD5 0.2
al(50) 2020 Japan 72 years -
Xiao et al(51) Changsha, Gastrectomy 552 6.7% (37) POD3 0.695
2020 China 56.5 years -

Pooled Result

*IL-6 ratio >1.21 (preoperative sample/POD1 sample) rather than cutoff value used

** Cytoreductive surgery including splenectomy for peritoneal malignancy

No

No

No

No

No

69

69

83

50

65

72 (66-78)

84 (72-92)

78

62

64

75

66

62 (59-64)

76 (68-84)

0.75

0.690

0.76

0.582

0.678

0.766

(0.032)

0.878

(0.037)
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Quality

Using QADAS-2 criteria(132) studies showed minimal bias in patient selection and flow and

timing of sampling (Figure 4-2, Figure 4-3). There was heterogeneity in the interpretation of

index test (PCT/IL-6) with some studies using predetermined cut-off levels, and others using

Youden index to calculate cut-off from their ROC curve, sometimes not corresponding with

clinically accepted levels. Most studies used international consensus criteria to define

clinical diagnosis as the reference standard, however 2 studies used diagnosis from

attending clinicians as reference standard. There was low concern about the applicability of

tests across most studies.

Figure 4-2 Methodological Quality Summary
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Figure 4-3. Methodological Quality Graph
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Procalcitonin

The search returned 13 studies of potential relevance, of which 9 were found to have
enough information to go forward into a meta-analysis for PCT. 3 centres were contacted to
request data to produce 2x2 contingency tables of which 1 returned appropriate information.

In total, data from 10 studies for 1611 patients were included.

Sensitivity, specificity, and SROC

10 studies with 1611 participants reported data on the diagnostic accuracy of Procalcitonin,
with pooled sensitivity, specificity and DOR of 72% (95% CI| 66—78), 62% (95% CI 59-64)
and 5.80 (95% CI 3.50-9.62) respectively (Figure 4-4). Symmetrical SROC was chosen as
DOR was constant [b=-0.007 (p=0.976)], giving an area under the receiver operator curve

(AUC) (SE) of 0.77 (0.03) with a Q statistic (SE) of 0.71 (0.03).
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Figure 4-4. SROC, Sensitivity, Specificity and DOR of Procalcitonin for infection following HPB
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Heterogeneity and subgroup analysis

There was significant heterogeneity between study results, with 12 of 65.9% for sensitivity,
98.5% for specificity and 43.2% for DOR. There was significant variability in the timing of
sampling (POD1 to POD5), a wide range of cut-off values (0.2-2.0ng/mL). Subgroup analysis
using sample size (<100 vs >100), location (European vs non-European) and operation type
(Upper gastrointestinal vs Colorectal) was performed to investigate heterogeneity using

diagnostic accuracy (1> DOR) (Table 4-2).

Interleukin-6

The search identified 4 studies of potential relevance, of which 3 were found to have enough
information to go forward into a meta-analysis for IL-6. 1 centre was contacted to request
data and, returned appropriate information produce 2x2 contingency tables. In total data

from 4 studies for 175 participants were included.

Sensitivity, specificity, and SROC

4 studies with 175 participants reported data on the diagnostic accuracy of IL-6, with pooled
sensitivity, specificity, DOR and SROC of 84% (95% CI 72 - 92), 76% (95% CI 68 - 84),

17.36 (95% CI 7.10 - 42.43) and 0.878 respectively (Figure 4-5).
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Figure 4-5. SROC, Sensitivity, Specificity and DOR of Interleukin-6 for Infection following LT
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Heterogeneity

Findings were more consistent between studies, with 12 of 28.6% for sensitivity, 61.3% for
specificity and 0% for DOR. Subgroup analysis was not performed due to the small study
number. Samples were consistently sampled on POD1 or POD2, but cut-off values were

variable (97.7-310pg/mL), with the cut-off value not reported in one study.(30).

Publication Bias

Linear regression using Deek’s test demonstrated no significant publication bias in this study

sample for PCT (p=0.2) or IL-6 (p=0.53) (Figure 4-6).

Figure 4-6. Deek's Test for Publication Bias
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Table 4-2. Subgroup Analysis for Procalcitonin

Pooled Pooled
Pooled Pooled Pooled
Subgroup No. of studies sensitivity specificity I>DOR %
LR+ (95% Cl) LR- (95% ClI) DOR 95% ClI
(%) (95% Cl) (%) (95% Cl)
All All 10 72.4(66-78) 61.7(59-64) 2.57(1.83-3.61) 0.46 (0.34-0.61) 5.81 (3.50-9.63) 43.2
Operation Colorectal 5 74.8(67-82) 53.1(49-57) 2.28(1.39-3.74)  0.42(0.24-0.73)  5.12(2.43-10.81) 49.8
Upper Gl 5 68.2(57-78) 70.3(67-74)  3.00(1.81-4.98) 0.48 (0.35-0.65) 7.06 (3.19-15.65) 46.5
Sample size 2100 5 789(70-86) 56.1(52-60) 2.76(1.36-5.61)  0.44(0.27-0.72)  6.96 (2.43-19.9) 65.9
<100 5 62.6(52-73) 72.8(65-79) 2.38(1.79-3.18) 0.54 (0.39-0.74) 4.94 (2.75-8.88) 0
Region Europe 7 74.2(67-81) 585(55-62) 2.89(1.68-4.97)  0.41(0.27-0.62)  7.32(3.50-15.28) 56.1
Non-Europe 3 67.7(54-79) 65.6(62-69) 2.03 (1.66-2.49) 0.52 (2.31-7.31) 4.11 (2.31-7.31) 0

LR+ = positive likelihood ratio, LR- = negative likelihood ratio
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Discussion

This meta-analysis shows that PCT performs only moderately well as a diagnostic test for
post-operative infection/sepsis, comparable to CRP in other studies.(145-147). IL-6 performs
better, with a high sensitivity of 0.84 and SROC 0.878, with less heterogeneity between
study findings. All studies demonstrated preclinical changes in PCT/IL-6 with median time to

diagnosis between POD3-10.

The meta-analysis is limited by number of publications, often with small sample sizes. Some
studies were excluded where they presented data that included patient groups not
undergoing major gastrointestinal surgery. The search did not return results included in
similar meta-analyses where their reported outcome was anastomotic leak/dehiscence,
which has been frequently examined in other similar meta-analyses.(57, 148-150) There was
heterogeneity between operation types — some for benign disease with others for cancer,
however there was little bias observed between studies and the definitions and reporting of
outcomes was standardised. Outcome measures were similar between studies, frequently
using International Consensus Sepsis definitions or Centre for Disease Control definitions for
infection,(12, 114, 116) however some studies used clinician diagnosis which is subjective

and a potential source of bias.

Similar meta-analyses have been conducted in colorectal surgery. In a meta-analysis of 11
studies and 2692 patients, Cousin et al tested the diagnostic accuracy of PCT for the early
diagnosis of intra-abdominal infection following elective colorectal surgery. Results showed
that PCT did not outperform CRP, with pooled sensitivity, specificity and SROC for PCT on
POD3 of 0.69, 0.71 and 0.78 respectively, and for CRP 0.75, 0.72 and 0.8 (95% CI1 0.76-
0.85.(148) although the search included outcomes reported as AL. Tan et al found better

results for PCT, with 1629 patients from 8 studies giving pooled sensitivity, specificity and
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SROC for PCT on POD3 of 0.83, 0.68 and 0.83 respectively.(150) Another meta-analyses
of PCT in the diagnosis of AL in colorectal surgery found similar results. Su’a et al reported
SROC on PODS5 of 0.86 (95% CI 0.79-0.94), and authors concluded that PCT was a useful
negative predictor of AL comparable to CRP, but not useful as a diagnostic test.(149) In
clinical practice, PCT costs 25 times more than CRP without a significant diagnostic

advantage.(148)

Conclusion

There is a role for a biomarker which could quickly and reliably diagnose postoperative
sepsis and be used to guide clinical management and antimicrobial use to improve patient
outcomes. While a reasonable SROC AUC for PCT has been reported (0.805), sensitivity
and specificity are comparable to research traditional markers such as WCC and CRP.(145,
146, 148) Heterogeneity between sampling times and PCT cut-off with significant
inconsistency mean that we cannot make accurate conclusions about the accuracy of PCT
in diagnosing early postoperative infection. Diagnostic accuracy is better for IL-6, with SROC
0.878, and although the sample size is smaller, studies were more homogenous. A larger,
multi-centre study with a fixed sampling time point could provide data which may be

comparable to those seen in colorectal surgery.
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4.2 Diagnostic Accuracy of Procalcitonin for Postoperative Infection in Liver

Transplantation: Meta-analysis

Search Strategy

An electronic search of Medline, Embase and Cochrane Library was conducted from
January 1996 to June 2020 using the terms ‘sepsis’ (MeSH Major Topic and keyword) or
‘infection’ (keyword), ‘biomarker’ (MeSH term and keyword, including Procalcitonin), and
‘liver transplant/transplantation’ (MeSH term or keyword) (Appendix 1). Bibliographies of
relevant studies and the ‘related articles’ link in PubMed were used to identify additional
studies. Any study published only in abstract format or unpublished reports were excluded
from the analysis. All citations and abstracts identified were thoroughly reviewed by the
investigators, and secondary references were obtained from the key articles. Studies were
screened by title, abstract, and full text articles were assessed for eligibility with relevant
studies included in the synthesis. The Preferred Reporting Items for Systematic Reviews and
Meta-analyses (PRISMA) guidance and Meta-analysis of observational studies in
epidemiology (MOOSE) checklist were utilised.(29, 130) Studies were reviewed for
relevance to diagnostic accuracy of PCT for sepsis in the early postoperative period (up to 2
weeks) in patients undergoing liver transplantation. Study design and technique were

reviewed.
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Inclusion Criteria

Only original studies in humans published in English were considered for inclusion. Adult
and paediatric (<16 years old) patients were included, but studies on neonatal patients were
excluded. Included studies analysed the diagnostic performance of PCT for post-operative
sepsis or infection in patients undergoing liver transplantation with cut-off values. Studies

were evaluated for duplication or overlapping.

Exclusion Criteria

Studies were excluded if they reported data from small patient cohorts (<10 patients), or
there was overlap with institutions or patient cohorts already published in better quality
studies. Studies which reported other outcomes (e.g. cardiovascular complication) or

included other types of operation were excluded.

Outcome Measures

The primary outcome of interest was diagnostic performance (sensitivity, specificity, and
Area Under the Receiver Operator Cure (AUC)) of Procalcitonin in detecting postoperative

sepsis or infection.
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Study Selection

Abstracts were reviewed to exclude those that did not meet the inclusion criteria. Where no

abstract was available or the abstract details were inadequate, the full text article was

reviewed.

Data Extraction

Data were extracted standardised pro-forma. Data on demographic and clinical parameters

were recorded: study characteristics (first author, year of publication, study design, study

period, country where the study was performed), population characteristics (humber of

patients studied, patient demographics), data quality, reported biomarkers with cut-off values

and test performance. Data were entered into a spreadsheet as binary variables where

possible to facilitate further analysis. Test performance variables were extracted as a 2x2

contingency table of true positive, true negative, false positive and false negative from

results. If not immediately available values were calculated from published performance

results including sensitivity, specificity, negative or positive predictive value. Where

insufficient results to construct 2x2 contingency tables were presented, authors were

contacted to contribute data. Where samples at several time points were presented, values

were taken for the day closest to POD2. Where data were presented for several cut-off

levels for PCT, the data presented in the abstract or the highest performing cut-off was

included.
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Quality Assessment

Study quality was assessed by using the Quality Assessment of Diagnostic Accuracy
Studies-2 (QUADAS-2) tool, examining patient selection, index test, reference standard and

flow and timing of testing, using Revman software.(131, 132, 138)

Analysis

Pooled Sensitivity, Specificity, positive predicative value (PPV), negative predictive value
(NPV) and diagnostic odds ratio (DOR) were calculated using the freeware Meta-DiSc
version 1.4 (Universidad Complutense, Madrid)(133) using DerSimonian—Laird random
effects models with over-dispersion corrections. including heterogeneity using inconsistency
assessment (12)(135). Subgroup analysis using study population (adult vs paediatric),
sample size (>50 vs <50), location (European v non-European) was performed to investigate
heterogeneity using diagnostic accuracy (12 DOR). Studies were examined for publication
bias using Deek’s test — a funnel plot and effective samples size (ESS) regression analysis.
Logarithm of DOR is plotted against 1/YESS, where ESS=(1/diseased + 1/not

diseased).(137)

Results
The search identified 616 studies of potential relevance after duplicates were removed, of
which 596 were excluded by title or abstract. 13 further studies were excluded at full text

review with reasons presented (PRISMA diagram). 8 observational studies including 418
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patients(31, 33, 42-45, 55, 151) that examined the diagnostic performance of PCT for
postoperative sepsis or infection in liver transplantation (Characteristics of Included Studies
table).(152) 1 centre was contacted to request data to produce 2x2 contingency tables, and
they returned appropriate information. 3 studies presented data exclusively on PCT (43-45),
while 5 studies examined PCT alongside other biomarkers, including Interleukin-6, CRP,
Plasma Proteome and (1-3)-B-D-glucan.(31, 33, 42, 55, 151). PCT was measured using
immunoassay technique (where described) and cut-off values ranged from 0.48ng/mL to
42.8ng/mL. 5 studies generated optimal cut-off points using receiver operator curve analysis,
while 2 used pre-determined cut-off values. There was variation in the time points samples
were taken, between POD1 and PODS8, and some samples examined on the day of or the

day before diagnosis of infection.
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Figure 4-7 PRISMA Diagram for Diagnostic Accuracy of PCT for postoperative infection following
Liver Transplantation Meta Analysis
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6 studies examined transplantation in adults, with similar median ages ranging from 47-53
years where given. 2 studies examined children, with a median age of 2 years. Most studies
did not specify the mode of organ donation (cadaveric vs living donor transplantation),
although in Kaido et al, 86.5% (90/104) of patients underwent living donor liver
transplantation. Outcomes were comparable, with most studies referenced the Centre for
Disease Control criteria to define post-operative infection, and the American College of
Chest Physicians/Society of Critical Care Medicine Consensus statement to define
sepsis,(114) along with independent clinical assessment considering radiological and

microbiological results.
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Figure 4-8 Methodological Quality Summary Diagnostic Accuracy of PCT for postoperative infection
following Liver Transplantation Meta Analysis
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Table 4-3 Characteristics of Included Studies for Diagnostic Accuracy of PCT for postoperative infection following Liver Transplantation Meta Analysis

Authors Location Patient Group n Rate of Timing of ample  Cut-off Cut-off Sensitivity Specificit ~ AUC?®
(year) Median age infection (PODf) PCT predeter (%) y (%) (95% CI)
(years) (ng/mL) mined? (95% Chi (95% CI)

Chen et al (58) Tianjin, Adult 55 25 (46%) On day of 31 No 71 (51-88) 87 (69-96) 0.84

(2011) China 53 suspicion of (0.73-0.95)
sepsis

Figiel et al (42) Warsaw, Adult 60 9(15%) POD3 42.8 No 47 (14-79) 84 (71-93)  0.64

(2020) Poland 50 (0.54-0.92)

Ghiasvand et al (43) Tehran, Adult 28 9 (32%) POD1-2 5.0 Yes 78 (40-97) 79 (54-94) 0.78

(2019) Iran 47 (0.59-0.92)

Grammatikopoulos et  London, Paediatric 58 23 (40%) POD1/7/at febrile  0.48 No 100 (85-100) 91 (77-98) 0.97

al(31) (2012) UK 2 episode -

Kaido et al(44) Kyoto, Adult 91 26 (29%) PODS8 2.0 Yes 97 (80-99) 38 (44-69) -

(2014) Japan 52 -

Kuse et al(45) Hannover, Adult 40 11 (28%) POD prior to 1.8 No 67 (31-89) 100 (88- 0.93

(2000) Germany Unknown age infection 100) -
diagnosed

Paugam-Burtz et Paris, Adult 61 31 (51%) POD5 1.4 No 32 (17-51) 97 (83- 0.73

al(55) (2009) France Unknown age 100) (0.59-0.87)

Zant et al(33) Regensberg, Paediatric 25 4 (16%) PODO-7 11 No 82 (19-99) 34 (14-57) 0.52

(2014) Germany 2 -

Pooled - - - - - - - 70 (62-78) 78 (73-83) 0.87

TPostoperative day, 195% Confidence interval 8Area Under Receiver Operator Curve
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Diagnostic Accuracy

Pooled sensitivity, specificity, diagnostic odd ratio (DOR) and summary receiver operator

characteristic (SROC) of PCT for postoperative infection was 70% (95% CI 62 - 78), 78%

(95% CI 73 - 83), 15.82 (95% CI 5.81 — 43.12) - and 0.871 respectively (Figure 4-10Figure

4-10 SROC showing (A)sensitivity, (B) specificity and (C) diagnostic odds ratio (DOR) for

Procalcitonin for the diagnosis of post-operative infection/sepsis in Liver Transplantation).

Heterogeneity and Subgroup Analysis

Significant heterogeneity was demonstrated between studies using 12, 86% for sensitivity,
89% for specificity and 47.7% for DOR (Figure 4-10). Subgroup analysis demonstrated high
heterogeneity of DOR in paediatric studies compared to adult studies (I?, 88.2% vs 0%), and
in European studies compared with non-European (12, 68.1% vs 0%) (

Figure 4-10 SROC showing (A)sensitivity, (B) specificity and (C) diagnostic odds ratio (DOR) for
Procalcitonin for the diagnosis of post-operative infection/sepsis in Liver Transplantation
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Table 4-4). Significant heterogeneity of DOR between study size >50 and <50 was not

demonstrated (12, 53.2% vs 56.6%).

Publication Bias

Linear regression using Deek’s test did not show significant publication bias in the sample of

studies, p=0.17 (Figure 4-11).
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Figure 4-10 SROC showing (A)sensitivity, (B) specificity and (C) diagnostic odds ratio (DOR) for Procalcitonin for the diagnosis of post-operative
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Table 4-4 Subgroup Analysis for Diagnostic Accuracy of PCT for postoperative infection following Liver Transplantation - Meta Analysis

Number  Sensitivity (%) Specificity (%) Pooled LR+ T Pooled LR- Pooled DOR § 12(%) DOR
Subgroup
of studies  (95% Cl) (95% C1) (95% C1) (95% C1) (95% C1) %
All All 8 70 (62-78) 78 (73-83) 3.86 (1.95-7.62) 0.36 (0.18-0.71) 15.82 (5.81-43.12) 0.00
Adult 6 64 (54-73) 80 (74-85) 3.99 (2.01-7.89) 0.41 (0.22-0.74) 13.81 (6.56-29.07)  0.00
Paediatric 2 96 (81-99) 70 (56-81) 3.29(0.22-48.95)  0.15(0.00-10.14)  23.87(0.09-6731.1)  88.20
Sample size >50 5 70 (61-78) 79 (73-84) 4.5(1.92-10.52) 0.29 (0.10-0.85) 19.33 (5.58-66.91)  53.20
<50 3 71 (49-87) 74 (62-84) 3.68(0.63-21.39)  0.38(0.21-0.70) 10.96 (1.31-91.76)  56.60
Location Europe 5 60 (49-71) 84 (78-89) 5.19(1.26-21.29)  0.48(0.22-1.06) 16.41 (2.60-103.43)  68.10
Non-Europe 3 83 (72-92) 68 (59-77) 3.18 (1.65-6.13) 0.25 (0.11-0.56) 18.31 (6.88-48.78)  0.00

tPositive likelihood ratio, ¥Negative likelihood ratio, §Diagnostic Odds Ratio
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Figure 4-11 Deek's Test for Publication Bias
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Discussion

This meta-analysis demonstrates good sensitivity and specificity for PCT in the diagnosis of
early post-operative infection/sepsis following LT. There is significantly reduced
heterogeneity in studies of adults post LT and a strong recommendation to consider the use

of PCT in this group can be made.

Immunosuppression is essential post LT despite the presence of infection, in some
instances. Discriminating the dominant process has implications for day-to-day decision
making, particularly in the early post-transplant phase. Despite reluctance in the adoption of
PCT in many non-liver settings, the coronavirus disease 2019 (COVID-19) pandemic has
galvanised many centres to rethink its utility. Since immunosuppression is the cornerstone of
therapy for COVID-19 pneumonia and the risk of bacterial infection is high, low PCT levels

are now widely used to determine the relative safety of augmenting immunosuppression
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beyond low dose dexamethasone. This is despite the major platform trials not including PCT

in exclusion criteria for such agents.

The included studies reported a wide range of cut-off values, many of which were

significantly higher than the clinical cut-off of 0.5ng/mL implemented in clinical practice(126,

153), and most cut-off points were generated to optimise performance within their patient

group, which could not be generalised between studies. While all studies show a relationship

between PCT and diagnosis of postoperative infection/sepsis, variability in time points of

PCT sampling should be considered when considering clinical applicability. Some studies

have examined PCT at the time of febrile episodes, on the day preceding infection diagnosis

or up to PODB8. Limited information is presented on the blinding of clinicians to PCT results,

which may contribute to bias. Despite patients with severe liver disease already have

compromised immune function and receiving immunosuppression in the immediate

postoperative phase, PCT remains an option for sepsis monitoring post LT.(154, 155) When

investigating their primary outcome of differentiating acute cellular rejection from

postoperative infectious episodes in fever of unknown origin, Kuse et al found statistical

significance in PCT level on the day of diagnosis with all patients with infectious episodes

having elevated PCT.(45) Similarly, Kaido et al found PCT levels in patients bacteraemia

diagnosis (5.71 + 1.27 ng/mL) were significantly higher than those in patients diagnosed with

CMV viraemia (0.53 + 0.08 ng/mL) (P < 0.001), and at POD8-30 at the time of diagnosis of

acute rejection were 0.42 + 0.18 ng/mL, significantly lower than those in patients diagnosed

with bacteraemia (5.71 £1.27 ng/mL) (P < 0.001).(44)
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Further limitations in include small sample sizes and exclusion of non-English language

publications. Some studies were excluded where they presented data including other

complications (cardiovascular etc).(156) Chen et al used a biased cohort already suspected

of having central venous catheter related blood stream infections, as reported in the

summary of bias.(151) Subgroup analysis did not demonstrate significant heterogeneity in

DOR, and significant publication bias was not observed.

While the results of this meta-analysis demonstrate a weaker diagnostic performance of PCT

than that of Yu et al 2014(157) (pooled sensitivity and specificity for liver transplant subgroup

of 0.9 (95% CI 0.75-0.97) and 0.85 (95% CI 0.77-0.91) respectively), the study by Prieto et al

2009 was excluded in this meta-analysis as it included non-infectious complications in their

outcomes.(151, 156) This review does include a larger number of studies and therefore may

represent a more realistic interpretation of PCT diagnostic accuracy.

Similar meta-analyses have shown similar diagnostic performance of PCT for infection after

Colorectal surgery. A study by Cousin et al(148) (primary outcome intra-abdominal infection

including anastomotic leakage) demonstrated a pooled sensitivity, specificity and SROC of

PCT on POD3 of 0.69 (95% CI 0.6-0.77), 0.71 (0.69-0.74) and 0.78 respectively

(comparable to CRP). Similar studies by Tan et al 2018(150) (primary outcome intra-

abdominal infection including anastomotic leakage) showed a pooled sensitivity, specificity

and SROC of PCT on POD3 of 0.83 (95% Cl 0.73-0.88), 0.71 (0.69-0.74) and 0.83
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respectively, and Su’a et al 2019(149) (primary outcome anastomotic leakage) reported
summary AUC for PCT on POD3 0.86 (95% 0.79-0.94). Despite these findings, it is not
common current practice in the United Kingdom to use PCT to guide clinical decision-making
following surgery, with most centres still using WCC and CRP, radiological findings and
microbiological results to guide treatment decisions. While a reasonable AUC for SROC is
found (0.879), sensitivity and specificity are comparable to traditional markers such as WCC
and CRP. There is however an ongoing need for an accurate novel biomarker which can
rapidly give a diagnosis of post-operative sepsis/infection and its resolution and help guide
clinical decisions and the additional requirement of immunosuppressive drug changes

makes PCT a more attractive addition to post LT care.
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5 Carbon-13 Breath Delta Value

5.1 Introduction

Infrared Spectroscopy

Infrared spectroscopy is a technique which measures the interaction between infrared
radiation with molecules (in this experiment carbon dioxide, CO.). As infrared radiation
passes through molecules, bonds within functional groups absorb energy which is
transferred to vibration or stretching of the bonds. This vibration depends on the length of the
bond and the mass of the atoms at in the nuclei, meaning that each different bond will
vibrate in a different way. Consequently, a molecule will absorb at characteristic frequencies
in the electromagnetic spectrum, depending on the precise nature of the molecule’s bonds.
Absorption stimulates bonds to vibrate in different directions according to the symmetry and
direction of movement as shown in Table 5-1. Because of the vibration frequency’s
dependence on the mass of the constituent atoms, different isotopes change the absorption
frequency, known as the isotope shift. Because of this the characteristic absorption
‘fingerprint’ of exhaled CO, will vary depending on the presence of the *?C and *3C isotopes.
A gas sample containing only 2CO, will have a particular infrared absorption spectrum,
whereas a gas sample containing only *CO. will have a similar but different spectrum, with
the absorption features shifted to different frequencies. A gas mixture containing both 2CO,
and *3CO, will produce infrared spectra containing absorption features from both
isotopologues, and the relative strengths of the absorption features can be used to measure
the relative concentrations of the two isotopologues in the sample. From studying the
infrared spectrum of a gas mixture containing both isotopologues it is therefore possible to

measure the delta value of that sample.
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Table 5-1 Direction of vibration of bonds during absorption of IR at their given frequency(158)

Radial

Latitudinal

Longitudinal

Symmetric

Symmetric stretching (vs)

Scissoring (0)

Wagging (w)

Asymmetric

v

Antisymmetric stretching (Vas)

LN

Rocking (p)

N

N

Twisting (7)

Atmospheric §'*C is becoming more negative globally, at -8 to -9 per mil at most recent

estimates.(159-161) Existing literature suggests BDV of -21 to -23 permil in healthy human

and non-infected subjects, and is always seen to be negative(162, 163) becoming more

negative during infective processes.(72, 76) As explored in Chapter 1.6, BDV has been

shown to be a potential early biomarker for sepsis. This experiment aims to examine BDV in

patients who develop infective complications following HPB surgery and LT.
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5.2 Results

Sample Quality

Table 5-2 Mean and median *>CO2 concentration, BDV and number of samples with unrecordable BDV, *2COz concentration >0.01 and >0.02

HC All HPB LT Mean BDV
n= 8 384 171 213 -22.41
Mean 2CO, 0.034 0.01 0.013 0.0083 (0.00062) -
(SEM) (0.0026) (0.00057) (0.001)
Median 2CO; 0.035 0.0077 0.0092 0.0064 -
(IQR) (0.032-0.037) (0.0029-0.014) (0.0039-0.02) (0.0023-0.011)
Mean BDV (exclusions) -22.41 -- -20.28 -20.29 -
Mean BDV -22.41 -17 -17 -18 -
(SEM) (0.44) (0.8) (0.8) (0.54)
Median BDV -23 -19 -19 -18 -
(IQR) (-23— -23) (-21 - -15) (-21 - -16) (-21 - -15)
Unrecordable 0 (0%) 97 (25.3%) 46 (26.9%) 51 (24.0%) -
12C0O, >0.01 8 (0%) 107 (27.9%) 57 (33.0%) 50 (23.5%) -19.6
12C0, >0.02 8 (0%) 43 (11.2%) 30 (17.5%) 13 (6.1%) -20.52
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12C0O, concentration and BDV

HPB 12CO2 conc v BDV LT 12C02 conc v BDV Filling
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Figure 5-1 Graph to demonstrate the relationship between age of sample (days) and *2COz
concentration (fraction of gas) in a) HPB group and b) LT group

The colour bar indicates the adequacy of bag filling, where pale yellow is a well filled sample bag,
orange is an average filled sample bag, purple is a poorly filled sample bag and blue is a leaking
sample bag. The colours are used to identify trends in 22COz2 concentration depending on bag filling
and age of sample.

12C0O, concentration and BDV for all samples (HPB and LT, n=384) were plotted to examine
whether lower 2CO; is associated with variability in BDV. 2CO; fraction in room air is
0.0005-0.001, and §*3C in room air is -8 per ml. Spearman r correlation of 2CO,
concentration against BDV for all samples showed a negative correlation -0.36 (95% CI -
0.46, -0.25) p<0.0001.
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Figure 5-2 Spearman r correlation of 12CO2 concentration against BDV for all samples (HPB and LT,
n=384) excluding values where BDV is >0 permil
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Duration of storage and ?CO;
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Figure 5-3 Graph to demonstrate the relationship between age of sample (days) and *2CO>
concentration (fraction of gas)

in a) HPB group and b) LT group, with the red dotted line showing the mean 2CO- for healthy control
samples. The colour bar indicates the adequacy of bag filling, where pale yellow is a well filled sample
bag, orange is an average filled sample bag, purple is a poorly filled sample bag and blue is a leaking
sample bag. The colours are used to identify trends in 22COz2 concentration depending on bag filling
and age of sample. ?CO: concentration was lower in samples which had undergone prolonged

storage
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Figure 5-4 Spearman r correlation of length of time samples stored against *2CO for all samples
(HPB and LT, n=384) excluding values where BDV is >0 permil

Duration of storage (days) and *2CO, concentration was analysed using Spearman r
correlation for all samples (HPB surgery and LT, n=384). Duration of storage was not
correlated with 2CO, concentration, Spearman r -0.00059 (95%CI-0.12,0.1), p=0.99.
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Duration of storage and BDV
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Figure 5-5 Graph to demonstrate the relationship between age of sample (days) and BDV (per mil) in
a) HPB group and b) LT group, excluding values where BDV is > -8 permil ¢c) HPB group and d) LT
group with the red dotted line showing the mean 12CO: for healthy control samples.

The colour bar indicates the adequacy of bag filling, where pale yellow is a well filled sample bag,
orange is an average filled sample bag, purple is a poorly filled sample bag and blue is a leaking
sample bag. The colours are used to identify trends in 22COz2 concentration depending on bag filling
and age of sample.
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Figure 5-6 Spearman r correlation of duration of sample storage (days) and BDV for all samples (HPB
and LT, n=384) excluding values where BDV is >0 permil

Duration of storage (days) and BDV was analysed using Spearman r correlation for all
samples (HPB surgery and LT). Duration of storage was negatively correlated with BDV
concentration, Spearman r -0.013 (95%CI-0.25, -0.0094), p=0.03
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Valve type 2CO, v BDV

HPB BDV v 12C0O2conc
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Figure 5-7 Graph to demonstrate the relationship between >CO- concentration of sample (fraction)

and BDV (permil)

in a) HPB group and b) LT group, and excluding values BDV < -8 permil in ¢) HPB group and d) LT
group. The colours indicate the type of valve closing the bag (red, push/pull valve; blue, screw valve)
The colours are used to identify trends in BDV and *2CO2 concentration, to indicate whether one valve
type was more likely to leak sample than the other. These graphs do not demonstrate a different
between the valve type and BDV /*2CO; concentration.
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Duration of sample storage and CO- concentration
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Figure 5-8 Graph to demonstrate the relationship between age of sample (days) and *2CO;

concentration of sample (fraction) and BDV (permil)

in a) HPB group and b) LT group in different bag types, and excluding values BDV < -8 permil in c)
HPB group and d) LT group. The colours indicate the type of valve closing the bag (red, push/pull
valve; blue, screw valve) The colours are used to identify trends in BDV and *2CO2 concentration, to
indicate whether one valve type was more likely to leak sample than the other
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Ventilated samples in Liver Transplantation

Nonparametric t test Wilcoxon matched pairs signed rank test analysed the difference in
12C0Oz concentration between paired samples taken from the patient end and ventilator end
with no significant difference, p=0.42, and the difference in BDV between paired samples
taken from the patient end and ventilator end with no significant difference, p=0.29 as shown
in

Figure 5-9. This sample included LT participants only, as no HPB patients were ventilated

postoperatively.
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Figure 5-9 Difference between breath samples taken at the patient end and ventilator end of the
ventilator circuit

for a) individual BDV values, b) BDV median and IQR, c) individual 12COz2 values, d) 2CO2 median
and IQR.
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Mann-Witney U Test between infected and non-infected samples following HPB

surgery

MWU test on imputed absolute values for BDV between HPB non-infected and infected
groups was significantly different only on POD3, with infected patients’ BDV values +3.90
compared to non-infected (p=0.03). The same values were examined, using the change
from preoperative baseline, change from POD1 (as baseline), and day-to-day change, but
there was no significant difference between groups. MWU test on imputed absolute values
for BDV between HPB non-infected and infected groups was significantly different only on
POD3, with infected patients’ BDV values +3.90 compared to non-infected (p=0.03). MWU
for WCC showed, no significant difference, for CRP was significantly higher on POD6 in the
infected group (+89.0, p-0.01), and for SOFA score was reached significance on POD6 in

the infected (+1, p=0.03).

Analysis of variance between infected and non-infected samples following HPB

surgery

Analysis of variance (ANOVA) between HPB infected and non-infected groups showed no
significant difference when analysed as imputed absolute BDV values, as a change from

preoperative of POD1 baseline, or as a day-to-day change

Univariate Logistic Regression for infection following HPB surgery

Univariate logistic regression for infection was not significant on any postoperative day.
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Table 5-3 Mann-Witney U test for day-to-day difference in BDV between infected and non-infected HPB groups

Day

Baseline
POD1
POD2
POD3
POD4
POD5
POD6
POD7
PODS8
POD9

BDV
Absolute values
Difference
-1.24
+1.44
+4.63
+3.90
+1.02
-1.96
+0.66
-0.43

-0.51

-1.60

0.72
0.19
0.10
0.03
0.72
0.57
0.80
0.56
0.51
0.44

A from baseline

Difference

0
+2.64
+5.99
+5.71
-1.40
-1.16
-0.12
-0.32
+0.58

+1.17

p
>0.99

0.29
0.28
0.33
>0.99
0.72
0.96
0.80
0.80
0.80

A from POD1
Difference
+2.64

0

+0.69
+1.94
+4.18
+1.65
-0.35

-2.82
+2.34
+2.62

P
0.29

>0.99
0.93
0.33
0.28
0.33
0.72
0.16
0.23
0.12

A day to day
Difference
0

-2.64
+0.69
-3.65
+1.23
+0.26
-0.52
+1.37
+0.89
+1.44

p
>0.99

0.29
0.94
0.65
0.12
0.63
0.31
0.63
0.42
0.19
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Table 5-4 Mann-Witney U test for day-to-day difference in BDV, WCC, CRP and SOFA between infected and non-infected HPB groups

Day

Baseline
POD1
POD2
POD3
POD4
POD5
POD6
POD7
PODS8
POD9

BDV
Difference
-1.24
+1.44
+4.63
+3.90
+1.02
-1.96
+0.66
-0.43
-0.51
-1.60

p
0.72

0.19
0.10
0.03
0.72
0.57
0.80
0.56
0.51
0.44

WCC

-0.01

-1.72

+2.53
+1.70
+5.15
+0.27
+0.68
+0.05
+0.83
-0.23

>0.99
0.27
0.93
0.31
0.10
0.45
0.27
0.87
0.80
0.55

CRP

-27.0
-15.6
-28.0
+105.1
+52.6
+89.0
+14.5
+52.0
+28.15

0.39
0.67
>0.99
0.55
0.30
0.14
0.01
0.10
0.42
0.91

SOFA

0.93
0.94
0.80
0.61
0.13
0.07
0.89
0.03
0.01
>0.99
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Points represent the mean with error bars denoting standard error of the mean (SEM).
Statistical significance is marked using * where p<0.05, and ** where p<0.01. All other points

are non-significant.
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Table 5-5 Univariate logistic regression of BDV for infection following HPB surgery

Baseline

POD1

POD2

POD3

POD4

POD5

PODG6

POD7

POD8

POD9

OR

0.99

1.07

0.99

1.08

0.93

1.06

1.18

0.93

0.93

0.74

95% ClI

0.88, 1.04

0.99,1.34

0.90,1.0

0.94,1.29

0.63, 1.33

0.93,1.27

0.95, 1.69

0.61, 1.07

0.70,1.11

0.10,1.23

p:

0.77

0.31

0.77

0.31

0.68

0.38

0.23

0.53

0.49

0.57

AUC

0.55

0.78

0.65

0.83

0.55

0.60

0.66

0.52

0.62

0.63

95% CI

0.18, 0.90

0.50, 1.0

0.34,0.95

0.59,1.0

0.18,0.92

0.21,0.99

0.32,1.0

0.16, 0.88

0.18,1.0

0.16,1.0

0.79

0.12

0.40

0.04

0.77

0.57

0.37

0.91

0.57

0.64

178



Clinical Results — Liver Transplantation

Mann-Witney U test on imputed absolute values for BDV between LT non-infected and

infected groups was not significantly different. The same values were examined, using the

change from preoperative baseline, change from POD1 (as baseline), and day-to-day

change, but there was no significant difference between groups. MWU test on imputed

absolute values for BDV between LT non-infected and infected groups was not significantly

different. MWU for WCC was significantly higher (+11.48, p=0.05) in participants who

developed infection. CRP and SOFA score showed no significant difference

Analysis of variance between infected and non-infected samples following Liver

Transplantation

Analysis of variance (ANOVA) between LT infected and non-infected groups showed no
significant difference when analysed as imputed absolute BDV values, as a change from

preoperative of POD1 baseline, or as a day-to-day change.

Univariate Logistic Regression for infection following Liver Transplantation

Univariate logistic regression for infection was not significant on any postoperative day.

Diagnostic Accuracy of BDV for infection following Liver Transplantation

BDV did not reach significance on any day.
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Table 5-6 Mann-Witney U test for day-to-day difference in BDV between infected and non-infected LT groups

Day

Baseline
POD1
POD2
POD3
POD4
POD5
POD6
POD7
PODS8
POD9

Absolute values
Difference
+2.14
+0.01
+1.76
+2.53
+2.86
-0.57
+1.27
+0.57
+0.43
-0.12

p
0.48

0.89
0.89
0.50
0.56
0.96
0.82
0.69
0.89
>0.99

Change from baseline

Difference p

0
-0.48
+0.02
+0.83
+1.20
+0.41
+2.19
+1.27
-0.69
+2.88

>0.99
0.89
0.89
0.69
>0.99
0.56
0.75
0.96
0.89
0.62

Change from POD1

Difference
+0.48
0
-2.52
+1.68
+0.64
-2.65
-1.50
-0.02
-0.04
+0.54

p
0.89

>0.99
0.50
0.69
0.75
0.69
0.89
0.82
>0.99
0.96

Change day to day

Difference
0

+0.48
+2.52
+1.30
+1.58
-0.14
-1.09
+0.15
+0.64

p
>0.99
0.89
0.50
0.38
0.46
0.50
0.13
0.23
0.32
0.54
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Table 5-7 Mann-Witney U test for day-to-day difference in BDV, WCC, CRP and SOFA between infected and non-infected LT groups

Day

Baseline
POD1
POD2
POD3
POD4
POD5
POD6
POD7
PODS8
POD9

BDV
Difference
+2.14
+0.01
+1.76
+2.53
+2.86
-0.57
+1.27
+0.57
+0.43
-0.12

p
0.48

0.89
0.89
0.50
0.56
0.96
0.82
0.69
0.89
>0.99

WCC
Difference
+2.79
+5.2
+11.48
+11.53
+4.26
+2.32
+4.55
+7.56
+4.76
+6.85

p
0.20

0.45
0.05
0.10
0.17
0.31
0.23
0.08
0.17
0.05

CRP
Difference

+18.5

+21.5

+10.5

+51.0

p

0.42

0.07

0.57

0.81

SOFA
Difference
-1

+2

+2

0

p
0.14

0.40
0.79
0.71
0.45
>0.99
0.94
0.71
0.90
0.82
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Liver Transplantation Imputed Absolute Values — ANOVA
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Table 5-8 Univariate logistic regression of BDV for infection following LT

Baseline

POD1

POD2

POD3

POD4

POD5

PODG6

POD7

POD8

POD9

OR

0.98

1.0

1.07

1.05

0.96

1.07

1.26

1.14

1.08

1.20

95% ClI

0.67,1.44

0.74,1.34

0.79,1.45

0.75,1.44

0.69, 1.34

0.88,1.31

0.85,1.91

0.64,1.94

0.77,1.63

0.88,1.88

p:

0.93

0.99

0.67

0.75

0.80

0.49

0.24

0.61

0.68

0.32

AUC

0.50

0.57

0.58

0.62

0.52

0.58

0.67

0.71

0.58

0.63

95% CI

0.14, 0.86

0.25, 0.89

0.29, 0.88

0.33,0.90

0.19,0.85

0.19,0.98

0.27,1.0

0.47,0.95

0.31, 0.86

0.33,0.94

>0/99

0.69

0.62

0.48

0.91

0.62

0.32

0.26

0.62

0.42
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Table 5-9 Diagnostic accuracy of BDV for infection at baseline and POD1-9

Sensitivity, specificity and AUC are given with 95% CI

Baseline
POD1
POD2
POD3
POD4
POD5
POD6
POD7
POD8
POD9

Cutoff
(per mil)

>-19
<-18
<-21
>-19
>-21
>-20
>-18
>-18
<-17
>-18

Sensitivity

0.6 (0.23, 0.93)

0.80 (0.38, 0.99)
0.40 (0.07, 0.77)
0.60 (0.23, 0.93)
0.80 (0.38, 0.99)
0.80 (0.38, 0.99)
0.60 (0.23, 0.93)
0.80 (0.38, 0.99)
0.80 (0.38, 0.99)
0.60 (0.23, 0.93)

Specificity

0.86 (0.60, 0.97)
0.43 (0.21, 0.67)
0.86 (0.60, 0.97)
0.86 (0.60, 0.97)
0.43 (0.21, 0.67)
0.29 (0.12, 0.55)
0.79 (0.52, 0.92)
0.64 (0.39, 0.84)
0.36 (0.16, 0.61)
0.50 (0.27, 0.73)

AUC

0.61 (0.27, 0.95)
0.53 (0.24, 0.81)
0.53 (0.23, 0.83)
0.61 (0.27, 0.95)
0.60 (0.29. 0.91)
0.51 (0.17, 0.86)
0.54 (0.16, 0.92)
0.57 (0.25, 0.89)
0.53 (0.24, 0.82)
0.50 (0.18, 0.82)

0.46
0.85
0.85
0.46
0.52
0.93
0.78
0.64
0.85
>0.99
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Figure 5-12 ROC curves for BDV for infection at baseline and POD1-9
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5.3 Summary and Conclusions

Sample Quality

Quality analysis indicates that prolonged storage of breath samples effects results. 12CO,
concentration was significantly lower in-patient samples stored for over 200 days compared
to HC samples stored for 2-30 days before analysis, although duration of storage for all
clinical samples was not correlated with 12CO. concentration. BDV had a weak negative
correlation with duration of storage, Spearman r -0.013 p=0.03, suggesting that samples
stored for longer had a more negative BDV. 2CO, concentration had a negative correlation
with BDV, Spearman r -0.36 (95% CI -0.46, -0.25) p<0.0001, showing that samples with
higher concentrations of CO, had a more negative BDV. This corresponds with what is
known, that the average '>CO; in breath is higher than the atmospheric concentration, and
that BDV is more negative in human breath (-21 to -23 per mil) than in the atmosphere (-8
per mil). The low *2CO; concentration among all samples (median = 0.0077, IQR = 0.0029 to
0.045) and high BDV (median =-19 per mil, IQR = -21 to -15) compared to HC 2CO,
concentration (median = 0.035, IQR = 0.032 to 0.037) and BDV (median =-23 per mil, IQR =
-23 to -22) suggests that the sample bags were not secure over longer duration of storage
and leak and diffusion with room air had occurred, lowering the CO; concentration and

raising BDV closer to atmospheric levels.

Only 27.9% of samples had *2CO, concentration of > 0.01 and 11.2% with 2CO,
concentration >0.02, compared to 0% of HC samples with median *2CO, concentration 0.035
(IQR 0.032-0.037). This significant difference suggests that the concentration of CO: in the
sample did not represent that of human breath, and the majority of samples when analysed

did not reliably represent the BDV at the time of sampling.
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Examining the difference between paired samples taken at the patient end and ventilator
end in patients who remained ventilated postoperatively did not demonstrate a statistical
difference between samples. Samples taken at the ventilator end which had a higher 2CO,
concentration and more negative BDV, though not statistically significant, were included in
the clinical analysis. There was no statistical difference in BDV or 12CO, concentration in

bags with different valve types (screw valve/push valve).

Hepatopancreatobiliary Surgery Clinical Analysis

The difference in BDV between infected and non-infected HPB groups was significant only
on POD3 using MWU, however the results was a greater/more positive BDV (+3.90, p=0.03)
contradicting existing literature that BDV becomes more negative during sepsis. Common
biomarkers including WCC, CRP and SOFA score did not show higher performance, with
CRP significantly higher on PODG, later than the median day of diagnosis of infective
complication, limiting its preclinical/diagnostic utility. ANOVA showed no significant

difference between groups.

No significant association was found between infection or sepsis outcomes alone and BDV
for the HPB group. BDV on POD3 demonstrated a high AUC for patients who developed

inflammation (infection, sepsis, or pancreatobiliary leak) AUC 0.83 (p=0.039), and POD1 AUC

0.9 (p=0.0425) for pancreatobiliary leak.

Liver Transplantation Clinical Analysis

The difference in BDV between infected and non-infected LT groups was not significant
between groups using MWU. WCC was significantly higher on POD2 (+11.48, p=0.05) in
patients who developed infective complications. SOFA score did not show a significant
difference on any day. or higher diagnostic performance. CRP was not measured on every
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sampling day but at baseline, POD2, POD5 and POD8, CRP did not show a significant
difference or higher diagnostic performance. ANOVA showed no significant difference

between groups.

No significant association was found between infective outcomes in the LT group. BDV
demonstrated a high AUC on PODS5 for bleeding in LT patients (AUC 0.9, p=0.0425),
however both of the two patients who experienced bleeding presented at POD1 with return
to theatre on POD1. Both patients remained ventilated throughout the sampling period, with
one urgently listed for liver transplantation in critical care with a prolonged period of multi
organ failure, and the other patient had right lobe ischaemia, right leg ischaemia and above
knee amputation and died after the sampling period, which have introduced confounding

bias.

Limitations

There were limitations of the experiment. Missing values due to missing samples or failed IR
spectroscopy (e.g. outlying values or empty samples unable to generate BDV), and
participants excluded with fewer than 50% of BDV samples, may have missed important
changes in BDV. Imputing of data to compensate for missing values using the median
between and last values will have diminished the accuracy of results, and may have

‘smoothed out’ trends, and potentially minimising the difference between groups.

There was significant heterogeneity between participants. While age, sex, comorbidity and
operative time were not significantly different between groups, there was variation in
operative type and post operative management. In the HPB group, patients undergoing Gl
anastomosis e.g., in pancreaticoduodenectomy, required five postoperative days of fasting.
There was variation in operative time and length of stay, with some participants undergoing
a relatively small liver resection with minimally invasive approach and discharge after 3-4
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days, while others underwent more major surgery e.g. hemi-hepatectomy with minimally
invasive or open approach and length of stay beyond the sampling period. The indication for
some participants was for cancer and others benign with some cancer patients having
neoadjuvant treatment that may have contributed to preoperative frailty. In the LT group, five
participants were listed for transplantation for acute causes (one seronegative ALF, one
paracetamol overdose ALF, two ACLF due to Wilson’s disease and one ACLF due to ArLD),

and the remaining 15 listed with stable chronic liver disease.

Conclusions

These data suggest that breath samples leaked during prolonged storage, with potential
diffusion of room air into the sample, giving a 2CO. concentration lower that that expected of
expired human breath and compared to healthy controls (which did not undergo prolonged
storage). There was a negative correlation between 2CO, and BDV, Spearman r = -0.36
(95% CI -0.46, -0.25) p<0.0001, and a less negative BDV often closer to atmospheric 3C
delta value of -8 per mil than. There was no correlation between 2CO, and bag type,
duration of storage or patient suggesting the effect was sporadic. All bags were at least
moderately well filled by patient breath at the time of sampling, but many were empty/poorly
filled at the time of spectroscopy and some bags which looks well filled at the time of
spectroscopy had relatively low ?CO, concentration. While many bags showed good
integrity of seal and had high 2CO. levels and a reliable BDV, the inconsistency and missing
values between samples means that examining trends and differences between groups is
unreliable. The manufacturers do not recommend a limit for storage of stable gas samples
and were contacted for a recommended time limit which they were unable to give. This

should be investigated before further research is conducted.
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6 Serum Biomarkers of Infection and Inflammation

6.1 Introduction

Results of the V-PLEX Proinflammatory MSD panel are presented alongside cytokines, other
biomarkers including CRP, SOFA score, WCC and differential and percentage of WCC, and
neutrophil lymphocyte ratio, lymphocyte monocyte ratio, neutrophil lymphocyte ratio,
platelets lymphocyte ratio were analysed from clinical data. Where clinical CRP values were
missing sampled were analysed from frozen serum using in the same hospital Viapath lab
using the same methods. PCT results from EDTA plasma PCT ELISA was analysed

alongside other markers.

6.2 Results

Data Quality

A significant proportion of samples were out of range (below the fitting curve or below
detection range for IL-12p70 (49.3%), IL-13 (86.3%), IL-1b (91.9%), IL-2 (67.5%), IL-4

(99.4%). This should be considered when interpreting results.

Coefficient of Variance

Plate to plate variation marked by CoV was fairly high (>10%) across most plate. IL-6 and IL-
8 had the least plate to plate variation. Low variation was seen in some samples which fell

below the fitting curve.
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Table 6-1 Number and percentage of samples in range for MSD V-PLEX Proinflammatory panel

Inrange Below Fit Below Detection Outofrange % inrange % out of range

IFNy 138 20 6 26 86.25 16.25
IL-10 149 2 9 11 93.125 6.875
IL-12p70 81 62 17 79 50.625 49.375
IL-13 19 85 53 138 11.875 86.25
IL-1b 13 137 10 147 8.125 91.875
IL-2 52 98 10 108 32.5 67.5
IL-4 1 152 7 159 0.625 99.375
IL-6 152 1 7 8 95 5
IL-8 160 0 0 0 100 0
TNFa 102 5 53 58 63.75 36.25

Table 6-2 Coefficient of Variation of repeated samples on MSD plate 1 and 2
IFNy Plate 1 Plate 2 CoV IL-2 Plate 1 Plate 2 CoV
H27 3.82 2.19 27.12 H27 0.90 0.65 16.04
S64 d3 1.84 0.68 45.79 S64 d3 0.10 0.11 4.68
T165 d7 5.35 3.48 21.22 T165d7 6.55 4.30 20.73
IL-10 Plate 1 Plate 2 CoV IL-4 Plate 1 Plate 2 CoV
H27 1.44 1.16 10.52 H27 0.39 0.64 24.20
S64 d3 0.44 0.33 14.47 S64 d3 0.15 0.09 25.85
T165 d7 26.87 24.76 4.08 T165 d7 0.15 0.01 84.05
IL-12p70 Plate 1 Plate 2 CoV IL-6 Plate 1 Plate 2 CoV
H27 0.35 0.07 67.74 H27 0.67 0.61 4.70
S64 d3 0.07 0.07 0.31 S64 d3 32.55 31.87 1.06
T165 d7 0.07 0.07 0.00 T165d7 12.32 11.52 3.36
IL-13 Plate 1 Plate 2 CoV IL-8 Plate 1 Plate 2 CoV
H27 0.15 0.15 0.00 H27 3.07 3.05 0.35
S64 d3 1.32 0.15 80.18 S64 d3 3.05 2.65 7.03
T165 d7 0.15 0.15 0.00 T165d7 15.84 12.90 10.21
IL-1b Plate 1 Plate 2 CoV TNFa Plate 1 Plate 2 CoV
H27 0.15 0.04 60.95 H27 0.91 0.66 15.39
S64 d3 0.10 0.23 38.75 S64 d3 0.32 0.11 47.22
T165 d7 0.26 0.27 2.96 T165d7 1.89 1.06 28.00
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Mann-Witney U Test for infection following HPB Surgery

No difference in levels of cytokines was observed using MWU for participants with and
without infection. A baseline difference was seen only in IFNy-5.2 (p=0.04). PCT on POD4

was increased in non-infected participants, +68.8 (p=0.04).

Analysis of Variance for infection following HPB Surgery

There was no statistical difference between infected and non-infected groups for any
cytokine at any time point. There was no statistical difference in CRP, WCC, neutrophil
count, lymphocyte count, however monocyte level was higher at baseline, on POD4 and
PODS in the infected group, reaching statistical significance. There was no difference in the
neutrophil, lymphocyte or monocyte percentage of WCC, and NLR, LMR, NMR and PLR
were not significantly different. PCT was significantly higher on POD1 for participants who

developed infection.

Univariate Logistic Regression for infection following HPB Surgery

Logistic regression of cytokines for infection significance only for IFNy at baseline with OR
1.55 (95% CI 1.097, 2.71) p=0.05, however confidence intervals approached 1. SOFA score

was not associated with infection.

Diagnostic Accuracy of serum and full blood count markers of infection following

HPB Surgery

The diagnostic accuracy for all cytokines was poor, with no AUC achieving statistical

significance for cytokines in the MSD V-PLEX panel. PCT on POD4 achieved sensitivity of
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80% (65% CI 38-99%), specificity of 83% (95% CI 55-95%), and AUC 0.83 (95% CI 0.62-
1.0) p=0.04, however this was for values below a cutoff of 126pg/mL. There was no

significant difference for CRP, WCC and SOFA scores.
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Table 6-3 Mann-Witney U test for differences in biomarkers of infection following HPB surgery in

infected and non-infected groups at baseline, on POD1, POD4 and PODS.

Baseline POD1 POD4 POD8
IFNy -5.2 (p=0.04) ns ns ns
IL-10 ns ns ns ns
IL-12p70 ns ns ns ns
IL-13 ns ns ns ns
IL-1b ns ns ns ns
IL-2 ns ns ns ns
IL-4 ns ns ns ns
IL-6 ns ns ns ns
IL-8 ns ns ns ns
TNFa ns ns ns ns
PCT ns ns +68.8 (p=0.04) ns
CRP ns ns ns ns
SOFA ns ns ns ns
WCC ns ns ns ns
Neutrophil count ns ns ns ns
Lymphocyte count  ns ns ns ns
Monocyte count ns ns ns ns
Neutrophil % ns ns ns ns
Lymphocyte % ns ns ns ns
Monocyte % ns ns ns ns
NLR ns ns ns ns
LMR ns ns ns ns
NMR ns ns ns ns
PLR ns ns ns ns

Differences in median values between infected and non-infected groups and their p values

are presented. Non-significant values are not presented (ns).
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Figure 6-1 Grouped 2-way ANOVA for HPB showing difference between groups at each POD for MSD V PLEX Proinflammatory Cytokine panel.

Points represent the mean with error bars denoting standard error of the mean (SEM). Statistical significance is marked using * where p<0.05,
and ** where p<0.01. All other points are non-significant.
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Figure 6-2 Grouped 2-way ANOVA for HPB infected and non-infected participants for PCT, CRP, Full Blood Count, NLR, LMR, NMR and PLR.

Points represent the mean with error bars denoting standard error of the mean (SEM). Statistical significance is marked using * where p<0.05,

and ** where p<0.01. All other points are non-significant 196



Table 6-4 Univariate Logistic Regression for infection at baseline sample in HPB group

OR 95% ClI p value AUC  95% CI p value
IFNy 155 1.097,2.71 0.05 0.81 0.58, 1.0 0.04
IL-10 2.10 0.07,485 0.62 0.63 0.36, 0.90 0.41
IL-12p70 7519 1.22,.1372125 0.18 0.76 0.44,1.0 0.09
6011
IL-13 1.20 0.94,159 0.15 0.70 0.43,0.97 0.19
IL-1b 2.819 5.037e-026to 0.39 0.62 0.35, 0.89 0.43
e- 6951
006
IL-2 0.06 1.440e-006to 0.46 0.68 0.39, 0.97 0.24
11.56
IL-4 294 2.789%e-005t0 0.81 0.61 0.32,0.89 0.49
34037
IL-6 1.15 0.65,1.93 0.61 0.56 0.26, 0.86 0.69
IL-8 0.98 0.74,1.20 0.89 0.64 0.38, 0.90 0.36
TNFa 1.04 0.24,2.94 0.94 0.59 0.28,0.89 0.57
PCT 1.0 0.98,1.01 0.75 0.57 0.28, 0.87 0.63
CRP 1.18 1.01,1.77 0.23 0.75 0.46, 1.0 0.11
SOFA 1.03 0.43,2,02 0.93 0.55 0.24,0.85 0.76
WCC 0.96 0.50,1.381 0.91 0.51 0.19,0.83 0.97
Neutrophil count 0.82 0.38,1.52 0.56 0.53 0.23,0.84 0.83
Lymphocyte count 0.92  0.28, 2.37 0.88 0.52 0.21,0.83 0.90
Monocyte count 28.1 0.10, 17442 0.25 0.5 0.12,0.88 >0.99
Neutrophil % 0.99 0.89,1.10 0.81 0.64 0.33,0.95 0.36
Lymphocyte % 1.03 0.92,1.16 0.58 0.67 0.38,0.96 0.28
Monocyte % 1.01 0.62,1.75 0.94 0.55 0.20, 0.90 0.76
NLR 0.70 0.21,1.69 0.49 0.65 0.35, 0.96 0.32
LMR 091 0.49,1.40 0.71 0.55 0.25,0.84 0.76
NMR 0.87 0.56,1.25 0.49 0.64 0.28,1.0 0.36
PLR 1.00 0.98,1.02 0.91 0.61 0.35,0.88 0.46
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Table 6-5 Univariate Logistic Regression for infection on POD1 sample in HPB group

OR and AUC are given with 95% CI and p values on POD1

OR 95% ClI p value AUC 95% CI p value
IFNy 0.94 0.59,1.28 0.73 0.55 0.21, 0.88 0.76
IL-10 1.56 0.76, 3.35 0.23 0.67 0.38, 0.96 0.28
IL-12p70 2.93 0.61, 64.66 0.26 0.51 0.19, 0.82 0.97
IL-13 1.04 0.77,1.39 0.77 0.52 0.18, 0.86 0.90
IL-1b 59.79 0.14, 43541 0.18 0.64 0.34,0.94 0.36
IL-2 0.08  4.620e-005 to 0.29 0.71 0.43, 0.98 0.18
1.059
IL-4 7.18 0.00, 9447 0.56 0.64 0.31, 0.97 0.36
IL-6 1.01 0.99,1.02 0.53 0.53 0.14, 0.93 0.83
IL-8 0.99 0.83,1.17 0.95 0.52 0.22,0.82 0.90
TNFa 0.80 0.08, 3.95 0.80 0.53 0.17, 0.89 0.83
PCT 0.99 0.97,1.00 0.22 0.77 0.53, 1.0 0.11
CRP 1.00 0.97, 1.02 0.85 0.52 0.22,0.82 0.90
SOFA 0.65 0.12,1.73 0.51 0.56 0.29, 0.83 0.69
wcCC 0.89 0.64,1.16 0.41 0.65 0.34, 0.97 0.32
Neutrophil count 0.96 0.64, 1.34 0.81 0.63 0.16, 1.0 0.49
Lymphocyte count 0.87  0.18, 1.23 0.66 0.51 0.18, 0.84 0.96
Monocyte count 0.46  0.014, 11.97 0.64 0.56 0.19, 0.93 0.69
Neutrophil % 1.0 0.83,1.24 0.99 0.51 0.17,0.84 0.97
Lymphocyte % 1.05 0.83,1.32 0.63 0.65 0.41, 0.90 0.32
Monocyte % 0.74 0.37,1.25 0.32 0.68 0.34,1.0 0.24
NLR 0.92 0.77, 1.06 0.31 0.61 0.35, 0.88 0.46
LMR 1.24 0.46, 3.07 0.62 0.76 0.55, 0.97 0.09
NMR 1.08 0.87,1.29 0.33 0.57 0.24, 0.90 0.63
PLR 1.0 0.99, 1.01 0.99 0.51 0.08, 0.94 0.96
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Table 6-6 Univariate Logistic Regression for infection on POD4 sample in HPB group

OR and AUC are given with 95% CI and p values on POD4

OR 95% ClI pvalue AUC 95% ClI p value
IFNy 0.96 0.61, 1.41 0.85 0.58 0.26, 0.91 0.60
IL-10 0.21 0.00, 1.93 0.35 0.57 0.30, 0.83 0.67
IL-12p70 3.95 0.57,269.80 0.28 0.63 0.28, 0.97 0.43
IL-13 1.08 0.80, 1.44 0.58 0.54 0.23, 0.86 0.79
IL-1b 2.59 0.02,239.2 0.67 0.50 0.16, 0.84 >0.99
IL-2 0.0002  4.855e-012, 0.19 0.78 0.55, 1.0 0.07
0.7031
IL-4 3.649e+ 3.81,5.401e 0.22 0.70 0.43, 0.97 0.21
14 +62
IL-6 0.16 0.99,1.15 0.13 0.78 0.55,1.0 0.07
IL-8 1.20 0.85, 1.79 0.32 0.72 0.45, 0.99 0.17
TNFa 1.52 0.12,19.97 0.73 0.55 0.22, 0.88 0.75
PCT 0.97 0.93, 1.00 0.08 0.83 0.62, 1.0 0.04
CRP 1.01 1.00, 1.03 0.20 0.62 0.26, 0.97 0.46
SOFA 3.44 0.95,26.23 0.11 0.65 0.33, 0.98 0.32
wcCC 1.15 0.86, 1.63 0.35 0.52 0.144, 0.90 0.88
Neutrophil count 1.14 0.83, 1.63 0.40 0.51 0.13, 0.88 0.96
Lymphocyte count  0.95 0.35, 1.69 0.87 0.58 0.28, 0.88 0.59
Monocyte count 4.59 0.03, 893.3 0.54 0.57 0.20, 0.94 0.94
Neutrophil % 0.97 0.89, 1.06 0.46 0.52 0.14, 0.90 0.88
Lymphocyte % 1.0 0.83,1.15 0.95 0.58 0.25, 0.92 0.59
Monocyte % 0.75 0.43,1.25 0.27 0.68 0.41, 0.94 0.26
NLR 1.10 0.72, 1.77 0.65 0.58 0.26, 0.91 0.59
LMR 1.11 0.42, 2.62 0.81 0.51 0.20, 0.28 0.96
NMR 1.05 0.74, 1.45 0.78 0.63 0.33,0.93 0.40
PLR 0.98 0.96, 1.00 0.15 0.77 0.51,1.0 0.08

199



Table 6-7 Univariate Logistic Regression for infection on POD8 sample in HPB group

OR and AUC are given with 95% CI and p values on PODS8

OR 95% ClI p value AUC 95% ClI p value
IFNy 0.88 0.55, 1.33 0.56 0.57 0.23,0.91 0.68
IL-10 1.95 0.60, 9.44 0.30 0.77 0.50, 1.0 0.12
IL-12p70 501020 1.16, 3.348e+15 0.16 0.81 0.55, 1.0 0.07
IL-13 1.27 1.00 1.82 0.10 0.74 0.42,1.0 0.17
IL-1b 5.01 0.07, 796.5 0.47 0.51 0.12,0.91 0.94
IL-2 6.00 0.01, 7306 0.57 0.64 0.32, 0.97 0.42
IL-4 1.690e+15 1.63, 0.51 0.74 0.45, 1.0 0.17
4.689e+157
IL-6 1.00 1.00,1.10 0.57 0.60 0.23, 0.97 0.57
IL-8 1.07 0.73, 1.60 0.71 0.54 0.15, 0.93 0.81
TNFa 3.93 0.36, 132.5 0.32 0.60 0.23, 0.97 0.57
PCT 1.00 0.98, 1.01 0.56 0.60 0.26, 0.94 0.57
CRP 1.00 0.99, 1.02 0.65 0.56 0.21, 0.91 0.74
SOFA 4.99 0.69, 114.3 0.18 0.66 0.34, 0.98 0.33
wcCC 1.04 0.84,1.29 0.73 0.51 0.15, 0.87 0.94
Neutrophil count 1.02 0.83, 1.28 0.79 0.55 0.19, 0.91 0.77
Lymphocyte count 0.83 0.26, 1.22 0.55 0.51 0.20, 0.82 0.95
Monocyte count 1.71 0.02, 141.7 0.80 0.54 0.15, 0.93 0.83
Neutrophil % 1.04 0.97,1.18 0.39 0.58 0.25, 0.90 0.66
Lymphocyte % 0.99 0.86, 1.12 0.86 0.60 0.29,0.91 0.56
Monocyte % 0.96 0.49, 1.89 0.91 0.55 0.16, 0.94 0.77
NLR 0.99 0.70, 1.40 0.96 0.55 0.23, 0.87 0.77
LMR 0.88 0.36, 1.66 0.70 0.60 0.24, 0.96 0.56
NMR 1.03 0.86, 1.25 0.73 0.50 0.15,0.85 >0.99
PLR 1.00 0.99, 1.02 0.68 0.60 0.28, 0.92 0.56
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Table 6-8 Diagnostic accuracy for MSD V-PLEX Cytokine panel and PCT, CRP, SOFA and WCC,

Sensitivity, Specificity and AUC (ROC) with 95% CI on POD1 and POD4 for HPB

POD1 POD4
Cutoff Sensitivity Specificity AUC Cutoff Sensitivity Specificity AUC

IFNy <0.16 0.40 (0.07, 0.77) 0.93 (0.70, 1.0) 0.55 (0.21, 0.88) <2.3 0.80 (0.38, 0.99) 0.67 (0.39, 0.86) 0.58 (0.26, 0.91)
p=0.76 p=0.60

IL-10 >0.96 0.80 (0.38, 0.99) 0.40 (0.20, 0.64) 0.67 (0.38, 0.96) <0.73 1.0 (0.57, 1.0) 0.42 (0.19, 0.68) 0.57 (0.30, 0.83)
p=0.28 p=0.67

IL-12p70 <0.17 0.80 (0.38, 0.99) 0.40 (0.20, 0.64) 0.51 (0.19, 0.82) >0.067 0.60 (0.23, 0.93) 0.75(0.47,0.91) 0.63 (0.28, 0.97)
p=0.97 p=0.43

IL-13 >5.1 0.60 (00.23, 0.93) 0.73 (0.48, 0.89) 0.52 (0.18, 0.86) >3.8 0.40 (0.07, 0.77) 0.75(0.47,0.91) 0.54 (0.23, 0.86)
p=0.90 p=0.79

IL-1b >0.07 1.0 (0.57, 1.0) 0.27 (0.11, 0.52) 0.64 (0.34, 0.94) >0.53 0.40 (0.07, 0.77) 0.92 (0.65, 1.0) 0.50 (0.16, 0.84)
p=0.36 p>0.99

IL-2 <0.63 1.0 (0.57, 1.0) 0.40 (0.20, 0.64) 0.71 (0.43, 0.98) <0.18 0.80 (0.38, 0.99) 0.75(0.47,0.91) 0.78 (0.56, 1.0)
p=0.18 p=0.07

IL-4 >0.24 0.60 (0.23, 0.93) 0.80 (0.55, 0.93) 0.64 (0.31, 0/97) >0.094 1.0 (0.57, 1.0) 0.33 (0.14. 0.61) 0.70 (0.43, 0.97)
p=0.36 p=0.21

IL-6 <20 0.60 (0.23, 0.93) 0.87 (0.62, 0.98) 0.53 (0.14,0.93) >17 0.60 (0.23, 0.93) 0.92 (0.65, 1.0) 0.78 (0.55, 1.0_
p=0.83 p=0.07

IL-8 >3.1 1.0 (0.57, 1.0) 0.20 (0.07, 0.45) 0.52 (0.22, 0.82) >5.1 1.0 (0.57, 1.0) 0.50 (0.25,0.75) 0.72 (0.45, 0.99)
p=0.90 p=0.17

TNFa <0.27 0.40 (0.07, 0.77) 0.93 (0.70, 1.0) 0.53(0.17, 0.89) >1.2 0.40 (0.07, 0.77) 0.92 (0.65, 1.0) 0.55 (0.22, 0.88)
p=0.83 p=0.75

PCT <143 0.75 (0.30, 0.99) 0.67 (0.42, 0.85) 0.77 (0.53, 1.0) <126 0.80 (0.38, 0.99) 0.83 (0.55, 0.97) 0.8 (0.62, 1.0)
p=0.11 p=0.04

CRP <65 0.80 (0.38, 0.99) 0.53 (0.30, 0.75) 0.52 (0.22, 0.82) >136 0.60 (0.23, 0.93) 0.85 (0.58, 0.97) 0.58 (0.20, 0.96)
p=0.90 p=0.59

SOFA <1.5 1.0 (0.57, 1.0) 0.20 (0.07, 0.45) 0.64 (0.38, 0.90) >1.5 0.40 (0.07, 0.77) 1.0 (0.77, 1.0) 0.65 (0.33,0.98)
p=0.36 p=0.32

WwCC <12.0 0.60 (0.23, 0.93) 0.73 (0.48, 0.89) 0.65 (0.34, 0.97) >9.0 0.60 (0.23, 0.93) 0.46 (0.23,0.71) 0.52(0.14, 0.90)

p=0.32

p=0.88
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Figure 6-3 ROC curves for HPB POD1 MSD V-PLEX Cytokine panel and PCT, CRP, SOFA and WCC
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Figure 6-4 ROC curves for HPB POD4 MSD V-PLEX Cytokine panel and PCT, CRP, SOFA and WCC
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Mann Witney U test for infection following Liver Transplantation

Most cytokines were not significantly different between participants with and without infection
at baseline and sequential samples. A difference of +0.06 (p=0.03) was seen for IL-1b on
POD2. Lymphocytes and monocytes were significantly raised on POD2, +0.6 (p=0.01) and
+0.22 (p<0.01) respectively. CRP, PCT, SOFA and WCC did not show a significant

difference.

Analysis of Variance for infection following Liver Transplantation

There was no statistical difference between infected and non-infected groups for any
cytokine at any time point. WCC were higher in the infected group on POD2. There was no
statistical difference in PCT, CRP, neutrophil count, lymphocyte count, or monocyte count.
There was no difference in the neutrophil, lymphocyte or monocyte percentage of WCC, and

NLR, LMR, NMR and PLR were not significantly different.

Univariate Logistic Regression for infection following Liver Transplantation

Logistic regression of the cytokine V-Plex panel for, infection showed no significant
difference between infected and non-infected groups. Increased lymphocyte and monocyte
count on POD2 had an increased OR for infection — OR 24.62 (95% CI 2.08, 1016) p=0.03;

OR 3706 (95% CI 6.51, 317659159) p=0.004 respectively.
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Diagnostic accuracy for infection following Liver Transplantation

Sensitivity, specificity and AUC were poor for almost all cytokines, alongside CRP, PCT,
SOFA and WCC which did not achieve statistical significance. IL-1b on POD2 was the only
marker with a significant result, with sensitivity 100% (95% CI 51-100%), specificity 67%

(95% CI 42-85%), and AUC 0.85 (95% CI 67-100%) p=0.04.
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Table 6-9 Mann-Witney U test for differences in biomarkers of infection following LT in
infected and non-infected groups at baseline, on POD2, POD5 and POD8

Baseline POD2 POD5 POD8
IFNy ns ns ns ns
IL-10 ns ns ns ns
IL-12p70 ns ns ns ns
IL-13 ns ns ns ns
IL-1b ns +0.06 (p=0.03) ns ns
IL-2 ns ns ns ns
IL-4 ns ns ns ns
IL-6 ns ns ns ns
IL-8 ns ns ns ns
TNFa ns ns ns ns
PCT ns ns ns ns
CRP ns ns ns ns
SOFA ns ns ns ns
WCC ns ns ns ns
Neutrophil count ns ns ns ns
Lymphocyte count ns +0.6 (p=0.01) ns ns
Monocyte count ns +0.22 (p<0.01) ns ns
Neutrophil % ns ns ns ns
Lymphocyte % ns ns ns ns
Monocyte % ns ns ns ns
NLR ns ns ns ns
LMR ns ns ns ns
NMR ns ns ns ns
PLR ns ns ns ns

Differences in median values between infected and non-infected groups and their p values

are presented. Non-significant values are not presented (ns).
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Figure 6-5 Liver Transplantation Grouped 2-way ANOVA showing difference between groups at each POD for MSD V PLEX Proinflammatory Cytokine panel.
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and ** where p<0.01. All other points are non-significant
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Table 6-10 Univariate Logistic Regression for infection at baseline sample in LT group

OR and AUC are given with 95% CI and p values at baseline

OR 95% ClI p value AUC 95% ClI p value
IFNy 0.99 0.89,1.01 0.68 0.56 0.27,0.85 0.69
IL-10 0.99 0.68,1.01 0.74 0.51 0.17,0.84 0.97
IL-12p70 0.03 5.22e-7,1.51 0.40 0.70 0.42, 0.98 0.19
IL-13 0.87 0.52,1.08 0.39 0.58 0.29, 0.87 0.62
IL-1b 7.57e 1.74e-43,2.36 0.31 0.65 0.37,0.92 0.34
-12

IL-2 0.32 0.002, 1.24 0.54 0.57 0.28, 0.86 0.66
IL-4 0.03  7.29e-13, 0.65 0.56 0.25, 0.87 0.73

157.7
IL-6 0.97 0.89,1.01 0.31 0.63 0.36, 0.89 0.41
IL-8 1.0 0.97,1.10 0.42 0.61 0.15,1.0 0.56
TNFa 0.69 0.17,1.98 0.54 0.55 0.23, 0.86 0.76
PCT 1.0 1.00, 1.00 0.99 0.52 0.16, 0.87 0.92
CRP 1.02 0.96,1.08 0.50 0.56 0.14, 0.98 0.72
SOFA 0.88 0.56,1.12 0.41 0.72 0.44,1.0 0.15
WCC 1.2 0.87, 1.80 0.27 0.71 0.48, 0.93 0.18
Neutrophil count 1.14 0.68, 1.82 0.58 0.59 0.21, 0.96 0.63
Lymphocyte count 2.96  0.48, 23.89 0.25 0.64 0.36, 0.92 0.36
Monocyte count 2.31 0.14, 38.46 0.54 0.69 0.45, 0.92 0.22
Neutrophil % 2.03 0.0002, 36725 0.88 0.60 0.27, 0.93 0.51
Lymphocyte % 2.12  1.03le-5, 0.89 0.56 0.24, 0.88 0.69

145589
Monocyte % 448  1.693e-13, 0.92 0.53 0.28, 0.79 0.83

78172256803
NLR 1.12 0.77,1.63 0.52 0.59 0.26, 0.91 0.57
LMR 0.82 0.33,1.49 0.57 0.56 0.23, 0.89 0.69
NMR 094 0.72,1.13 0.59 0.55 0.26, 0.83 0.76
PLR 1.00 0.99,1.02 0.69 0.64 0.38, 0.90 0.36
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Table 6-11 Univariate Logistic Regression for infection on POD2 sample in LT group

OR and AUC are given with 95% CI and p values on POD2

OR 95% ClI p value AUC 95% ClI p value
IFNy 0.93 0.55,1.01 0.65 0.60 0.25, 0.96 0.58
IL-10 0.97 0.77,1.10 0.72 0.53 0.19, 0.87 0.84
IL-12p70 0.004 5.981e-16, 0.50 0.57 0.29, 0.85 0.69
1.223
IL-13 0.94 0.75,1.12 0.55 0.55 0.27, 0.82 0.76
IL-1b 3.755e- 6.78e-174, 0.24 0.85 0.67,1.0 0.36
047 4.26e-6
IL-2 0.98 0.85, 1.09 0.71 0.58 0.27, 0.89 0.62
IL-4 0.03 7.29e-13, 0.65 0.01 0.25, 0.87 0.73
157.7
IL-6 1.01 0.94,1.08 0.67 0.58 0.25, 0.91 0.62
IL-8 0.97 0.82,1.10 0.67 0.67 0.30, 1.0 0.32
TNFa 0.53 0.12,1.34 0.27 0.64 0.39, 0.89 0.36
PCT 1.0 1.00, 1.00 0.99 0.52 0.16, 0.87 0.92
CRP 1.04 0.99, 1.12 0.15 0.81 0.62, 1.0 0.04
SOFA 1.01 0.83,1.21 0.89 0.55 0.27,0.83 0.95
WCC 1.15 1.0, 1.38 0.07 0.79 0.56, 1.0 0.06
Neutrophil count 1.13 0.96, 1.34 0.15 0.67 0.36, 0.99 0.30
Lymphocyte count  24.62 2.08, 1016 0.03 0.88 0.73,1.0 0.01
Monocyte count 3706 6.51, 0.004 0.88 0.72,1.0 0.01
317659159
Neutrophil % 2.95 0.01, 0.76 0.69 0.45, 0.93 0.21
21844496
Lymphocyte % 4.13e+2 9.35, 0.08 0.79 0.56, 1.0 0.06
1.79e+49
Monocyte % 0.42 9.04e-24, 0.78 0.66 0.31,1.0 0.34
2.05
NLR 0.86 0.68, 1.01 0.13 0.83 0.65, 1.0 0.05
LMR 1.46 0.49, 4.40 0.45 0.77 0.55, 0.98 0.11
NMR 0.99 0.88, 1.0 0.68 0.67 0.33, 1.0 0.30
PLR 0.98 0.94,1.0 0.08 0.83 0.64, 1.00 0.05
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Table 6-12 Univariate Logistic Regression for infection on POD5 sample in LT group

OR and AUC are given with 95% CI and p values on POD5

OR 95% ClI pvalue AUC 95% ClI p value
IFNy 0.85 0.84,1.01 0.43 0.63 0.34,0.91 0.41
IL-10 0.99 0.72, 1.03 0.71 0.68 0.48, 0.89 0.54
IL-12p70 0.75 1.06e-7,1.10 0.71 0.61 0.34,0.8 0.46
IL-13 0.94 0.68, 1.04 0.55 0.55 0.26, 0.83 0.76
IL-1b 0.02 4.51e-9, 0.48 0.62 0.33,0.91 0.43
99.76
IL-2 1.02 0.96, 1.08 0.45 0.57 0.27,0.87 0.63
IL-4 3.41e-6  2.04e-26, 0.40 0.65 0.39,0.91 0.32
5.08
IL-6 0.99 0.86,1.07 0.78 0.60 0.31, 0.89 0.51
IL-8 0.99 0.86, 1.06 0.79 0.73 0.51, 0.96 0.13
TNFa 1.05 0.52,1.78 0.86 0.50 0.15, 0.85 >0.99
PCT 1.00 1.00, 1.01 0.38 0.57 0.25, 0.90 0.63
CRP 1.00 0.96, 1.05 0.88 0.57 0.30, 0.84 0.66
SOFA 1.01 0.75, 1.30 0.95 0.51 0.21, 0.82 0.93
WCC 1.10 0.91, 1.36 0.31 0.68 0.39, 0.98 0.24
Neutrophil count 1.02 0.77,1.30 0.85 0.58 0.27,0.88 0.64
Lymphocyte count 5.55 1.06, 83.02 0.10 0.70 0.34,1.0 0.22
Monocyte count 2.45 0.09, 51.79 0.55 0.62 0.30, 0.94 0.48
Neutrophil % 9.36e-6 2.81e-14, 0.20 0.67 0.33,1.0 0.30
296.1
Lymphocyte % 45406 0.001,10172 0.11 0.77 0.54, 0.99 0.11
759715114
Monocyte % 0.0004 2.30e-21. 0.27 0.56 0.32,0.81 0.71
7950947723
NLR 0.76 0.46, 1.04 0.21 0.77 0.53,1.0 0.11
LMR 141 0.53, 3.61 0.43 0.80 0.62, 0.99 0.07
NMR 0.88 0.61, 1.13 0.38 0.60 0.33, 0.87 0.54
PLR 1.00 0.99, 1.01 0.58 0.59 0.20, 0.99 0.57
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Table 6-13 Univariate Logistic Regression for infection on POD8 sample in LT group

OR and AUC are given with 95% CI and p values on PODS8

OR 95% ClI p value AUC 95% ClI p value
IFNy 0.88 0.55, 1.33 0.56 0.57 0.23,0.91 0.68
IL-10 1.95 0.60, 9.44 0.30 0.77 0.50, 1.0 0.12
IL-12p70 501020 1.16, 3.348e+15 0.16 0.81 0.55,1.0 0.07
IL-13 1.27 1.00 1.82 0.10 0.74 0.42,1.0 0.17
IL-1b 5.01 0.07, 796.5 0.47 0.51 0.12,0.91 0.94
IL-2 6.00 0.01, 7306 0.57 0.64 0.32,0.97 0.42
IL-4 1.690e+15 1.63, 4.689e+157 0.51 0.74 0.45,1.0 0.17
IL-6 1.00 1.00,1.10 0.57 0.60 0.23,0.97 0.57
IL-8 1.07 0.73, 1.60 0.71 0.54 0.15, 0.93 0.81
TNFa 3.93 0.36, 132.5 0.32 0.60 0.23,0.97 0.57
PCT 1.00 0.99, 1.01 0.34 0.62 0.32,0.92 0.46
CRP 1.03 1.0,1.07 0.11 0.73 0.35,1.0 0.19
SOFA 1.05 0.83, 1.30 0.67 0.56 0.24,0.88 0.69
WCC 1.20 0.98, 1.50 0.11 0.78 0.40, 1.0 0.08
Neutrophil count 84207 0.95, 1.50 0.16 0.73 0.41,1.0 0.18
Lymphocyte count 0.0002 0.47, 21.59 0.29 0.64 0.27,1.0 0.43
Monocyte count 2.0 0.11, 39.0 0.62 0.57 0.27,0.88 0.67
Neutrophil % 84207 0.02, 0.19 0.69 0.31,1.0 0.28
73439563049653
Lymphocyte % 0.99 1.02e-14, 25637 0.51 0.65 0.28,1.0 0.40
Monocyte % 3.38e+21 1.10e-24, 1.17e+81 0.40 0.69 0.31,1.0 0.28
NLR 1.09 0.81, 1.47 0.52 0.65 0.28,1.0 0.40
LMR 0.87 0.26, 1.51 0.70 0.52 0.20,0.84 0.90
NMR 1.14 0.91,1.51 0.26 0.60 0.27,0.94 0.54
PLR 1.00 0.99, 1.02 0.80 0.50 0.15, 0.85 >0.99
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Table 6-14 Diagnostic accuracy of ROC curves for POD2 MSD V-PLEX Cytokine panel and PCT, CRP, SOFA and WCC,

POD2 POD5
Cutoff Sensitivity Specificity AUC Cutoff Sensitivity Specificity AUC

IFNy <1l.1 0.75 (0.30, 0.99) 0.67 (0.42, 0.85) 0.77 (0.55, 0.99) <9.9 0.60 (0.23, 0.93) 0.67 (0.42, 0.85) 0.63 (0.34, 0.91)
p=0.11 p=0.41

IL-10 <16 0.50 (0.9, 0.91) 0.80 (0.55, 0.93) 0.53(0.19, 0.87) >11 0.80 (0.38, 0.99) 0.33(0.15, 0.58) 0.52 (0.26, 0.78)
p=0.84 p=0.90

IL-12p70 0.57 (0.29, 0.85) 0.61 (0.34, 0.88)
<0.09 0.75 (0.30, 0.99) 0.47 (0.25, 0.70) p=0.69 >0.077  0.40(0.07,0.77) 0.80 (0.55, 0.93) p=0.46

IL-13 0.58 (0.29, 0.87) 0.27 (0.11,0.52) 0.55 (0.26,0.83)
<2.9 0.75 (0.30, 0.99) 0.47 (0.25, 0.70) p=0.62 <7.2 1.0 (0.57, 1.0) p=0.76

IL-1b <0.08 1.0 (0.51, 1.0) 0.67 (0.42, 0.85) 0.85 (0.67, 1.0) <0.089 0.80 (0.38, 0.99) 0.53 (0.30, 0.75) 0.62 (0.33, 0.91)
p=0.04 p=0.43

IL-2 <2.3 0.58 (0.27, 0.89) 0.57 (0.27, 0.87)
0.50 (0.09, 0.91) 0.73 (0.48, 0.89) p=0.62 >3.5 0.60 (0.23, 0.93) 0.40 (0.20, 0.64) p=0.63

IL-4 <0.088 0.25 (0.01, 0.70) 0.93 (0.70, 1.00) 0.56 (0.25, 0.87) <0.26 1.0 (0.57, 1.0) 0.27 (0.11, 0.52) 0.65 (0.39, 0.91)
p=0.73 p=0.32

IL-6 >6.1 0.75 (0.40, 0.99) 0.53 (0.30,0.75) 0.58 (0.25, 0.91) >0.60 (0.23, 0.93) 0.80 (0.55, 0.93) 0.60 (0.31, 0.89)
p=0.62 p=0.51

IL-8 <9.5 <0.75 (0.30, 0.99) 0.80 (0.55, 0.93) 0.67 (00.3, 1.0) >14 1.0 (0.57, 1.0) 0.73 (0.48,0.89) 0.73 (0.51, 0.96)
p=0.32 p=0.13

TNFa <2.0 1.0 (0.57, 1.0) 0.47 (0.25,0.70) 0.64 (0.39, 0.89) >2.9 0.50 (0.0.9, 0.91) 0.67 (0.32, 0.85) 0.50 (0.15, 0.85)
p=0.36 p>0.99

PCT <596 0.50 (0.09, 0.91) 0.73 (0.48, 0.89) 0.52 (0.16,0.87) <273 0.80 (0.38, 0.99) 0.40 (0.20, 0.64) 0.57 (0.25, 0.90)
P=0.92 p=0.63

CRP >44 1.0 (0.51, 1.0) 0.80 (0.55, 0.93) 0.90 (0.60, 1.0) >42 0.80 (0.38, 0.99) 0.58 (0.32, 0.81) 0.60 (0.33, 0.87)
p=0.07 p=0.53

SOFA >6 0.60 (0.23, 0.93) 0.60 (0.36, 0.80) 0.55 (0.27, 0.83) >4.5 0.60 (0.23, 0.93) 0.67 (0.42, 0.85) 0.62 (0.29, 0.95)
p=0.76 p=0.43

wcCC >18 0.60 (0.23, 0.93) 0.93 (0.70, 1.0) 0.79 (0.56, 1.0) >12 0.60 (0.23, 0.93) 0.87 (0.62, 0.98) 0.68 (0.39, 0.97)

p=0.06

p=0.24

Sensitivity, Specificity and AUC with 95% CI and p values on POD2 and PODS5 for Liver Transplantation
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Figure 6-7 ROC curves for Liver Transplantation POD2 MSD V-PLEX Cytokine panel and PCT, CRP, SOFA and WCC
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Figure 6-8 ROC curves for Liver Transplantation POD5 MSD V-PLEX Cytokine panel and PCT, CRP, SOFA and WCC
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6.3 Summary and Conclusions

Detection of a significant number of markers was poor for IL-12p70, IL-13, IL-1b, IL-2 and IL-
4. Results for those markers should be interpreted with caution, given the poor rate of

detection and measurement above the fit curve,

Analysis using MSD V-PLEX proinflammatory cytokine panel showed no significant
difference using ANOVA between groups who did and did not develop infection for any
cytokine. The later sequential samples on POD4 and particularly POD8 may be biased as in
both cohorts participants had started to be discharged before these time points, meaning
that there were missing data (as no samples collected). Samples included were those

patients who remained in hospital and be more likely to have a complication.

The diagnostic performance for all markers analysed was poor. The high performance for IL-
1b cannot be relied upon, as in the experiment 91.9% of samples were outside of range, and
these values were imputed using the lower detection limit which is likely to have biased the

analysis.

Standard biomarkers WCC, CRP and SOFA were not discriminant for infection in the LT

cohort in all analyses. This supports the suggestion that there is a role for a novel, reliable

marker with high diagnostic performance to direct postoperative clinical decision making.
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7 Monocyte Phenotyping

7.1 Introduction

Flow cytometry was performed on frozen PBMCs for the cell surface markers CD14, CD16,
CD155, CD163, CCR2, HLA-DR, MerTK, PD-L1 and PD-1. Monocytes were identified based
upon positive selection CD14, CD16 and HLA-DR expression, using an established gating
strategy Surface marker expression was determined in the total monocyte population as

described in the methods chapter.

7.2 Results

67 samples from 20 HPB participants were analysed (baseline and POD1, POD4 and POD8

sequential samples) and 12 HC samples.

MWU for surface markers showed CCR2 MFI to be -1833 (p=0.03) in participants who
developed infection. CD14% on POD1 was lower in the infected group, -25.1 (p=0.04). On
POD4, CD155 MFI was increased +525.0 (p=0.04), HLA-DR percentage and MFI were
increased, +17.05 (p=0.03), +366.5 (p=0.01) respectively in the infected group. CD16.
CD163, MerTK, PD-1 and PD-L1 were not statistically different between groups. There was

no difference between groups for WCC, CRP, SOFA and PCT.

Grouped 2-way ANOVA for percentage showed a statistically significant decrease in CD14
and PD-L1 expression in the infected group.(Figure 7-1) All other surface markers were not
statistically different. Grouped 2-way ANOVA for MFI showed downregulation of CCR2 at

baseline and on POD1, and upregulation of CD155 on PODA4.(Figure 7-2)
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Univariate logistic regression for infection did not show a significant increased odds ratio for
any cell surface marker examined at baseline, POD1, POD4 or POD8. AUC for HLA-DR %
and MFI on POD4 was high — 0.85 (95% CI 0.66, 1.0) p=0.03; and 0.88 (95% CI 0.71, 1.0)

p=0.2 respectively — however OR was not significantly increased between groups.
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Table 7-1 Mann-Witney U Test of cell surface markers for infection following HPB surgery.

Baseline POD1 POD4 POD8
CD14 % ns -25.1 (p=0.04) ns ns
CD14 MFI ns ns ns ns
CCR2 % ns ns ns ns
CCR2 MFI -1833 (p=0.03) ns ns ns
CD16 MFI ns ns ns ns
CD16 % ns ns ns ns
CD155 % ns ns ns ns
CD155 MFI ns ns +525.0 (p=0.04) ns
CD163 % ns ns ns ns
CD163 MFI ns ns ns ns
HLA-DR % ns ns +17.05 (p=0.03) ns
HLA-DR MFI ns ns +366.5 (p=0.01) ns
MerTK % ns ns ns ns
MerTK MFI ns ns ns ns
PD-1 % ns ns ns ns
PD-1 MFI ns ns ns ns
PD-L1% ns ns ns ns
PD-L1 MFI ns ns ns ns
PCT ns ns ns ns
CRP ns ns ns ns
SOFA ns ns ns ns
WCC ns ns ns ns

Values are given as percentage of live cells expressing the surface marker (%), and mean

fluorescence intensity (MFI). Non-significant values are presented as ns.
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Grouped 2-way ANOVA (percentage) between infected and non-infected HPB groups.
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Figure 7-1 Grouped 2-way ANOVA for HPB cell surface markers, Percentage (%) showing difference between groups at each POD.
Points represent the mean with error bars denoting standard error of the mean (SEM). Statistical significance is marked using * where p<0.05,

and ** where p<0.01. All other points are non-significant
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Grouped 2-way ANOVA (MFI) between infected and non-infected HPB groups
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Figure 7-2 Grouped 2-way ANOVA for HPB cell surface markers, MFI showing difference between groups at each POD.

Points represent the mean with error bars denoting standard error of the mean (SEM). Statistical significance is marked using

and ** where p<0.01. All other points are non-significant
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Table 7-2 Univariate Logistic regression for infection for cell surface markers following HPB
surgery at baseline.

OR 95% ClI p value AUC  95% ClI p value
CD14 % 1.03 094, 1.13 0.53 0.67 0.41,0.92 0.28
CD14 MFI 1.00 1.0,1.0 0.69 0.52 0.23,0.81 0.90
CCR2 % 1.04 0.97,1.2 0.41 0.53 0.23,0.83 0.83
CCR2 MFI 1.00 1.001.00 0.04 0.83 0.57,1.0 0.03
CD16 % 0.92 0.75, 1.04 0.29 0.64 0.38,0.91 0.36
CD16 MFI 1.00 0.99, 1.00 0.49 0.57 031,084 0.63
CD155 % 1.03 0.97,1.14 0.42 0.52 0.27,0.77 0.90
CD155 MFI 1.0 1.0,1.0 0.46 0.59 0.30, 0.87 0.57
CD163 % 0.18 0.003, 1.27 0.25 0.75 0.48, 1.00 0.10
CD163 MFI 1.00 0.97,1.01 0.43 0.59 0.33,0.85 0.57
HLA-DR % 0.94 0.87, 1.00 0.10 0.75 0.51, 0.98 0.11
HLA-DR MFI 0.99 0.99, 0.99 0.08 0.80 0.60,1.0 0.05
MerTK % 2.25 0.19,24.3 0.48 0.51 0.17,0.86 0.93
MerTK MFI 1.00 1.0,1.00 0.29 0.59 0.26,0.91 0.57
PD-1 % 0.66 0.15,1.41 0.46 0.66 0.33,0.99 0.29
PD-1 MFI 1.00 1.00,1.01 0.33 0.57 0.25,0.90 0.63
PD-L1% 0.97 0.86, 1.05 0.50 0.54  0.26,0.82 0.79
PD-L1 MFI 1.00 0.99, 1.00 0.22 0.68 0.43,0.92 0.24

Values are given as percentage of live cells expressing the surface marker (%), and mean

fluorescence intensity (MFI), with odds ratio (OR), area under the receiver operator curve

(AUC), 95% confidence intervals (95% CI), and p values.
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Table 7-3 Univariate Logistic regression for infection for cell surface markers following HPB surgery

on POD1.
OR 95% ClI p value AUC  95% CI p value
CD14 % 0.91 0.79, 0.99 0.09 0.81 0.62,1.0 0.04
CD14 MFI 1.00 10,10 0.14 0.76 0.50,1.0 0.10
CCR2 % 0.99 0.79,1.3 0.92 0.50 0.19,0.81 >0.99
CCR2 MFI 1.0 1.00 1.00 0.29 0.71  0.49,0.93 0.26
CD16 % 0.85 0.57,1.19 0.37 0.64  0.40,0.89 0.35
CD16 MFI 0.99 0.98, 1.00 0.26 0.67 0.39, 0.95 0.27
CD155 % 0.97 0.86, 1.10 0.60 0.68 0.37,0.99 0.17
CD155 MFI 1.00 0.99,1.00 0.26 0.67 0.35,0.99 0.27
CD163 % 0.68 0.21,1.29 0.39 0.54 0.15,0.93 0.81
CD163 MFI 1.0 1.0,1.01 0.36 0.69 0.44,0.94 0.21
HLA-DR % 1.00 0.04, 2.0 0.87 0.53 0.22,0.84 0.57
HLA-DR MFI 1.01 1.00, 1.02 0.09 0.79 057,10 0.06
MerTK % 32.58 0.01, 294291 0.38 0.57 0.23,0.91 0.64
MerTK MFI 1.00 1.0,1.00 0.75 0.62 0.27,0.96 0.50
PD-1 % 0.96 0.40,1.98 0.91 0.56 0.29,0.82 0.71
PD-1 MFI 1.0 1.0,1.01 0.32 0.79 0.58, 1.0 0.06
PD-L1% 0.93 0.76, 1.01 0.25 0.59 0.34,0.83 0.58
PD-L1 MFI 1.00 0.99, 1.00 0.41 0.61 0.34,0.89 0.46

Values are given as percentage of live cells expressing the surface marker (%), and mean

fluorescence intensity (MFI), with odds ratio (OR), area under the receiver operator curve

(AUC), 95% confidence intervals (95% CI), and p values.
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Table 7-4 Univariate Logistic regression for infection for cell surface markers following HPB surgery

on POD4.
OR 95% ClI p value AUC  95% CI p value
CD14 % 0.94 0.78, 1.03 0.34 0.60 0.33,0.87 0.53
CD14 MFI 1.00 1.00, 1.00 0.70 0.62 0.35,0.88 0.46
CCR2 % 1.0 1.0,1.0 0.93 0.53 0.25,0.82 0.83
CCR2 MFI 1.03 0.911.20 0.69 0.52 0.23,0.81 0.92
CD16 MFI 1.09 0.92,1.31 0.33 0.65 0.37,0.93 0.34
CD16 % 1.00 1.0,1.01 0.48 0.63 0.36, 0.90 0.40
CD155 % 1.05 0.96, 1.19 0.32 0.68 0.40, 0.96 0.25
CD155 MFI 1.00 1.00,1.01 0.09 0.83 061,10 0.04
CD163 % 2.03 0.68, 9.7 0.24 0.72  0.45,0.98 0.17
CD163 MFI 1.0 0.99, 1.00 0.43 0.65 0.35,0.95 0.34
HLA-DR % 1.06 1.0,1.15 0.10 0.85 0.66,1.0 0.03
HLA-DR MFI 1.01 1.0, 1.02 0.02 0.88 0.71,1.0 0.02
MerTK % 68.7 0.73, 20799459 0.43 0.68 0.38, 0.99 0.25
MerTK MFI 1.00 1.0,1.01 0.13 0.77 0.51,1.0 0.09
PD-1 % 1.73 0.91, 4.56 0.14 0.53 0.16,0.91 0.83
PD-1 MFI 1.0 0.99, 1.00 0.65 0.55 0.27,0.83 0.75
PD-L1% 1.03 0.98, 1.09 0.29 0.68 0.41, 0.96 0.25
PD-L1 MFI 1.00 1.0,1.00 0.54 0.57 0.23,0.90 0.67

Values are given as percentage of live cells expressing the surface marker (%), and mean

fluorescence intensity (MFI), with odds ratio (OR), area under the receiver operator curve

(AUC), 95% confidence intervals (95% CI), and p values.
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Table 7-5 Univariate Logistic regression for infection for cell surface markers following HPB surgery

on POD8
OR 95% ClI pvalue AUC 95% CI p value
CD14 % 0.89 0.71, 1.00 0.18 0.83 0.58, 1.0 0.06
CD14 MFI 1.0 1.00, 1.00 0.35 0.68 0.37,0.98 0.31
CCR2 % 1.0 0.84,1.22 0.98 051 0.17,0.86 0.96
CCR2 MFI 1.0 1.0,1.0 0.96 0.58 0.22,0.93 0.66
CD16 % 1.01 0.97,1.33 0.32 0.66 0.32,1.0 0.37
CD16 MFI 1.00 0.99,1.01 0.79 0.54 0.16,0.92 0.83
CD155 % 1.04 0.94,1.18 0.51 0.60 0.24,0.96 0.57
CD155 MFI 1.0 1.00,1.00 0.67 0.55 0.22,0.88 0.77
CD163 % 1.69 0.66, 18.18 0.40 0.51 0.15,0.87 0.94
CD163 MFI 1.0 1.0,1.01 0.28 0.69 0.35,1.0 0.31
HLA-DR % 1.07 0.99, 1.20 0.13 0.74 0.42,1.0 0.17
HLA-DR MFI 1.01 1.0,1.01 0.15 0.73 0.39,1.0 0.19
MerTK % 1.44 0.89, 1410 0.55 0.60 0.23,0.97 0.57
MerTK MFI 1.00 0.99, 1.00 0.29 0.75 0.38,1.0 0.20
PD-1 % 1.00 0.53,1.81 0.99 0.60 0.24,0.96 0.57
PD-1 MFI 1.00 1.0,1.01 0.64 0.60 0.25,0.95 0.57
PD-L1% 1.00 0.94, 1.06 0.97 0.54 0.19,0.90 0.81
PD-L1 MFI 1.00 1.0,1.00 0.90 0.65 0.34, 0.96 0.38

Values are given as percentage of live cells expressing the surface marker (%), and mean

fluorescence intensity (MFI), with odds ratio (OR), area under the receiver operator curve

(AUC), 95% confidence intervals (95% CI), and p values.
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7.3 Summary and Conclusions

Decreased POD1 CD14 % and increased POD4 CD163 MFI were associated with infection.
Increased POD4 HLA-DR % and MFI with associated with infection, Univariate logistic

regression did not show significantly increased OR on any day.

POD8 results should be interpreted with caution. Seven participants had been discharged by
POD8 and were not included in the analysis due to missing values. Patients discharged
earlier were more likely to be well and not suffering a postoperative infection, or more likely
to have undergone a less major operation to be safe to discharge. This is likely to have
skewed the results and introduced bias. Most cases of infection were diagnosed before
PODS8, limiting the clinical utility of the test at this late stage. These data suggests that HLA-

DR is an important surface expression marker in postoperative infection and inflammation.

226



8 General Discussion

8.1 Summary and significance of work

Evidence of 33C BDV decrease in infection

This experiment has not demonstrated utility for BDV as a clinical biomarker of sepsis or
infection. There is good strength of evidence from the research reported in Chapter 1,
however study limitations and methodological shortcomings meant that a reliable difference

was not observed in this data.

The ideal diagnostic biomarker for postoperative infection should share the characteristics of
a screening test, as described in Wilson’s criteria.(164)

1. The condition should be an important health problem

2. The natural history of the condition should be understood

3. There should be a recognisable latent or early symptomatic stage

4. There should be a test that is easy to perform and interpret, acceptable,

accurate, reliable, sensitive and specific

5. There should be an accepted treatment recognised for the disease

6. Treatment should be more effective if started early

7. There should be a policy on who should be treated

8. Diagnosis and treatment should be cost-effective

9. Case-finding should be a continuous process

Postoperative infection is an important health problem as discussed in Chapter 1,
leading to increased morbidity and mortality, increased healthcare cost and length of
stay contributing to capacity burden, and increased empirical antimicrobial use with

and impact on antimicrobial resistance. Empirical broad spectrum antimicrobial use is
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common practice in all surgery, and any move toward judicious antimicrobial use
would benefit the individual and wider society. The natural history of infection and
sepsis is fairly well understood with initiation of the innate immune system and
inflammatory response, however this is conflated with the tissue injury response to
surgery. A localised response to infection precedes a systemic response leading to
organ dysfunction indicated by raised SOFA scores. There is a window of opportunity
to screen for and detect postoperative infection and initiate treatment or further

investigation or discontinue empirical antimicrobials.

The ideal screening test should be easy to perform and interpret, acceptable, accurate,
reliable, sensitive and specific. BDV has great potential as a mode to sample biomarkers as
it is non-invasive which is more acceptable to patients than venepuncture which causes pain
and a small injury, with limitless continuous sample available, and potential to deliver
bedside processing and diagnostics with reduced consumables. The current infrared
spectrometer used large, occupying approximately 1x2 metres of floor space, sensitive to
surrounding conditions and can only be used for limited periods due to the laser overheating.
Data generation goes through a process of fitting to generate a value, requiring the support
of collaborators at RAL Spectroscopy group. These factors current model is not appropriate
to implement in a clinical setting as a ‘plug and play’ technology, as has been successfully
achieved with clinician operated arterial blood gas and thromboelastography machines,
however with evidence of clinical utility there is scope to develop and downsize this
prototype for bedside diagnostic use with a rapid fitting process and data generation, with

limited consumables required adding to its cost-saving and environmental credentials.

While the experiment did not demonstrate diagnostic utility for BDV, likely due to

methodological flaws discussed below, the strength of existing evidence and the potential for

BDV to act as a biomarker for sepsis warrants further investigation.
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8.2 Limitations of the study

The study was limited by the sample size, with 2 groups of 20 patients undergoing LT or
HPB surgery. While the experimental intention was as a pilot experiment, a group size this
small would be unlikely to generate statistically significant data, but no real difference was
observed between these small groups. There was significant heterogeneity in participants’
clinical condition, operation performed, and post operative management, which was not
exclusive to whether they developed infections or not. Participants undergoing LT had a high
rate of other organ failures, pre and postoperatively, and haemodynamic instability induced
by surgery with significant blood loss. The study using a swine model by Butz et al reported
that only swine with sepsis without haemodynamic instability demonstrated a change in
BDV, while swine with haemodynamic instability — the most unwell septic subjects -
demonstrated little change in BDV.(74) Haemodynamic instability from other causes
including bleeding could confound BDV results, affecting many participants in the LT group

who left the operating theatre on vasoactive support.

The rate of infection was low, with most patients having an uncomplicated recovery. Defining
infective complications was difficult, with a spectrum from severe sepsis with multiorgan
failure, to relatively minor infections which did not alter participant’s physiological
parameters. The differences within this group may confound the data in which patients are
grouped. Similarly, there were participants who clinical changes such as tachycardia or
hypotension in keeping with sepsis and infection, but which may be related to other factors,
for example bleeding, other organ dysfunction, fluid imbalance. Other biomarkers such as
WCC, CRP and SOFA scores had poor diagnostic accuracy and were not different between
infected and non-infected groups, illustrating the challenge in diagnosing postoperative
sepsis/infection. It may be interesting to use the overall impression of the responsible
clinician for example with the daily screening question ‘do you feel the participant has an

infection?’, to examine the diagnostic accuracy of clinicians’ subjective assessment based
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on clinical experience, which has been proven to perform as well as the best risk prediction

models in general surgery.(165)

8.3 Methodological flaws

The sampling frequency limited the study for both breath and blood. For breath, samples
were taken every day for ten days in the morning. A preoperative sample was used as a
baseline intended to analyse the response to surgery, and the subsequent 9 days as during
which postoperative infections develop. The sampling timeframe was a good duration,
however the time between samples was long — 24 hours, alongside WCC CRP and SOFA
scores. The potential for inflammatory response to an infective source could easily happen
within this period, or other markers could ‘catch up’ before the period had passed. Other
studies examining BDV in sepsis and infection had a higher frequency of sampling within a
shorter time frame. In the swine model BDV samples were taken more frequently than blood,
so the claim that BDV changes in response to infection before WCC, CRP and PCT may be
misleading. More frequent sampling would be better however this was not within the
constraints of the IMET study protocol, would significantly add to the sampling and

processing workload, and may not be acceptable to participants.

For blood, WCC and CRP was taken daily for HPB participants and was a useful
comparator. In the LT groups CRP was not measured daily, and so was not available as a
daily comparator to BDV. CRP in the LT group was analysed additionally in the Viapath

research lab at King’s College Hospital

Analysis suggests that the many of the valves in the breath sampling bags leaked over time
in the samples that underwent a long period of storage, as the variation in values out of
range from expired CO. were not seen in the samples of controls taken 2-4 weeks before
analysing them. While the BDV remains stable within a sealed sample, leaking allows
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diffusion of CO; breath out of the sampling bag and diffusion of room air in, lowering the CO.
concentration and equilibrating with the BDV within the room. The product information does
not specify how long samples can be stored and when contacted the manufacturer was
unable to specify how long the seal could be used. The Butz group used similar breath
sampling bags, but were analysed within 48 hours of sampling.(75, 76) A review of modern
breath sampling methodology by Lawal et al found similar methodologies in most studies
including polymer bags, aluminium bags, Bio-VOC breath collecting apparatus and glass
vials, and subsequently concentrated for analysis in thermal desorption tubes,(166) or in a
ReCIVA device collecting breath directly into thermal desorption tubes.(167) Much research
is in volatile organic compounds (VOCS) in breath, however the need to stabilise the sample
for VOCs and quickly analyse before potential change in the composition of the sample,
unlike the stable *2C and *3C isotope measured in BDV in expired CO,. (168) Another device
such as Bio-VOC may provide a longer-term seal to allow for the storage of samples which

cannot be processed immediately

The IR spectrometer was based at the Rutherford Appleton Laboratory, Harwell Campus, 70
miles away from King’s College Hospital where samples were collected. This created a
logistical challenge as samples could not be delivered frequently (e.g. weekly) for
measurement. Problems with a pilot run of samples in December 2020 showed an issue with
the readings and fitting of the curve (generating non-physiological positive values) and the
spectroscopy group asked for more time — eventually 12 months altogether — which meant
that samples stayed in sampling bag storage far longer than initially intended. The IR
spectroscopy instrument is large, sensitive to surroundings with only limited duration of laser

operation, which would make it difficult to implement in its current form in a clinical setting.

The sample size recruited to the study was relatively small, intended as an exploratory pilot
study but combined with heterogeneity in participants operations and recoveries it was
underpowered to show significant results. Defining infection and sepsis in post-surgical
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patients is one of the challenges this thesis set out to solve, however it meant that patients
with a postoperative complication that looked like an infective process did not always meet

diagnostic criteria to group them as such.

Data were analysed using several different methods, Mann Witney U test, 2-way ANOVA,
univariate logistic regression and diagnostic accuracy tests — sensitivity, specificity, DOR
and AUC. While diagnostic accuracy testing would be the gold standard for a screening test,
the participant numbers and infection rates in these groups did not yield any significant
results. The other tests were chosen to explore trends in biomarker level over time (2-way
ANOVA) particularly for BDV looking for divergence between infected and non-infected
groups, association with infection outcome (univariate logistic regression), and whether a
preclinical change in a biomarker was predictive on an infective outcome (Mann Witney U).
All of these data are presented and discussed. One could be accused of data dredging or p
value hacking in testing the values in multiple ways, however these experiments aimed to
examine BDV with very little previous clinical research or data, and so it was worth
performing multiple analyses to fully explore the results and trends and applying the same

principle to the rest of the markers examined.

8.4 Attempted but as yet unaddressed questions

This experiment examining BDV did not answer whether there is a relationship between
BDV and postoperative sepsis or infection or whether BDV is a diagnostic test for
postoperative sepsis or infection following HPB surgery or LT, during to methodological

flaws.
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8.5 Future research directions

BDV has promise as a diagnostic biomarker for postoperative sepsis or infection, as a non-
invasive test with unlimited expiratory sample, acceptable to patients and participants with
low use of consumables. The sampling storage and analysis methodology could be
improved by earlier analysis e.g. within 48-hours, improved containers/bags with more work

to explore and research that methodology, and access to on site IR spectroscopy.

The cohorts examined here are probably too complex with heterogenous diseases,
operations and postoperative recoveries unrelated to sepsis to demonstrate difference at this
early stage. Hypotension is shown to limit the change in a swine model which affects many
patients following liver transplantation.(74) Further investigation could be in participants with
more easily defined disease and outcomes, and more heterogenous operations e.g.
sampling participants with cholecystitis, cholecystitis with sepsis, pancreatitis, and
laparoscopic cholecystectomy to investigate a difference between groups before
investigating as a diagnostic marker and proof of concept. There would be larger numbers of
participants to recruit with fewer samples to analyse, and if a relationship with BDV and

infection/sepsis proven then this group following major surgery could be re-examined.

8.6 Personal Reflection

Undertaking this Medicine Doctorate in Research was probably the biggest challenges of my
career to date. | started my studies and clinical role in the Liver Transplant department at
King’s College at the height of the COVID-19 pandemic on the 1 of April 2020. The country
had been in national ‘lockdown’ for one week, and all clinical roles had been suspended with
redeployment to manage COVID-19 patients. With non-COVID-19 research suspended
nationally and surgery restricted | could not immediately start my BDV project, which along

with further COVID waves delayed my work by several months and limited vists to RAL to
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analyse breath samples. | was redeployed to critical care and with King's participating in
several studies including the RECOVERY trial, Genomicc study along with I-MET research
into immunometabolic effects of COVID-19, | was delegated to these studies and recruited
many patients admitted to hospital. | learnt quickly how to work within the research team to
identify and screen potential participants, how to communicate about clinical research with
equipoise, honesty, and uncover and alleviate fears about research participation. It was a
swift induction into good medical practice, with several early results published showing
clinical benefit for some interventions including Dexamethasone, and no treatment effect of
others touted by thought leaders, celebrities and politicians in the media. | saw the benefit of
high-quality, simple, innovative and collaborative multicentre research to deliver results

which can have a significant impact on patient outcomes.

Undertaking this Medicine Doctorate has given me an understanding of how to design and
conduct clinical research, how to perform experiments and conduct statistical analyses, the
challenges of resource allocation and of recruitment momentum, and the barriers to
conducting research in surgery. | have learnt that careful planning, testing techniques, an
enquiring mind and patience and determination are key to achieving results. | hope to
continue to engage in clinical academia in the rest of my career by recruiting my patients and
site to clinical studies, encouraging the participation of future clinicians in academia, and

hopefully developing future surgical trials.

Alongside my research | worked as a Senior Clinical Fellow in Liver Transplantation and
Organ Retrieval. | participated in over 35 Adult and Paediatric Liver Transplants and
retrieved organs for donation from over 80 donors. | developed a great deal as a surgeon

and am grateful for the opportunity to have been a part of the gift of organ donation.
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10 Appendix 1

Systematic Review Searches

EMBASE - ((((biomarker*).ti,ab OR exp "BIOLOGICAL MARKER"/) AND ((surgery).ti,ab OR
exp "ABDOMINAL SURGERY"/ OR exp "CARDIOVASCULAR SURGERY"/ OR exp
"THORAX SURGERY"/ OR exp "LIVER SURGERY"/ OR exp "LIVER
TRANSPLANTATION"/ OR exp "LIVER RESECTION"/)) AND ((infect*).ti,ab OR exp
INFECTION/ OR (sepsis).ti,ab OR exp SEPSIS/)) [DT 1996-2020] [English language]
[Languages English] [Human age groups Child unspecified age OR Preschool Child 1 to 6
years OR School Child 7 to 12 years OR Adolescent 13 to 17 years OR Adult 18 to 64 years

OR Aged 65+ years] [Humans]

Medline - ((((biomarker*).ti,ab OR exp BIOMARKERS/) AND ((infect*).ti,ab OR exp
INFECTIONS/ OR (sepsis).ti,ab OR exp SEPSIS/)) AND ((surgery).ti,ab OR exp "GENERAL
SURGERY"/ OR exp "THORACIC SURGICAL PROCEDURES"/ OR exp "COLORECTAL
SURGERY"/ OR (transplant*).ti,ab OR exp "LIVER TRANSPLANTATION"/)) [DT 1996-2020]
[Human age groups Child,preschool OR Child OR Adolescent OR Young adult OR Adult OR

Middle Aged OR Aged OR Aged,80 and over] [Languages English] [Humans]
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STUDY PROTOCOL

Immuno-metabolism in sepsis, inflammation and liver failure syndromes

(1) BACKGROUND

(i) Lay Summary

Patients with critical illness are susceptible to infections leading to high mortality rates. When
the immune response does not function appropriately, this can lead to severe infection
(sepsis). Sepsis can be identified clinically through observations such as change to heart

rate, blood pressure, respiratory rate and bodily temperature.

Poorly functioning, circulating white blood cells called monocytes are seen in sepsis.
Monocytes normally display a molecule known as human leucocyte antigen (HLA)-DR on
their surfaces, but in sepsis, HLA-DR expression is reduced or lost, in addition to other
changes in their surface markers. This can mean that the ability of white blood cells to signal
one another and defend against infection is impaired. A well-known cause of this HLA-DR
dysfunction is liver disease, and here there is a high risk of sepsis from bacterial
translocation and immune dysfunction. Abnormal metabolic responses can increase the risk
of death, but the link between metabolism and immunity is currently poorly understood.
Bodily organs can also become inflamed without the presence of an infection, but which can
still lead to similar problems in terms of low blood pressure or confusion as seen in septic

infection. It is important to know whether this inflammation is due to sepsis (and needs
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appropriate treatment with antibiotics) or is not associated with infection. New blood or
breath markers which measure the number of bacteria or how they metabolise energy could
mean we can identify and treat true sepsis much earlier than previously possible, and also
ensure that we only give antibiotics to patients who need them. This would prevent
complications such as bacterial resistance developing through avoiding unnecessary

treatment.

(i) Background

Sepsis is one of the most significant causes of premature death in the world(169) and is
implicated in 750,000 deaths annually at a cost of $20billion in the USA alone. NHS data
shows that in the UK there are 120,000 critical care unit admissions and 44,000 deaths per
annum attributed to sepsis, and 14,000 of those are thought to be preventable with improved

diagnosis and reduced treatment delays.

Microbial infection induces a variable host immune response, and when this response is
dysregulated and associated with organ dysfunction, is called sepsis.(12) Failure of multiple
other organs can ensue, with increased mortality linked to the number of organs in failure;
organism; severity of the immune response; and, crucially, the time to diagnose sepsis and
start treatment.(170) Diagnostic and therapeutic delay increase the risk of death, and

national strategies are in place to improve the time to recognise sepsis and start
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antimicrobials. Despite this, up to half of deaths in hospitalised patients can be attributed to

sepsis.(171)

Certain patient groups are also at higher risk: For example, patients with liver cirrhosis are
prone to infection from immune dysfunction(172), and up to a third of acute hospitalisation
episodes due to acute decompensation (AD) or acute-on-chronic liver failure (ACLF)(173,
174) are sepsis-related(175, 176). Conversely, the failure to recognise when systemic
responses are not caused by pathogens and do not require antibiotics leads to excess
prescribing and the risk of avoidable drug-induced complications; selection of resistant

organisms; and excess cost and length of hospital stay(177).

The diagnosis of sepsis is often clinically based on typical history, organ system findings and
systemic responses such as fever, tachycardia, tachypnoea and hypotension. When
systemic responses are blunted (such as in liver disease or pre-existing critical illness) or
temperature homeostasis disrupted (neurological failure), the risk of false positive or false
negative diagnosis rises. Highly accurate biomarkers would help address this clinical
difficulty, though many plasma-based methodologies have been unsuccessfully
proposed(178). These have variable diagnostic performance and are often confounded by
sterile inflammatory processes which do not require treatment with antimicrobials.(179)
Whole blood bacterial DNA analysis has been proposed but requires translocation of the
organism into the bloodstream in sufficient quantities for analysis. While patients with
advanced liver disease have higher rates of such translocation, it does not necessarily

indicate sepsis.(180)
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A reduction on the monocyte white blood cell surface expression of the human leucocyte
antigen (HLA) —DR molecule is the hallmark of this anti-inflammatory state. This abnormal
monocyte phenotype (that is, the molecules that are displayed on the cell surface) as well as
abnormal monocyte function have been described in severe liver disease and critical illness.
(181-184). It is not known whether abnormal monocyte phenotype and function is the result
of ongoing localised pro-inflammatory process ‘spilling over’ into the periphery with ensuing
compensatory down-regulation, or whether global pro- and anti-inflammatory processes
drive these. This is of importance, as pro-inflammatory immune modulating agents have
been suggested for patients with monocyte de-activation. However, if the primary problem
driving this phenomenon is localised hyper-inflammation, augmenting the immune system
and the acute phase response further would not only be counteractive to any treatment

interventions, but ultimately would contribute to enhanced morbidity and mortality rates.

Isotope ratio methods in exhaled breath have recently been investigated as a novel
metabolic biomarker of the APR to infection. 99% of carbon in the universe is in the form of
12C with 1% present in the isotope 13C which has one neutron more than 12C. Carbon is a
ubiquitous atom in biological organisms, and this isotopic ratio is modulated in the long term
by diet(185) and in the shorter term by metabolic responses, where the mass of carbon is
relevant to chemical reactions. Sepsis mobilises amino acids (AA) for cytokine signalling and
bioenergetics homeostasis. Lighter AA are more likely to be metabolised to CO2 and hence

the exhaled 13C0O2 /12CO2 ratio is altered.(71) Infrared molecular spectroscopy is a well-
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established method for detecting trace quantities of gases.(73) Each gas has a characteristic
frequency and spectroscopic characteristic. The 13C0O2 /12CO2 breath delta value (BDV) is
calculated by scanning the absorption frequency of CO2 by infrared spectroscopy and
comparing to a standard reference material (Pee Dee Belemnite (PDB) where the isotopic

ratio is known), as below.

- BCO,/PC0,(sample) — BCO,/ P C0O,(PDB)

i —— — w1000
13C0,/12C0, (PDB)

Based on this approach, Laser Isotope Ratio-meters (LIR) can determine the BDV quickly
(<10s), with a precision <0.5%o. Pilot data in murine and porcine models of sepsis have
demonstrated that BDV can diagnose the onset of sepsis within 2-4 hours compared to more
than 10 hours for physiological parameters(71, 186). In ongoing studies in the USA in
patients admitted for major trauma, BDV was specific for the onset of late sepsis
(unpublished data). This has not been tested in patients hospitalised for sepsis, or in those
with a high risk of sepsis (eg liver disease) or where inflammatory processes are sterile (eg

post trauma or major surgery).

Sepsis and liver failure syndromes often lead to a multi-organ failure picture. It is already
known that liver inflammation can affect its stiffness, but little is known about other
abdominal organs failing during critical iliness.

Elastography is an ultrasound based non-invasive tool able to estimate the stiffness of

several organs (liver, spleen, kidneys).
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In cirrhotic patients it is widely used and is predicting of variceal haemorrhage and

Immuno-metabolism in sepsis, inflammation and liver failure (I-MET)

decompensation, (187) but potentials of this technique in acute setting (ie. acute liver failure
syndromes or sepsis) needs to be further explored.
Ultrasound can also be used in estimating intracranial pressure and brain failure non-

invasively, monitoring the transcranial doppler signal of the intracranial arteries(188).

(2) RATIONALE

This study proposes to identify at the cellular and molecular level, the changes that occur in
the phenotype and function of circulating immune cells in patients with liver failure and
sepsis and compares this to the immune-metabolic signatures in health and sterile

inflammation.

By studying this, we hope to be able to identify immunotherapeutic targets and understand
whether potential immunotherapy could be applied locally or systemically. Our observations
in this study could provide the basis for future development of immune-modulating agents,
which may reduce susceptibility to infection and could reduce mortality in critically ill patients

with sepsis.

(3) OBJECTIVES
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This project aims to concurrently characterise the phenotype and function of peripheral
immune cells and systemic metabolism (measured by metabonomics and breath carbon

dioxide ratio).

This research is designed to answer whether immune changes commonly seen are due to
sepsis or sterile inflammation and whether breath can be used to discriminate early sepsis

from sterile inflammation.

In addition, this research will investigate whether any associations exist between the
appearance and function of innate immune cells, inflammation, metabolism, imaging and
clinically relevant outcomes such as survival or length of hospital stay. This will help design
new therapies in order to use metabolic pathways to improve immune function in a

physiological manner.

As part of the response to the COVID 19 pandemic, this study has been amended to collect
data of relevance to that condition. Patients with COVID-19 pneumonia fit the definition of
sepsis and so are within the group of patients of interest for this study. However certain
COVID specific aspects warrant further exploration.

A specific area of concern is the high number of patients who develop cardiovascular and
renal failure. The collection of urine samples from COVID patients with critical illness and
additional measurements of proteins and biomarkers relevant to cardiac and renal
dysfunction will better stratify the immunometabolic progression to multiple organ failure and

hence provide valuable insight into which patients are likely to require early intensive
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monitoring or specific therapies or placement (e.g., in intensive care units which can provide

renal replacement therapy).
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(4) STUDY SETTING

In order to investigate the phenotypic and functional changes in immune cells and
metabolism in liver disease, participants with acute or chronic liver diseases across the
spectrum of severity will be recruited from appropriate hospital settings: participants with
stable liver disease from outpatient clinics; inpatients with acutely decompensated chronic
liver disease from general or liver-specific wards; critically ill patients with acute liver failure
or acute-on-chronic liver failure in intensive care units. To investigate immune-metabolism in
patients with severe inflammatory responses with or without sepsis we will recruit from the
emergency department and general critical care units. Abdominal organs (liver, spleen,
kidney) stiffness will be assessed non-invasively by ultrasound (elastography) during the
hospital admission, together with the splanchnic vasculature and/or transcranial doppler to
provide macroscopic evidence of inflammation and organ failure.This is a single centre study
at King’s Health Partners (Kings College Hospital and Kings College London). Patients will
be recruited from the liver, liver intensive care and general critical care units of King’s
College Hospital. Medical laboratory work will be performed at the Institute of Liver Studies
and the James Black Centre, King's College London. The Liver Unit and Liver Intensive
Care Unit at King’'s College London has a world class reputation for the treatment of liver
failure syndromes and has the highest throughput of cases in Europe providing an ideal
environment where translational therapies can be introduced to clinical care. They are world
leaders in the characterisation of immune and metabolic responses during acute liver

illnesses.
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During the lifetime of the project the new Kings Critical Care Centre will open offering the

largest critical care centre in the UK which will act as an important area for recruitment.
The BDV analysis from the sample bags will be carried out at the Laser Spectroscopy

Laboratory of the Space Science and Technology department (aka RAL Space) of the

Rutherford Appleton Laboratory (RAL).
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(5) RECRUITMENT AND SAMPLE COLLECTION

5.1  Eligibility Criteria

5.1.1 Inclusion criteria:

Main disease group inclusion criteria for analysis of blood, urine and exhaled breath

(1) Patients with sepsis or suspected sepsis

(2) Patients with acute hepatic failure or chronic liver disease

Main disease group inclusion criteria for analysis of blood and urine (where the viral content

of exhaled breath may be pathological)

(1) Patients with confirmed or suspected COVID 19 infection requiring admission to hospital

or critical care

Control Group Inclusion Criteria:

Healthy subjects

Patients with inflammation who are at risk of sepsis
Post major trauma or

Post major elective surgery

5.1.3 Exclusion criteria:
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Age <16

Evidence of disseminated malignancy (isolated hepatocellular carcinoma without evidence
of secondary spread is not an exclusion criteria)

Pre-existing immunosuppressive states including HIV infection and chronic granulomatous
diseases.

Immunosuppression other than low dose steroids (defined as >40mg prednisolone or
equivalent)

Pregnancy

Definitions

Sepsis

life-threatening organ dysfunction caused by a dysregulated host response to infection.

Organ dysfunction

an increase in the Sequential [Sepsis-related] Organ Failure Assessment (SOFA) score of 2
points or more (assume a baseline of O if no baseline available), OR

gSOFA>1 of respiratory rate of 22/min or greater, altered mentation, or systolic blood

pressure of 100 mm Hg or less (SEPSIS 3 and quick SOFA).

Liver disease
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Acute liver failure — coagulopathy (INR>1.5), jaundice (bilirubin >30umol/l) and any hepatic
encephalopathy with previously normal liver function

Chronic liver disease — cirrhosis by clinical, biochemical, radiological or histological criteria,
subdivided into

Stable cirrhosis (SC)

Acute decompensation (AD)

Acute on chronic liver failure (ACLF)

Major trauma

Traumatic injury with an injury severity score of >8

Major elective surgery
Laparotomy/Laparoscopic-assisted surgery requiring post-operative admission to the critical

care unit

52 Consent

Potential subjects will be identified by their clinical team responsible for their care and
approached to see whether they would be interested in participating in this research project.
If agreeable, they will be given the ‘patient information sheet’ to read. After an appropriate
time period and the opportunity to ask any questions, written consent will be taken with a
member of the research team. Ambulant patients who are subsequently re-admitted for liver

transplantation will be re-sampled on days 1, 3, 7 and 10 during their admission using the
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original consent - but will have a further discussion with an investigator at admission and the
opportunity to withdraw their consent to further sampling. Patients awaiting surgery may be
contacted to share study information in advance of admission by telephone, post, email or

part of their pre-operative assessment/education.

Patients with liver failure, critical illness or sepsis, may have impaired consciousness due to
the evolution of their critical iliness or encephalopathy, and require sedation and intubation.
The obijective of this project focuses on the immunological dysfunction of these critically
unwell patients. In addition, a large number of patients will be intubated and ventilated at a
referring hospital, making it difficult to consent participants agreeing to take part in the study.
In these situations, where the potential subject is unable to consent, an appropriate
consultee will be sought. The consultee will most often be a close personal contact of the
potential participant e.g., the patient’s next of kin, a family member, carer or friend. This may
also be a clinician caring for the patient but not involved in the study. They will be suitable to
act as the consultee by the virtue of their relationship, availability and willingness to do so. In
the process of considering inclusion into the study, the patient’'s wishes and feelings will be
assessed, and written information will be provided in the form of the Consultee Information
Sheet. After an appropriate time period and the opportunity to ask any questions, the
consultee will sign the ‘consultee declaration form’. If the patient recovers consent then we
will approach them to confirm they wish their data and samples to be kept and ask them to

sign the patient consent form.
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5.3 Specimen collection

All patients will have sampling of blood, breath and urine on days 1, 3, 7 and 10 following
acute admission to King’s College Hospital, and at a single visit for healthy controls and
ambulant patients in outpatient clinics or who may be discharged from hospital. Patients
admitted for surgery will be sampled pre-operatively, on day 1 post-operatively, and days 7
and 10 during their admission. Ambulant patients who are subsequently re-admitted for liver
transplantation will be re-sampled on days 1, 3, 7 and 10 during their admission. Patients will
be subsequently followed for 90 days remotely. Patients will also have urine collected on
these days, and more frequently (up to 12 hourly) for first 48 hours after admission (if
practically possible) in order to assess renal biomarkers/inflammation at early stages of
acute kidney injury. As breath is more straightforward to sample and can detect changes at

an earlier time than blood we will sample breath on each (working) day.

Clinical parameters Demographics, full blood count, C-reactive protein, international
normalized ratio, liver and renal function tests, lactate, ammonia, hospital mortality and
infection status and clinical variables will be collected prospectively. The following disease
severity scores will be calculated: Acute Physiology and Chronic Health Evaluation Il
(APACHE II), SOFA, and gSOFA (Quick SOFA) scores and SEPSIS-3 criteria(12). In liver
patients, additional scores will be determined Child—Pugh, model of end-stage liver disease
(MELD), and CLIF-SOFA.(173) In patients who undergo surgery, details of their operation

will be recorded, including anaesthetic assessment (ASA (American Society of
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Anaesthesiologists) score, performance status), anaesthetic details (medication used, blood
products given), operative details (time, intra-operative findings, procedure, blood loss, intra-
operative/post-operative complications. In patients undergoing Liver Transplantation, data
on the donor organ will be collected, including donor age, donor infection, mode of donation
(donation after Brain death/donation after Cardiac death), Donor Risk Index(189), Liver cold

ischaemic time).

Blood sampling

A small sample of blood (up to 45mis or 9 teaspoons) will be taken for research purposes
within 48 hours of admission to hospital or critical care. The amount of blood taken will not
harm the patient in any way. If the patient is in the intensive care, the blood will be taken
from tubes already within the blood vessels (intravenous access) and no venepuncture with
a needle will be necessary. If the patient is on the ward and does not have intravenous
access, a blood sample will be taken by venepuncture. There may be some minor
discomfort during the blood sampling as well as a risk of some bruising. To follow the
immune system profile during the course of the hospital admission, blood sampling may
occur sequentially with the patient’s consent on days 1, 3, 7 and 10 after admission. Where
possible, this will be taken at the same time as the patient’s diagnostic blood tests ordered

by the clinical team to avoid repeated venepuncture.

White blood cells will be separated by density gradient centrifugation and either used

immediately or stored at -800C. The fluid supernatant (plasma and serum) will also be
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collected and stored for further analysis of inflammatory chemicals (cytokines), or other
important molecules involved in infection (such as lipids or lipopolysaccharide). Whole blood

will be immediately stored at -800C for later quantification of bacterial DNA.

Urine Sampling

10 ml of urine will be drawn from existing urinary catheters within 48 h of admission to
hospital or critical care and sequentially, or self-collection in ambulant patients without
urinary catheter. Urine samples will be stored at -800C. Renal biomarker assays will
subsequently be conducted on these urine samples. This will be by using the Nephrocheck
assay. It is a CE marked device and is approved by the FDA in conjunction with clinical
evaluation in patients who currently have, or have had within the past 24 hours, acute
cardiovascular and / or respiratory compromise and are ICU patients, as an aid in the risk
assessment for moderate or severe acute kidney injury (AKI) within 12 hours of patient
assessment. This will be of particular importance during the COVID19 pandemic as
progression to severe AKI requiring renal replacement therapy is required to delineate where
scare renal replacement therapy (RRT) equipment can be deployed and or where patients
can be further placed (e.g., in non-hospital derogated sites that do not provide RRT). In the
non-pandemic setting these markers will remain of interest to determine which patients with

sepsis experience multiorgan failure.
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Pre- Screeni | Baselin Day 4, Day
Day 3 Day 7 | Day 8, Day
Trial procedures screeni | ng e (Day | Day 2 5 and 10
(+/-2) (+-2) |9 90
ng 1) 6 (+/-2)
Informed consent X
Eligibility criteria X X
Demographics* X
Medical History* X
Targeted physical exam* X
Vital signs (BP/HR)* X X X X X X X
FBC, INR, Liver, Renal and Bone X X X X X X X
profile*
Physiological measurements X X X X X X X
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Prognostic scores* y X X X X
Blood sampling X X X X
Breath sampling X X X X X X X
Urine sampling X X X X X
Sepsis status (Y:N) X X X X X X X X
Microbiological results X X X X
Ultrasound Imaging X X X X X X X
Conmeds* X X X X X X
Adverse Events X X X X X X X X
Mortality X
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Table 2: Schedule of activity. * Standard of care y SOFA, CLIF SOFA, APACHE I, gSOFA scores will be calculated. Ambulant patients
sampled once (e.g. patients with stable cirrhosis) who are re-admitted for surgery or due to clinical deterioration will be resampled from

baseline day 1 at acute admission.
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Breath Testing

Exhaled breath will be captured in five-layer gas sampling bags, discarding the first few
hundred millilitres that are diluted in the airways. The samples will then undergo analysis by
laser isotope ratio meter measurement of 13C0O2 to 12CO2 ratio as a measure of the
underlying inflammatory response or sepsis. These bags will be stored at KCH prior to
sending to Rutherford Appleton Laboratory, Didcot, Oxfordshire for analysis. As breath is
more straightforward to sample and can detect changes at an earlier time than blood we will

sample breath on each (working) day.

Imaging

Ultrasound scan will be done during the hospital admission. Splanchnic vasculature flows,
solid organs stiffness (measured by elastography) and transcranial doppler will be done
regularly during the study period (up to daily for patients in intensive care with rapid change

of clinical conditions).

5.4 Laboratory processing

Sample storage

Samples will be stored in the laboratories located in:

the Institute of Liver Studies, KCH
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the James Black Centre, KCL

Samples are stored in a pseudo anonymised fashion identified by a code number. The
primary researcher will hold the key as participants will need to be identified to link the
experimental findings with clinical and physiological data. Breath samples will be transferred

to Rutherford Appleton Laboratory, Didcot, Oxfordshire for analysis.

5.5 Experimental techniques

A) Flow Cytometry analysis (FACS): Fluorochrome linked anti-human antibodies will be used
for cell surface and intra-cellular molecules and quantification of phagocytosis on whole
EDTA blood prior to lysis, as well as separated peripheral blood mononuclear cells (PBMCs)
and selected monocytes. Results will be expressed as the number or percentage of a
particular cell population expressing that molecule, or the density of that molecule's

expression (mean fluorescence intensity).

B) Enzyme-Linked Immunosorbent Assay (ELISA): For analysis of cytokine concentrations in

plasma/sera/supernatants from clinical samples.

C) Enzyme-linked immunosorbent spot assay (ELISPOT): Analysis of cytokine production by

monocytes/macrophages as well as T-cell stimulation by monocytes/macrophages.

IMET IRAS ID 244089, Version3.0 14/08/20

I I { I b1 14 il KING'S4
T N BT Wi A e HEALTH
| | ¢ b1k Iekbailn (s PARTNERS

An Acadernic Health Sciences Centre for Londan Pioneering better health for al



King's College Hospital NHS

NHS Foundation Trust

Immuno-metabolism in sepsis, inflammation and liver failure (I-MET)

@
IMET

D) Bacterial DNA analysis: Total, 16S and metagenomics analysis of bacterial DNA in blood

and/or ascites (in patients with liver disease)

E) Laser isotope ratio meter measurement: Exhaled breath analysis of 13CO2 to 12C0O2

ratio as a measure of the underlying inflammatory response or sepsis.

G) Metabonomics of blood plasma using 1H NMR or ultra-performance liquid

chromatography mass spectrometry

H) Gene transcriptomic profiling: Evaluation of the protein (messenger or micro RNA)
expression of genes in immune cells and plasma to understand the relationship of gene

products on function.

Proteomics: Proteins relevant to progression in critical iliness relevant to sepsis and
cardiovascular compromise (such as ACE) will be measured by untargeted and targeted

proteomic analysis

J) NephroCheck™ is a simple point of care test that quantifies cell cycle arrest biomarkers
(Tissue Inhibitor of MetalloProteinases-2 (TIMP-2) and Insulin-like Growth Factor Binding
Protein-7 (IGFBP-7)) These biomarkers indicate renal stress, before damage or dysfunction
has occurred, and have a high predictive performance for kidney injury in many clinical

settings, including critical care
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As people can vary in the sub-types of immune molecules they produce, we may want to
investigate a variety of important molecules for immune function. These include subtypes of
HLA-DR, TAM tyrosine kinase receptors (Mer, Axl & Tyro3), migration markers (CX3CR1,
CCR2, CCR5 & CCR7) amongst others. Therefore, DNA extraction and polymerase chain
reaction-sequence specific polymerisation to identify common immune related

polymorphisms will be performed.

5.6 Data analysis

Clinical, biochemical, haematological, physiological, demographic and outcome data for all
patients will be collected daily and entered into a secure database. Subsequently, the
immunological data will be correlated with these parameters. As this is a pilot study, there is
no need for statistical power calculations. Data will be assessed for normal distribution.
Paired univariate statistical testing will be used to compare monocyte and macrophage
phenotypic and functional differences. Correlation of the immunological data with clinical

data will be performed.

Area under the receiver operating curve (AUROC) comparison will be performed by the

Hanley-McNeill method. Univariate comparison of plasma levels of markers of

infection/immune response will be performed by one-way ANOVA (on log transformed data if
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necessary for normalisation) within R(Bioconductor) and MedCalc (MedCalc Software,

Mariakerke, Belgium). Repeated measures ANOVA will be used for longitudinal data.

Power calculation: To diagnose bacterial infection using EBA in a group of definite infected
patients against a group of patients without infection at an area under the receiver operating
curve of 0.85 and compared to a null hypothesis value (0.75), 150 patients would need to be
recruited. This assumes a power of 80% and alpha of 0.05. 70 patients with sterile
inflammation and 30 healthy controls will also be recruited. Therefore 250 patients are

required.

5.7 Data storage

Subject data will be stored in a de-identified fashion and the primary investigator will hold the
key. Any hard copies of data, such as investigator files, will be kept in a locked dedicated
research office. All data kept on NHS or University computers will be protected by password
access. All data kept on laptops or portable storage devices will be encrypted and password
protected. If any data is sent outside the above mentioned areas for statistical analysis, it will
be fully de-identified and password protected. Following the end of the study, any surplus
biological samples will be transferred to the Liver Bio-Bank (REC ref 08/HO704/117). Breath
samples will be destroyed following analysis. Ultrasound imaging will be stored anonymously

for teaching and research purpose.

6) ETHICAL AND REGULATORY CONSIDERATIONS
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6.1 Assessment and Management of Risk

Risks to the patient are minimal. Blood sampling (40ml) is known to be safe, would be
checked with the senior clinicians responsible for the patient’'s care and would not in any
case would not be taken in severely anaemic patients requiring blood transfusion. Breath
sampling will not be performed on patients with severe respiratory failure on mechanical

ventilation where it is not safe to disconnect the ventilator and attach the breath bag.

6.2 Research Ethics Committee (REC) Review and Reports

Before the start of the study, a favourable opinion was sought from the NRES Committee,
informed consent and consultee advice forms. Substantial amendments that require review
by NHS REC will not be implemented until that review is in place and other mechanisms are
in place to implement at site. All correspondence with the REC will be retained. It is the Chief
Investigator’s responsibility to produce the annual reports as required. The Chief Investigator
will notify the REC of the end of the study. If the study is ended prematurely, the Chief
Investigator will notify the REC, including the reasons for the premature termination. Within
one year after the end of the study, the Chief Investigator will submit a final report with the

results, including any publications/abstracts, to the REC.

7) PEER AND REGULATORY REVIEW
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The study has been peer reviewed in accordance with the requirements outlined by KCH
R&l. The Sponsor considers the procedure for obtaining funding from the Science and
Technology Facilities Council to be of sufficient rigour and independence to be considered
an adequate peer review.

8) ADVERSE EVENTS AND INCIDENT REPORTING

Definitions of Adverse Events

Term Definition

Adverse Event (AE) Any untoward medical occurrence in a patient or study
participant, which does not necessarily have a causal

relationship with the intervention/treatment/procedure involved.

Serious Adverse Event | Any adverse event that:

(SAE). results in death,

is life-threatening?*,

requires hospitalisation or prolongation of existing
hospitalisation**,

results in persistent or significant disability or incapacity, or

consists of a congenital anomaly or birth defect
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an SAE.

*A life- threatening event, this refers to an event in which the participant was at risk of
death at the time of the event; it does not refer to an event which hypothetically might
have caused death if it were more severe.

** Hospitalisation is defined as an in-patient admission, regardless of length of stay.

Hospitalisation for pre-existing conditions, including elective procedures do not constitute

Assessments of Adverse Events

Each adverse event will be assessed for severity, causality, seriousness and expectedness

as described below.

Severity
Category Definition
Mild The adverse event does not interfere with the participant’s daily routine,
and does not require further procedure; it causes slight discomfort
Moderate The adverse event interferes with some aspects of the participant’s
routine, or requires further procedure, but is not damaging to health; it
causes moderate discomfort
Severe The adverse event results in alteration, discomfort or disability which is
clearly damaging to health
Causality
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The assessment of relationship of adverse events to the procedure is a clinical decision

based on all available information at the time of the completion of the case report form.

The following categories will be used to define the causality of the adverse event:

Category Definition

Definitely: There is clear evidence to suggest a causal relationship, and other
possible contributing factors can be ruled out.

Probably: There is evidence to suggest a causal relationship, and the influence of
other factors is unlikely

Possibly There is some evidence to suggest a causal relationship (e.g. the event
occurred within a reasonable time after administration of the study
procedure). However, the influence of other factors may have contributed
to the event (e.g. the participant’s clinical condition, other concomitant
events).

Unlikely There is little evidence to suggest there is a causal relationship (e.g. the
event did not occur within a reasonable time after administration of the
study procedure). There is another reasonable explanation for the event
(e.g. the participant’s clinical condition).

Not related There is no evidence of any causal relationship.

Not Unable to assess on information available.

Assessable

Expectedness
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Category Definition

Expected An adverse event which is consistent with the available information about

the intervention/treatment/procedure in use in this study.

Unexpected | An adverse event which is not consistent with the available information

about the intervention/treatment/procedure in use in this study*

* this includes listed events that are more frequently reported or more severe than previously
reported

Procedures for recording adverse events

All adverse events will be recorded in the medical records in the first instance.

All Adverse events will be recorded in the CRF following consent.

All adverse events will be recorded in the CRF until (insert as appropriate e.g. the participant
completes the study)

Procedures for recording and reporting Serious Adverse Events

All serious adverse events will be recorded in the medical records and the CRF.

All SAEs (except those specified in section 16.5 as not requiring reporting to the Sponsor)
must be recorded on a serious adverse event (SAE) form. The CI/PI or designated individual
will complete an SAE form and the form will be emailed to the R&l Office (kch-

tr.research@nhs.net) within 1 working day of becoming aware of the event.

Where the event is unexpected and thought to be related to the

intervention/treatment/procedure this must be reported by the Investigator to the REC and
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Health Research Authority, using the SAE Report form for non-CTIMPs (available from the
HRA website) within 15 days.

Serious Adverse Events that do not require reporting

In the patient groups under investigation the nature of their critical iliness is such that events
such as death, critical iliness deterioration is unlikely to be related to the study procedures of
blood or breath sampling. Therefore, unless causality is possible these major deteriorations
will not be reported as AE but will be captured in the clinical course of the study.

Reporting Urgent Safety Measures

If any urgent safety measures are taken the Cl/ Pl shall immediately and in any event no
later than 3 days from the date the measures are taken, give written notice to the relevant
REC, Health Research Authority and R&l office of the measures taken and the
circumstances giving rise to those measures.

Protocol deviations and notification of protocol violations

A deviation is usually an unintended departure from the expected conduct of the study
protocol/SOPs, which does not need to be reported to the sponsor. The CI will monitor

protocol deviations.

A protocol violation is a breach which is likely to effect to a significant degree —

(a) the safety or physical or mental integrity of the participants of the study; or

(b) the scientific value of the study.

The Cl and R&I Office should be notified immediately of any case where the above definition
applies during the study conduct phase.

Trust incidents and near misses
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An incident or near miss is any unintended or unexpected event that could have or did lead
to harm, loss or damage that contains one or more of the following components:

a. Itis an accident or other incident which results in injury or ill health.

b. It is contrary to specified or expected standard of patient care or service.

c. It places patients, staff members, visitors, contractors or members of the public at
unnecessary risk.

d. It puts the Trust in an adverse position with potential loss of reputation.

e. It puts Trust property or assets in an adverse position or at risk.

Incidents and near misses must be reported to the Trust through DATIX as soon as the
individual becomes aware of them.

A reportable incident is any unintended or unexpected event that could have or did lead to

harm, loss or damage that contains one or more of the following components:

It is an accident or other incident which results in injury or ill health.

It is contrary to specified or expected standard of patient care or service.

It places patients, staff members, visitors, contractors or members of the public at
unnecessary risk.

It puts the Trust in an adverse position with potential loss of reputation.

It puts Trust property or assets in an adverse position or at risk of loss or damage.

9) MONITORING AND AUDITING
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The Chief Investigator will ensure there are adequate quality and number of monitoring activities
conducted by the study team. This will include adherence to the protocol, procedures for consenting

and ensure adequate data quality.

The Chief Investigator will inform the sponsor should he/she have concerns which have arisen from

monitoring activities, and/or if there are problems with oversight/monitoring procedures.
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10) TRAINING

The Chief Investigator will review and provide assurances of the training and experience of all staff

working on this study. Appropriate training records will be maintained in the study files

11) INDEMNITY ARRANGEMENTS

King’s College London holds insurance against claims from participants for harm caused by their
participation in this clinical study. Participants may be able to claim compensation if they can prove
that KCL has been negligent. However, if this clinical study is being carried out in a hospital, the
hospital continues to have a duty of care to the participant of the clinical study. King’s College London
does not accept liability for any breach in the hospital’s duty of care, or any negligence on the part of

hospital employees. This applies whether the hospital is an NHS Trust or otherwise.

12) DISSEMINATION

The results of this research will go towards publications in major peer reviewed journals and discover
novel therapeutic targets on which to base immunomodulatory therapies and novel blood and breath
based biomarkers to improve outcome in this condition. Authorship will be decided based on the

International Committee of Medical Journal Editors (ICMJE) recommended criteria.
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13) TIMETABLE

It is expected that it will take two years to recruit the patients for this study

IMET IRAS ID 244089, Version3.0 14/08/20

|i | { IbAl B0 4 sl KING'S 17
i b g Pwe il Il e HEALTH
| | i borh Inibailim isn PARTNERS

An Academic Health Sciences Centre for London Pioneering better health for al



IMET

15) APPENDICES

Appendix 1: PROTOCOL VERSIONS

King's College Hospital NHS

NHS Foundation Trust

Immuno-metabolism in sepsis, inflammation and liver failure (I-MET)

Versions | Version Date Status
No

2 07/04/20 Previous
3 14/08/20 Current
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