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Thesis Abstract

Introduction

Acute, severe traumatic spinal cord injury (TSCI) is a catastrophic event. No
effective treatment exists for the primary neurological injury. Detecting and treating
secondary neurological injury, however, is feasible, and may improve neurological
outcome. This thesis contains three studies utilising injury site monitoring, translating to

novel applications in the clinical management of TSCI.

Research Aims

(1) To develop a novel technique to monitor tissue oxygen in TSCI

(i)  To test the hypothesis that infective, inflammatory, and neurogenic fevers
are detrimental

(iii))  To test the hypothesis that spinal cord perfusion pressure (SCPP) affects

breathing function in patients with cervical TSCI

Methods

Patients sustaining acute, severe TSCI within 72 hours, underwent cervical
decompression (posterior +/- metalwork fixation +/- anterior surgery). Simultaneously,
microsurgical insertion of subdural pressure and microdialysis probes (+/- oxygen
electrode +/- lumbar drain) was performed. Multimodality data were acquired from the
injury site on neuro-intensive care for up to one week. Relevant clinical assessments

were obtained during monitoring and follow-up.



Results

The key findings are, that following acute TSCI:

(1)

(i)

(iii)

It is feasible to monitor spinal cord tissue oxygen (psctO2) from the injury
site. psctO2 is a key parameter, associated with injury site physiology,
metabolism, and neurologic outcome.

Deranged injury site metabolism defines all three major types of fever
(neurogenic, inflammatory and infective). Therefore, all are likely harmful.
Specific clinical features of different fever types can be exploited to
distinguish neurogenic from non-neurogenic fever.

Monitoring breathing function using ultrasound and diaphragmatic EMG, is
feasible and reproducible. SCPP correlates with breathing function, cord
hypo-perfusion and hyper-perfusion being detrimental. SCPP 80 — 90
mmHg correlates with improved diaphragmatic and intercostal muscle

contractility.

Conclusions

Multimodality monitoring following TSCI is feasible and safe. Improving injury site

psctO2, restoring normothermia and optimising breathing function, may minimise

secondary neurological injury to enhance neurological recovery.
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1 INTRODUCTION

Traumatic spinal cord injury (TSCI) is a severely disabling, catastrophic event
with no cure. Global incidence is reportedly 0.93 million (0.78—1.16 million) with the
highest age-standardised incidence rates concentrated in the Middle East (Syria, Yemen,
Iraq and Afghanistan), North America, Western Europe and high-income Asia-Pacific!.
Global prevalence in 2016 was estimated at 27 (25-30) million, an age-standardised rate
of 268 (340— 409) per 100,000, being highest in western Europe (854 per 100,000)".
The specific aetiology of TSCI is country-dependent and causes include falls, road

traffic accidents (RTAs) and violence?.

Survival and life-expectancy are associated with injury level and severity>.
Severe C1-4 TSCI, American Spinal Injuries Association (ASIA) Impairment scale
(AIS) grades A-C, have 64-69% of the mean life-expectancy versus 88-91% in T1-S5
injuries®. TSCI causes profound neurological impairment* (paralysis, sensory loss,
neurogenic bowel & bladder, sexual and autonomic dysfunction), systemic co-
morbidities* (decubitus ulcers, respiratory dysfunction, pneumonia, urosepsis and renal
failure), and psychological distress (anxiety, depression and chronic pain)°. In sum,
TSCI represents a significant health-economic burden to society?, costing an average of
£1.12 million per case (mean £0.47 million for AIS grade D — mean £1.87 million for

tetraplegia AIS A-C)°.

Despite this, there is no effective treatment. This PhD thesis evaluates how
specific novel monitoring techniques in acute, severe TSCI can translate to therapeutic

targets to improve neurological outcome.
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1.1 Current management of TSCI

Acute TSCI is a medical emergency, initially managed in the pre-hospital setting
according to Advanced Trauma Life Support (ATLS®) principles in the UK"8. This
prioritises airway maintenance with cervical-spine protection, using rigid cervical
immobilisation for suspected TSCI°. Following breathing and circulatory stabilisation,
patients should be transported to a major trauma centre for further evaluation®. Both UK
& USA guidelines recommend obtaining computed tomography (CT) and magnetic

resonance imaging (MRI) of the spine, and to classify the TSCI using an ASIA chart®’.

The ASIA classification’ is globally adopted, and predictive of neurological
recovery'?, compared to the clinical distinction of complete versus incomplete injury'!.
However the prognostic accuracy of AIS grades B and C may be less consistent!?. The
alternative, simpler Frankel scale does not incorporate neurological level, with
subjectivity in grading motor function, and less sensitivity to subtle neurological

improvement'?.

Several controversies exist. For instance, medical management is variable in
developed countries. Haemodynamic recommendations from the American Association
of Neurological Surgeons (AANS) and Congress of Neurological Surgeons (CNS),
include maintaining a mean arterial pressure (MAP) of 85-90 mmHg for up to one
week’. In the UK, the National Spinal Cord Injury Board advocate maintaining a MAP
of 90-100 mmHg.'* However, in a national survey, 54% of neurolCU physicians
reported aiming for a MAP target > 80mmHg'>. MAP recommendations are not
supported by robust trial evidence, limited to historic, uncontrolled and heterogenous

cohort studies'®'3.

Surgical management aims to decompress neural elements, stabilise the spine to

prevent further neurological injury'®, facilitate early neuro-rehabilitation and
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mobilisation?’. Timely intervention may mitigate medical complications such as
infection and pressure sores’!, which result in up to 30% of TSCI readmission rates'®.
However, there are no randomised trials evaluating surgery versus conservative
management?. Despite a convincing biological rationale?* > for early surgical
decompression of the spinal cord, timing of surgery remains controversial?®. A
landmark multi-centre prospective cohort study (STASCIS)?’ concluded the odds of
achieving at least a 2 AIS grade improvement were significantly higher in patients
undergoing surgery within 24 hours (OR 2.57, 95% CI 1.11-5.97). Methodological
limitations (non-randomisation, time intervals and 30% loss to follow-up) downgraded
its influence on AANS/CNS guidelines’. A subsequent pooled analysis concluded early
(<24 hours post injury) versus late (>24 hours) surgery, amounted to greater

sensorimotor and ASIA grade recovery at 1 year®®.

However, these findings are not ubiquitous. The OSCIS?’ study randomised 70
motor-incomplete cervical TSCI patients to early (<24 hours) versus late (> 2 weeks)
surgery, concluding similar motor recovery at 1 year, despite faster recovery in the early
group. Finally, a recent prospective multi-centre study (SCI-POEM) did not find
statistically or clinically significant differences in lower extremity motor score at one
year, between early (n=159 < 12 hours post injury) versus late (n=135 >12 hours & < 14

days post-injury) surgery>’.

The reasons why several large studies have failed to define a robust relationship
between surgical timing and neurological outcome, may be due to differences in the
overall approach to managing the neurological injury in TSCI versus traumatic brain

injury (TBI).

23



1.2 Comparison with acute traumatic brain injury (TBI)

management

During a traumatic event, the initial mechanical insult evokes an irreversible
primary neurological injury®!. In contrast to the variable management of TSCI, modern
TBI management is more systematised. Surgical mass lesions are promptly evacuated,
and patients urgently transferred to ICU for physiological monitoring. Management
includes detection of potentially treatable causes of secondary injury, such as
hypotension, ischaemia and glycaemic derangment®. This approach differs
substantially to acute TSCI, despite the primary and secondary injury to cranial and
spinal neurological tissue being equivalent'®. Multimodality monitoring provides

prospective neurophysiological data and may detect secondary neurological injury.

1.2.1 Multimodality monitoring in TBI

The severe TBI patient on ICU commonly has an intracranial pressure (ICP)
probe placed intraparenchymally and MAP monitored invasively. This permits the
calculation and optimisation of cerebral perfusion pressure (CPP = MAP — ICP), a
surrogate marker of cerebral blood flow. Other monitored parameters include vascular
pressure reactivity index (PRx), optimum CPP (CPPp), microdialysis (MD), tissue
oxygen (PpO2) and spreading depolarizations®*. PRx, a marker of autoregulation, is
proposed as a guide to individualising CPP treatment in TBI**. It represents the moving
correlation coefficient between MAP and ICP over a 5-minute window. When plotted
against CPP, it generates a U-shaped curve; the lowest point indicates the CPP at which
pressure reactivity is optimal — termed CPPoyc*. Overall, medical and surgical
interventions focus on reducing ICP and restoring CPP to reduce secondary

neurological injury. These include surgery, to address mass lesions or critical herniation
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and cerebrospinal fluid (CSF) drainage, and ICU management including osmotherapy,

hypocapnia, inotropic support and barbiturate coma*’.

1.2.2 Physiology-driven management in TBI

Despite ICP-guided treatment previously shown not to be superior to
imaging/clinical examination-based treatment in a historic randomised trial (BEST-
TRIP)*, fundamental criticisms limit the generalisability of the study findings®’.
Routine ICP monitoring in TBI is now recommended by the Brain Trauma Foundation
(BTF) Guidelines in “all salvageable patients with a TBI and abnormal CT scan™?%. It
facilitates the tiered management of raised ICP and recent prospective data suggest ICP
monitoring may predict (CENTRE-TBI study) and reduce mortality (SYNAPSE-ICU
study)***2. Together with MAP, recording continuous ICP allows calculation of CPP as

well as derived indices — PRx, CPP,p and compensatory reserve (RAP).

CPP-guided treatment is advocated by the BTF for favourable outcomes and
reduced 2-week mortality, recommending a target of 60-70 mmHg*®. Optimising CPP is
theorised to preserve the ischaemic penumbra and limit secondary injury from free
radicals, excitotoxic and inflammatory insults*’. This supported by beneficial effects on

brain physiology (psO2**** and MD*®) and improved survival in large retrospective*’*

49-51 series. However, the optimal CPP threshold is unclear and

and small prospective
may not be universal to all TBI patients. To address this, the ongoing COGIiTATE trial
established feasibility of randomising patients to either BTF guideline endorsed CPP

target range versus individualised autoregulation-guided CPP,p therapy>2.

However, ICP and CPP alone may not explain the whole picture. Ischaemia,
evidenced by low POz, may occur independently of changes in perfusion®. In early

studies, PpiO2 monitoring in TBI has been shown to correlate with outcome>* and
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mortality®®. Randomised phase 3 trial evidence is awaited from 3 large studies (OXY-
TC3¢, BOOST-III>” & BONANZA>®). Therefore, currently guidelines endorse only level
IIT evidence to guide and standardise pyO> guided-treatment (Seattle International
Severe TBI Consensus Conference 2020)°. In contrast, there are no established

techniques to even monitor spinal cord oxygenation from the injury site.

1.2.3 Microdialysis evaluates metabolic stress

MD is an established technique for continuously monitoring metabolite
concentrations in the extracellular interstitial fluid®>®!. Since its application in clinical
TBI management over 30 years ago®?, correlations with outcome have been shown —
specifically low and high glucose, high lactate:pyruvate ratio (LPR), and prognostic
association with glutamate®2. By evaluating cellular substrate delivery and metabolism,
MD can assess the effect of key metabolic stressors, such as fever, on neuronal
metabolism®*, Fever has been shown to be strongly associated with poor outcome
following neurological injury®>®®. Modern management favours normothermia,
hypothesised to minimise secondary neurological injury®’. Intracranial MD allows the
evaluation of metabolic insults such as fever and the effect of pharmacotherapeutic
interventions on neuronal metabolism. This is not the case in TSCI despite fever being

prevalent and detrimental to the injury site®.

Overall, the lack of physiological monitoring in TSCI has limited our detection (and

therefore treatment) of potentially reversible secondary insults.
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1.3 The ISCoPE study

To address the lack of multimodality monitoring and, therefore, a physiology-
targeted approach to TSCI, the Injured Spinal Cord Pressure Evaluation (ISCoPE)
study® was established in 2010 at St George’s Hospital. Patients aged 18-70 years with
acute severe TSCI (AIS A—C) are recruited for surgery within 72 hours of injury.
Concurrent comorbidities likely to influence outcome and penetrating injuries are
excluded. During surgery to decompress and/or fix the spine with metalwork, subdural
probes are placed under the microscope to monitor physiologic and metabolic
parameters. The probes transmit data for up to one week after which they are removed
on neurolCU. Full methodological details will be expanded in later sections. The initial
objective of the study was to develop methods to measure cord pressure and metabolism
from the injury site, trends in cord pressure and correlations with clinical outcomes. 98
patients have been recruited to date (01/07/23). From this cohort, several hypotheses
have been tested, generating novel concepts in the field of TSCI, explored in subsequent

sections.

14 TSCI monitoring techniques

Figure 1 shows the location of our TSCI monitoring probes, which are placed
intradurally at the cord injury site during surgery. Currently, up to two probes are placed
(1) a pressure probe recording intraspinal pressure, which we term ISP, and (ii) a

microdialysis (MD) catheter evaluating spinal cord metabolism from the injury site.

The ISP measurement technique was defined in 20147°, where Codman
MicroSensor (DePuy Synthes, Leeds UK) probes were placed subdurally to monitor the
pressure of the injured spinal cord. The MD measurement technique applied to TSCI

was defined in 20167!. A subdural hepatic MD catheter (Solna, Sweden) placed at the
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injury site allows hourly recording of spinal cord metabolites: glycerol, glutamate,
glucose, lactate and pyruvate. The feasibility and low risk profile of both techniques has

been established”®7!.

Both ISP and MD monitoring provide a focal measurement from the cord
surface injury site versus diffuse measurement from the CSF. In TSCI the injured cord

1”2, For ISP, comparability

swells causing circumferential CSF space obliteration on MR
between subdural and intraparenchymal recordings has been demonstrated’?, the
implication being that cord swelling, propagates intraparenchymal pulsations to the
probe. This comparability is analogous to subdural versus intraparenchymal ICP

monitoring in the brains of animals’ and humans’®. Extradural ISP”> was shown to be

an attenuated version of the subdural ISP signal and is thus not considered further.

Alternatively, lumbar CSF monitoring’®’’ for pressure (CSF-P) guided
management has appeal in TSCI, given the availability and ease of placement of lumbar
catheters. However, our group showed previously that ISP and CSF-P are not

t’2. MRI revealed acute cord swelling against dural compression

consistently equivalen
forms three distinct compartments: above, below and the injury site itself. The
correlation between ISP and CSF-P was shown to be dynamic, varying with cord
oedema extent and compression. Waveform analysis supported the idea that CSF-P

assesses the CSF compartment whereas ISP assesses the solid (=intraparenchymal)

compartment. Therefore, subdural ISP monitoring is more accurate for cord pressure.

Similarly, MD catheters placed on the surface of the cord injury site yield
greater deranged metabolite concentrations than below the injury®®. This may be
secondary to cord swelling and dural compression, influencing metabolite levels. Injury

site MD also correlated with intraparenchymal MD in this study, corroborated by

79,80 181

porcine models of the beating heart’8, liver’>*° and small bowel®!. Therefore, given the

28



greater accuracy of subdural ISP and MD monitoring compared to alternative

placement, this method is adopted in my PhD experiments.

29



|- CSF

CORD

ISP
MD

SKIN < DURA
N A

Fig. 1: The location of spinal cord injury monitoring probes

Schematic diagram showing the location of where the spinal cord injury site monitoring
probes are placed intraoperatively. Currently up to 2 subdural probes are placed under
the operative microscope, on the surface of the injury site, corresponding to the area of
maximal spinal cord swelling. The probes are connected on neurolCU, providing

continuous output of intraspinal pressure and microdialysis metabolites.

ISP = intraspinal pressure, MD = microdialysis.
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1.5 Novel physiological concepts in acute TSCI

Since the establishment of ISP and MD monitoring techniques in TSCI, several
novel concepts have been derived in the field of acute TSCI. They are summarised in
Table 1 and compared with analogous concepts in TBI. The ISP wave is
morphologically similar to the ICP wave with three classical P1-3 peaks. Spinal cord
perfusion pressure (SCPP) is calculated as “MAP — ISP”, analogous to “CPP = MAP —
ISP”, as a surrogate marker of spinal cord blood flow. Spinal pressure reactivity index’

(sPRx), like PRx in the brain®, ranges from -1 to +1. In terms of autoregulation, sPRx

<0 indicates intact vascular reactivity, whereas sPRx >0 indicates impaired reactivity’’.

When plotted against SCPP, a U-shaped curve is produced. This defines optimum
SCPP (SCPPgy) as the SCPP that minimizes sPRx, analogous to CPP in TBI (PRx
versus CPP plot)®?. There are currently no reliable clinical predictors of ISP and
SCPP,yt, mandating invasive ISP monitoring for accurate calculation®. Spinal reserve
capacity index (sRAP) is a measure of spinal compensatory reserve’® and similar to
RAP in TBI**. sSRAP is a coefficient between ISP amplitude and mean ISP, ranging
from O to 1. sSRAP of 0 indicates adequate compensatory reserve but approaches 1 when
there is poor compensatory reserve. Lastly, the metabolite parameters derived from MD
monitoring in TSCI remain analogous to those obtained from in TBI: tissue glucose,

lactate, pyruvate, glycerol and glutamate.
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Table 1. Novel concepts in TSCI versus monitored physiological parameters in TBI

Summary of novel neurophysiological concepts derived from TSCI monitoring and

their TBI counterparts.

Traumatic spinal cord injury (TSCI) Traumatic brain injury (TBI)

Parameter Definition Parameter Definition

ISP Intraspinal pressure ICP Intracranial pressure

SCPP Spinal cord perfusion pressure | CPP Cerebral perfusion

pressure

sPRx Spinal pressure reactivity PRx Pressure reactivity index
index

sRAP Spinal compensatory reserve | RAP Compensatory reserve

SCPPopt  Optimum spinal cord CPPopt Optimum cerebral
perfusion pressure perfusion pressure
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1.6 Dural cord compression

Beyond describing the computation of novel physiological and autoregulatory
concepts in TSCI, intervention to improve deranged parameters should be considered.
In TBI, alleviating critically raised ICP, medically or surgically, is the cornerstone of
treatment. Surgically, during a decompressive craniectomy procedure, after removing a
portion of bone, the dura is widely opened®®. ICP may decrease a further 70% following

dural opening after the bony decompression®.

However, in TSCI, standard surgical treatment is to perform a bony
decompression (laminectomy), without opening the dura. This addresses compression of
the cord from fractured bony fragments, but fails to relieve ongoing compression from
the dura against the swollen injured cord. Pre-clinical models highlight the injurious
role of ongoing dural compression in TSCI®’® consistent with MRI data in humans

implicating the dura rather than bone as the major source of cord compression.

In surgery for TSCI, monitoring previously revealed persistently raised ISP
following laminectomy and bony realignment alone’®. Dural decompression by
fashioning an expansion duroplasty, lowered ISP by 10 mmHg, improved SCPP by 15
mmHg and lowered sPRx compared with laminectomy alone in 21 patients®'. A multi-
centre prospective RCT, DISCUS (Duroplasty for Injured Cervical Spinal Cord with
Uncontrolled Swelling) is underway to evaluate expansion duroplasty versus

conventional bony decompression®?.

Addressing dural cord compression, followed by monitoring from the injury site to
detect secondary injury and target SCPP,p, represents a paradigm shift towards

individualised treatment in TSCI.
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1.7 Individualised Treatment in TSCI

The novel physiological concepts aforementioned can be applied to individualise
TSCI management as follows. SCPP, a surrogate marker of spinal cord blood flow,
varies with ISP even if the MAP remains constant. A further improvement beyond
targeting SCPP could be to derive and target individualised SCPP,p¢ values (sPRx
versus SCPP), where autoregulation is most efficient. The resultant U-shaped curve also
implicates hypo- and hyperperfusion as injurious to the cord®, defining an
individualised optimal range of SCPP per patient. SCPP,, may vary up to 60 mmHg
between patients”. Hence the need for monitoring to guide patient-specific treatment.
TSCI is not physiologically homogenous, with significant patient differences
(demographics, baseline MAP, mechanism severity, extent of secondary ischaemia and

metabolic derangement)’*.

SCPP also varies with time, therefore the feasibility of real-time SCPP oyt
calculation has been demonstrated”’. However, a range of SCPPs are required to define
the U-shaped curve for SCPPop, with a future need to compute SCPPy in time
windows shorter than 4 hours*. For now, this technique enables patient-specific
optimisation of spinal cord perfusion, and the detection of deranged parameters may

guide therapeutic interventions.

1.8 SCPP is a key physiological variable

SCPP is a key physiological variable, demonstrated by its relationships with
several important neurological and physiological parameters, as well as bladder, bowel

and long-term outcomes.

Neurologically, intervening to increase SCPP increases the amplitude of motor-

evoked potentials below the injury level in AIS grade C patients and just above in AIS
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grade A patients’’. This is consistent with increased SCPP correlating with improved
limb motor scores in some AIS grade C patients’’. Increasing SCPP improves sensory-

evoked”® potentials and lowers the sensory level in some patients’®%,

Physiologically, increasing SCPP is associated with a favourable metabolic
profile: increased tissue glucose, reduced glycerol, glutamate and LPR7"%*, Increasing
SCPP is also associated with increased spinal cord blood flow’® and enhanced
autoregulatory parameters’>. Furthermore increasing SCPP was associated with

improved urinary bladder sensitivity’” and parameters of anal continence function”®.

In terms of outcome, at 9-12 month follow-up, the probability of AIS grade
conversion after TSCI positively correlated with mean SCPP on admission and
negatively correlated with mean ISP on admission®”. However, determination of cause
and effect should be interrogated. One method is using causality analysis such as

100,101

Granger causality which can evaluate multivariate physiological time series and

information flow.

In summary, the management of neurological injury between TBI and TSCI varies
in terms of setting, urgency, physiological monitoring and detection of secondary
injury. Monitoring ISP and MD provide an array of physiological and metabolic
parameters that provide the foundation for targeted, individualised care of TSCI

patients.

The three experiments of the PhD thesis will each utilise multimodality monitoring
to investigate the effects of injury to the human spinal cord and associations with

physiological outcomes.
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1.9 Aims of the PhD

1.9.4 Aim 1 - To develop a novel technique to monitor tissue oxygen in
TSCI
(1) To investigate whether it is feasible and safe to monitor spinal cord tissue
oxygen from the injury site using a subdural oxygen probe
(i1) To identify treatable factors associated with cord hypoxia including the effect of
CSF drainage
(ii1) To explore the relationship between spinal cord tissue oxygen and neurological

outcome

1.9.5 Aim 2 — To test the hypothesis that infective, inflammatory, and
neurogenic fevers are detrimental
(1) To investigate the effect of different fever types on injury site metabolism
(i1) To investigate whether clinical (level of injury, temperature) and biochemical
(serum leucocyte count, C-reactive protein and procalcitonin levels) parameters

can distinguish neurogenic fever from other types of fever

1.9.6 Aim 3 — To test the hypothesis that SCPP affects breathing function
in patients with cervical TSCI
(1) To establish the feasibility of ultrasonographic and diaphragmatic EMG
evaluation of breathing function in cervical TSCI patients

(i1) To evaluate whether cervical SCPP correlates with breathing function

36



1.10 Common Methods

Presented in this section are the common methods across the 3 PhD experiments.

Further specific methods are presented under each relevant chapter.

1.10.7 Institutional Research Board & Ethical Approvals

Patients were recruited as part of the Injured Spinal Cord Pressure Evaluation
(ISCoPE) clinical study at St George’s Hospital, London, UK (Appendix I). Approvals
for ISCoPE, including consent form and patient information sheet (Appendix II) were
obtained from the St George’s, University of London Joint Research Office, and the
National Research Ethics Service London—St Giles Committee (No. 10/H0807/23). The
study was performed in accordance with ethical standards laid down in the 1964
Declaration of Helsinki and its later amendments. Informed consent was obtained from
all participants included in the study or their family members. Patients were given
adequate time to decide regarding participation including discussions with family

members. ISCoPE is registered at www.clinicaltrials.gov and www.ichgcp.net as

NCT02721615%.

1.10.8 Inclusion and exclusion criteria

All TSCI patients recruited to ISCOPE with viable monitoring data were included.

Inclusion criteria were: (i) severe TSCI defined as AIS grade A, B, or C; (ii) age 18—

70 years; (iii) timing between TSCI and surgery within 72 hours.

Exclusion criteria were: (i) patient unable to consent; (ii) other significant

comorbidities; (iii) penetrating TSCI.
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1.10.9 Neurosurgical management and probe placement

Following acute stabilisation in the emergency department, all patients were
admitted to the neurosurgical unit at St. George’s Hospital. Baseline preoperative CT,
MRI spine and ASIA assessments by a trained neurosurgical resident were performed.

After screening and recruitment to ISCoPE, surgery was performed by a neurosurgeon.

The type of surgery was based on clinical indication and surgeon preference: a
posterior approach alone with lateral mass (cervical), pedicle screw (thoracic) and rod
fixation (Stryker OASYS® for cervical and Stryker Xia 3® for thoracic) or a combined
anterior approach (titanium cage +/- plate placement; Tritanium C®) (Stryker UK,
Newbury, Berkshire, England). At induction the patients received cefuroxime 1.5g
intravenously if no penicillin allergy and 48 hours of vancomycin and gentamicin
postoperatively according to body weight. After decompressing the spinal cord and
metalwork placement, a pressure probe (Codman Microsensor Transducer®, Depuy
Synthes, Leeds, UK) and MD catheter (CMA61: CMA microdialysis AB, Solna,
Sweden) were inserted intradurally under the operating microscope. A needle durotomy
was performed 1 level below the injury site with a 90%-angled needle to prevent cord
damage. This was widened with a blunt hook. The probes were tunnelled from the skin,
guided through the durotomy and placed on the site of maximal cord swelling, based on
preoperative MRI, microscopic and in vivo ultrasonographic appearances. The ISP
probe was calibrated to atmospheric pressure and a subfascial wound drain tunnelled

and secured, kept on gravity for up to 7 days (Fig. 2).

CSF leak and infection risks were minimised by securing probes to the skin
using silk sutures, applying Opsite spray (Farla Medical, London, UK) and an
antimicrobial Ioban dressing (3M™, Bracknell, UK) covering the wound, probe and
drain exit sites. A postoperative CT spine was obtained typically within 2 days, and

postoperative MRI spine, typically within 1 week, after probe removal.
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Fig. 2: TSCI patient multimodality monitoring set-up

A, Preoperative CT and B, MRI cervical spine scan showing bony compression of the
spinal cord and TSCI. C, Intraoperative image showing location of the ISP and MD
probes. D, Postoperative appearance showing tunnelled probes and wound drain. E,
Sagittal and F, Coronal CT cervical spine showing location of monitoring probes and
drain. Green triangle is radio-opaque gold MD tip and green bracket is length of
dialysing membrane. G, Continuous signal output of physiological and metabolic

parameters of interest.

ISP = intraspinal pressure, MD = microdialysis, SCPP = spinal cord perfusion

pressure, Gluc = tissue glucose, LPR = lactate pyruvate ratio.
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1.10.10 ISP and SCPP monitoring

The ISP probe was connected to a Codman ICP box and interfaced with a
Philips Intellivue MX800 bedside monitor. Depending on the experiment, the ISP signal
was recorded by data acquisition software on a research laptop in one of two ways. It
was either transmitted to a ML221 amplifier to a PowerLab data acquisition hardware
device and acquired by a laptop running LabChart v.8 software (ADInstruments,
Oxford, UK) - experiments 1-2. Alternatively, to unify ventilatory signals for
experiment 3, ISP was connected to a pressure module and directly interfaced with a
Philips Intellivue MX800 bedside monitor and finally to the laptop running ICM+
recording software (Cambridge, UK). To facilitate this, I manually wired and

configured the signal adaptor (Appendix 3)

Arterial blood pressure (ABP) was recorded from a radial artery catheter
connected to a pressure module interfacing with the Philips Intellivue MX800 bedside
monitor. MAP was subsequently derived from this signal and used to compute

continuous SCPP as MAP — ISP.

1.10.11 Microdialysis monitoring
Following placement of the MD catheter, central nervous system fluid (CMA
microdialysis AB) was perfused at 0.3 pL/min using the CMA106 pump (CMA
microdialysis AB). MD vials were changed hourly and analysed using ISCUS Flex
(CMA microdialysis AB) for glucose, lactate, pyruvate, glycerol and glutamate. The
LPR was calculated as lactate*1000/pyruvate. The first two samples from each patient
were discarded to allow priming of the MD catheter and stabilisation of the metabolite
concentrations as recommended?2. 100-fold changes in metabolite concentration,

compared with the preceding hour, were excluded from the analysis.
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1.10.12 NeurolCU management

Postoperatively, TSCI patients were admitted to NeurolCU, with daily review.
Ventilation was supported as required, with corresponding sedation and timing of
postoperative extubation dependent on the severity and neurological level of the TSCI
(timely extubation postoperatively versus early tracheostomy). Vasopressors were
administered at the discretion of neurolCU, typically adopting the guideline MAP target
85-90 mmHg. Intravenously administered norepinephrine via a central venous catheter

was the preferred inotrope. In some patients, metaraminol was used initially.

The surgical wound was reviewed daily, a postoperative drain was kept on
gravity for one week, and the patient was frequently turned in bed to avoid pressure
ulcers. To prevent venous thromboembolism, we used Flowtrons® and started
prophylactic low-molecular-weight heparin within 24 hours. NeurolCU physicians did
not act on ISP, SCPP or MD values in line with the observational nature of the study.
The ISP and MD probes were removed within a week, and the probe skin exit sites

sutured with nylon to prevent CSF leak.

1.10.13  Patient assessments

Postoperatively, patients had a further ASIA examination at 2 weeks and 6 months.
They underwent regular motor limb assessments on the NeurolCU. A CT spine was
performed within 48 hours of surgery to assess the position of the probes, extent of
bony decompression and position of metalwork. Arterial blood gases sampling was
obtained at the discretion of the NeuroICU staff, typically 2-6 hourly depending on
clinical need. Daily venous blood tests were obtained including a full blood count,
electrolytes, renal and liver function, procalcitonin (PCT) and further specific tests
based on clinical need (e.g. coagulation profile, imaging tests and microbiological

cultures).
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2 CHAPTERI - Spinal cord tissue oxygen monitoring
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2.1 Introduction

To maximise neurological recovery in TSCI patients, ISP and SCPP are
promising parameters. However, there are no clinical studies of spinal cord tissue
oxygenation (psctO2) despite hypoxia being a major cause of secondary neurological
injury. In TBI, ICP alone may be a late indicator of secondary injury'?® with both brain
and spinal cord relying on an uninterrupted supply of oxygen and glucose to maintain

cellular viability. Therefore, oxygen monitoring could be clinically significant in TSCL

Following TBI, some centres routinely monitor ppO2. Brain tissue hypoxia
(ppt02<20 mmHg)!%"1% may occur independently of changes in brain perfusion.>® Brain

102-111 jhdependent of ICP, CPP and injury

hypoxia is associated with higher mortality
severity.!!? Other factors may reduce ppO> e.g. hypoxaemia, anaemia, fever,
dysglycaemia, hypovolaemia, vasospasm, and patient transfer.”*!!* PO, monitoring in
TBI is being evaluated in three RCTs (BOOST-III*’, OXY-TC,* and BONANZA).>®
BOOST-II was halted early, achieving its predetermined endpoint, demonstrating that
putO2-guided therapy in TBI is not futile, with a 9% reduction in mortality.>* Currently

the Seattle International Severe TBI Consensus Conference guidelines®® endorse level

IIT evidence for PyO2-guided treatment, while awaiting the results of the pyO2 trials.

Unfortunately, the enthusiasm to establish ppiO>—guided interventions for TBI has
not been reflected in TSCI, with no techniques to monitor ps«tO2. There are no human
studies monitoring pstO> from the injured spinal cord. Animal models reveal significant
decreases in blood flow and oxygen levels after TSCI''*!!>, This prompted
experimental and clinical studies utilising hyperbaric oxygen therapy!'®!!”; however
this is not utilised in practice. In this study, the Licox® oxygen probe (Integra®) is used
to monitor spinal cord oxygenation from the injury site. The experiment demonstrates
the feasibility of monitoring psctO2, identifies treatable factors associated with cord

hypoxia, and explores the relationship between psctO2 and neurologic outcome.
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2.2 Methods

For Common Methods, please refer to Section 1.10. Below are study-specific methods:

2.2.1 Oxygen electrode insertion

The Licox® oxygen electrode (combined oxygen and temperature catheter
[CC1P1], Integra LifeSciences) was chosen because it permits continuous recording of
both spinal cord oxygenation and spinal cord temperature. Also, it does not exhibit
significant signal drift for at least 5 days'!®. The oxygen electrode was stored in a
refrigerator at 5°C preoperatively and opened on to the sterile operating table at the time
of posterior surgery. The Licox® tissue oxygen monitor (Integra LifeSciences) was
switched on intraoperatively to allow for sufficient calibration time, in line with the

manufacturer’s recommendations.

Three probes (an ISP probe, a MD catheter, and Licox® oxygen electrode) were
tunnelled through the skin using a cannula. Following a miniature needle dural
fenestration under the operating microscope, the oxygen electrode was positioned
alongside the ISP pressure probe and microdialysis catheter. Specifically, the electrode
was microsurgically placed between the pia and arachnoid of the spinal cord using
forceps. The electrode tip rested on the surface of the injury site, localised based on the
preoperative MRI and intraoperative appearances of maximal cord swelling. The
electrode was finally secured to the skin using silk sutures and remained in situ for a
maximum of 7 days. It was easily removed at the bedside on neurolCU under aseptic
precautions, by cutting the holding sutures, gentle retraction of the probe and closing the

probe exit site with a suture to prevent CSF leak.
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2.2.2 Tissue Oxygen Signal Monitoring

The Licox® oxygen electrode was connected to the tissue oxygen monitor with
its accompanying probe-specific monitor card. The signal from the monitor was then
connected to a Philips Intellivue MX800 bedside monitor using a pressure module. This
facilitated connection to the PowerLab system and recording laptop. The Licox®
oxygen signal was sampled at 1 kHz. To compare ps{O2 values between injured versus
uninjured sites, in two patients, a second oxygen electrode was inserted intradurally
under the operating microscope, and positioned 2 centimetres below the injury site. A
fast Fourier Transform analysis of the psctO2 signal was performed to determine the

contribution of cardiac, respiratory and other frequency components.

2.2.3 Relations Between Cord Tissue Oxygen, Physiology and Metabolism

The inter-relationships of psctO2 with injury site physiology (ISP, SCPP) and
metabolism (tissue glucose, lactate, pyruvate, LPR, glutamate, glycerol) were assessed.
The effect of increasing the fraction of inspired oxygen (FiO2) on the on the ps.tO2
signal was evaluated, with a view to FiO2 manipulation as a potentially novel therapy
for TSCI. This was achieved by delivering a planned ventilator-driven “O2 boost” while
concurrently time-stamping the continuous signal analysis. This provided a 10-minute
FiO; increase of up to 100%. Additionally, the effects of spinal cord temperature and
blood transfusion on the ps.(O> signal were assessed. Spinal cord temperature was
continuously recorded by the combined oxygen electrode. The patient drug chart and
neurolCU observation sheets documented timed incidences of blood transfusion. Thus,
the psctO2 signal, before, during and after transfusion, were interrogated. Restoring
normothermia and optimised haemoglobin levels were hypothesised to improve cord

oxygenation, as potentially additional novel therapeutic targets in acute TSCI.
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2.2.4 Cord Tissue Oxygen Changes

Understanding the causes of a fall in pstO2 may allow physicians to intervene
and restore normoxia. Firstly, it was established whether a rise in ISP and/or fall in
SCPP) were followed by a drop in ps.tO2. Secondly, we investigated whether a drop in
psctO2 can occur independently of changes in ISP and SCPP. This approach mirrors

management algorithms to treat sub-optimal psO> thresholds in acute TBI>*.

Thirdly, for each greater than or equal to 5 mmHg change in cord tissue oxygen,
the preceding hour was interrogated for the following potential causative factors:
changes in (i) ISP or SCPP, (ii) spinal cord metabolism (tissue glucose, LPR) (iii) FiO»,
(ii1) spinal cord temperature, or (iv) sedation. We assessed whether the change in the

putative causative factor could explain the change in spinal cord tissue oxygenation.

2.2.5 Effect of Cerebrospinal Fluid Drainage

Intracranial CSF drainage is widely applied in brain injuries secondary to
trauma'!® and subarachnoid haemorrhage'?° to reduce intracranial pressure, which may
optimise brain perfusion. Lumbar CSF drainage has been used in an attempt to support
spinal cord perfusion during surgery for descending thoracic +/- abdominal aortic
aneurysms'2!122, To test the effect on psctO2, a lumbar catheter was placed in 11 of 26
patients at the time of surgery. Under aseptic precautions on neuro-ICU, 10 mL
cerebrospinal fluid was drained on a few occasions in subjects 66,67,69-78 to evaluate
the effect on psctO2. No more than 30 mL of CSF was drained in a 24-hour period'?.

172, and previous lack of relationship

Given the compartmentalisation of CSF in TSC
with ISP'?® the hypothesis was that CSF drainage in TSCI would not significantly alter

injury site oxygenation.

46



2.2.6 Limb Motor Score & Follow-up

To assess the clinical impact of ps(O> fluctuations, limb power was scored and
evaluated. Limb motor scores recorded in TSCI assessment charts were used to calculate
standardised limb motor scores for each patient. This was derived by subtracting the
minimum postoperative motor score for each patient from all motor scores for that patient.
Standardised motor scores were compared to the ps(O> values averaged over the hour
preceding the neurological assessment. Patients underwent a repeat ASIA examination

and MRI spine at around 2-week postoperatively and at 6-month follow-up.

2.2.7 Statistics

Statistical analysis was performed in conjunction with Dr Saadoun. Fourier
Transform analysis was performed using Weka Version 3.8.5 (Waikato, New Zealand)
to determine the contribution of cardiac, respiratory and other frequency components to

the psctO2 signal. www.mycurvefit.com was used to fit linear, quadratic, exponential,

sigmoid, and Michaelis-Menten curves with R? and P values. The effects of temperature
and CSF drainage on psctO2 were evaluated with Student t-test. The % hours with tissue
oxygen less than 5 mmHg for different outcomes were compared using the Chi-square
test. Data are presented as mean + SE. Statistical tests are noted as not-significant (NS)
or p < 0.05*, 0.005%*,0.0005F, 5 x 10 °#. Figures 3, 4B, 10, 11, and 13 use 1-kHz data.

Figures 4A, 5, 6, 7, 8,9 and 12 use averaged hourly values.
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2.3 Results

2.3.8 Subjects

Twenty-six patients with viable psctO2 monitoring were recruited (Table 2). Most
were males (21/26) and most were younger than 60 years (22/26). Injury locations were
14 of 26 cervical, 10 of 26 thoracic, and two of 26 at the conus. On admission, 15 of 26
had grade A, three of 26 grade B, and eight of 26 grade C injury severities (AIS).
Twenty-two of 26 cases had posterior surgery only, and four of 26 had a combined
anterior-posterior approach. Overall, 2,213 hours of monitoring data was available for
analysis. On average, each patient was monitored for 85.0 hours (range, 3.0 — 149.0
hrs). Patients were followed-up for at least 6 months (mean 12.9 months; range, 6.0—

28.0 months).

2.3.9 Complications

Five of 26 patients had CSF leak from the probe exit site, successfully managed
by placing extra skin sutures at the bedside. One of 26 had a wound infection,
successfully managed with wound washout (Table 3). There were no instances of spinal
cord damage, haematoma, or meningitis. Non-probe related complications were
pneumonia, (11/26), urosepsis (2/26), pressure ulcers (3/26), pulmonary embolus (1/26),

and dysphagia (1/26).
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Table 2. Patient Demographics. Abbreviations: Adm, admission; AIS, American
spinal injuries association Impairment Scale; Ant, anterior; F, female; hrs, hours; m,

months; M, male; Neuro, neurological; No, number; Post, posterior; y, years

TSCI - Follow AIS
Patient Age Neuro AIS Monitoring
No - Sex surgery level (adm) Surgery (hrs) -up (follow
(hrs) (m)  -up)
48 29 M 58.0 Cc4 A Post 3 25 B
59 22 M 58.0 T9 A Post 16 7 A
62 36 F 47.0 T8 B Post 129 13 C
63 60 M 72.0 T3 B Post 130 28 C
64 28 F 40.0 Cs A Post 139 11 A
66 67 M 38.0 C4 C Post 99 11 C
67 32 M 38.0 C4 C Post+Ant 147 9 D
68 37 F 23.0 L3 C Post 87 20 C
69 39 M 39.0 T7 A Post 114 14 B
70 35 M 39.0 C4 C Post+Ant 60 11 A
71 27 M 41.0 L1 C Post 95 6 D
72 50 M 22.0 Cs B Post 137 19 B
73 47 M 22.0 T8 A Post 79 12 B
74 57 M 35.0 C4 A Post 149 8 A
75 66 M 40.0 C4 A Post 117 7 A
76 46 M 18.0 T12 A Post 33 19 C
78 26 M 39.0 C6 A Post+Ant 34 12 B
80 55 M 45.0 T7 A Post 79 23 C
81 54 M 69.0 C4 C Post 149 17 D
83 51 M 49.5 T7 A Post 50 17 A
84 22 M 70.0 Cé C Post+Ant 67 17 D
85 54 F 38.0 C3 C Post 58 8 C
86 54 F 45.0 C3 A Post 15 7 C
87 4 M 24.0 T4 A Post 43 7 A
88 61 M 48.0 T11 A Post 54 6 A
89 23 M 15.5 Cs A Post 130 6 B
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Table 3. Complications of monitoring. Abbreviations: CSF, Cerebro Spinal Fluid;
No., number. ICU, Intensive Care Unit; CKD, Chronic Kidney Disease; DM, diabetes
mellitus; FEES, Fibre-optic endoscopic evaluation of swallowing; No, number; TSCI,

traumatic spinal cord injury; PEG, percutaneous endoscopic gastrostomy

No of patients  Patients
Complication Comment
(126) (%)

SURGICAL / PROBE RELATED
Required bedside suture. No one
CSF leak 5 19.2

returned to operating theatre

Haematoma / cord

damage from 0 0.0
probes
Brittle DM with E.Coli urosepsis,

positive E.Coli blood culture, positive
Wound infection 1 3.8

E.Coli wound swab. Return to theatre

for wound washout

Meningitis 0 0.0

NON-SURGICAL
One ICU readmission
Chest infection 11 423 (immunocompromised, DM, stage IV

CKD, obesity)

Urine infection 2 7.7
Pulmonary
1 3.8
Embolus
Pressure Ulcer 3 11.5 Conservatively managed
FEES confirmed; from TSCI; PEG
Dysphagia 1 3.8

insertion
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2.3.10 Cord Tissue Oxygen Correlates with Inspired Oxygen (FiO2)
Altering the FiO: influenced cord tissue oxygen (Fig. 3). On average, increasing
the FiO2 by 0.48 caused a sigmoid rise in psctO2 to 71.8% above baseline within 8.4
minutes. Decreasing the FiO; by 0.44 caused an exponential fall in ps.O2to 79.0%
below baseline within 6.0 minutes. Increasing the arterial oxygen partial pressure
(Pa0,) significantly correlated with increase in pstO2 in a Michaelis-Menten saturation
curve relation (Fig. 4A). Increasing the FiO» also correlated exponentially with increase
in psctO2. The injury site had a lower psctO2 than the uninjured spinal cord below, with

no correlation between the two ps.tO2 readings (Fig. 4B).

2.3.11 Cord Tissue Oxygen Correlates with Injury Site Physiology and
Metabolism
Several significant sigmoid correlations were observed between ISP, SCPP,
tissue glucose, and tissue LPR versus psctO2 (Fig. 4). As ISP rises greater than 5-10
mmHg, pstO> falls reaching a minimum at ISP 15-20 mmHg. As SCPP rises greater
than 80-90 mmHg, psctO2 suddenly rises reaching a maximum at spinal cord perfusion

pressure 90-100 mmHg.

As tissue glucose increases greater than 4—-6 mM/L, ps(O2 progressively rises to
a maximum at tissue glucose 8—10 mM/L. As tissue LPR increases greater than 10-20,
psctO2 progressively falls to a minimum at tissue LPR 40-50. Fever is associated with

lower psctO2 compared with normothermia.
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Fig. 3: The effect of oxygen challenge on ISP, SCPP, and psc.tO:

A, Effect of oxygen challenge (FiO2) on intraspinal pressure (ISP), spinal cord
perfusion pressure (SCPP), and psctO2 in 23-yr-old male, C5 American spinal injury
association Impairment Scale grade A (patient no. 89). B, Summary of oxygen
challenge data. ps.tO2 versus time after (top) increasing the FiO2 from 0.38 + 0.04 to
0.82 £ 0.09 (nine repeats and four patients) and (bottom) decreasing the FiO, from 0.89
+ 0.07 to 0.41 £ 0.04 (eight repeats and three patients). Mean + SE. Regression lines: B

(top) (sigmoid, R? = 1.00), B (bottom) (exponential decay, R?> = 0.99). # p < 5x10°,
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Fig. 4: The relationship of psctO2 with PaO2 and time

FiO; and arterial oxygenation (PaO>) versus cord tissue oxygen (psctO2). A, psctO2 versus
Pa0;. Inset: PaO; versus FiO;. B, psctO2 versus time. Twenty-three-year-old male, C5
ASIA AIS Grade A (patient no. 89). Green: ps.tO2 at injury site. Black: psctO2 of spinal
cord below injury site. Inset: psctO2 at injury site versus psc(O2 below. A (Michaelis-
Menten, R? = 0.83), A (inset) (exponential, R? = 0.98), and B (inset) (linear, R? = 0.02).

**p < 0.005, 10.0005, NS = not significant.
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Fig. 5: psctO2 versus ISP and SCPP

Injury site parameters versus cord tissue oxygen. A, Cord tissue oxygen (psctO2) versus
intraspinal pressure (ISP), R? = 0.94. B, pstO> versus spinal cord perfusion pressure

SCPP), R>=0.94. p < 0.05%*.
p

54



PscOp (MMHg)

45
40 —
35 —
30
25
20 —
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A, Spinal cord tissue oxygen (pstO2) versus tissue glucose (gluc), R? = 0.95. B, pstO2

versus tissue lactate/pyruvate ratio (LPR), R? = 1.00. p < 0.05*, 5 x 100 #.
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Fig. 7: psctO2 versus spinal cord temperature

Spinal cord tissue oxygen (psctO2) readings at spinal cord temperatures 37-38°C and
greater than or equal to 39°C. Individual data points (circles) and means (lines). p <

5x10°0 #
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2.3.12 Cord Tissue Oxygen Correlates With Neurologic Status
The injured spinal cord spends significantly more hours at low ps.(O> values in
patients with motor-complete compared with patients with motor-incomplete outcome
at follow-up (Fig. 8). For example, in patients with motor-complete outcome at follow-
up, the cord spends 7-21% hours daily at tissue oxygen less than 5 mmHg (compatible
with cord infarction), compared with 0—2% hours in patients with motor-incomplete
injuries. In the eight motor-incomplete patients at presentation, an inverted U-shaped
relationship was observed between the limb motor score versus the average tissue

oxygen tension from the injury site in the hour preceding each motor examination (Fig.

9).

2.3.13 Cord Tissue Oxygen Signal and Causes of Changes in pscO:

The psctO2 signal was found to exhibit major cardiac and minor respiratory
frequency components (Fig. 10). Several factors that may cause changes in ps.(O2 were
observed. For example, blood transfusion was also associated with significant rise psctO2
(6.1 £3.2 mmHg, mean + SE), but without significant change in cord metabolism
(tissue glucose, —0.7 + 0.3 mmol/L; tissue LPR, —0.6 £ 2.8) (Fig. 11). Rise in ISP or
drop in SCPP was often accompanied by a drop in psctO2. There were also observed
changes in ps.tO> that were independent of changes in ISP and SCPP. Examples are
shown in Fig. 12. Factors that may cause changes in ps.(O2 by greater than or equal to 5
mmHg, ranked in decreasing frequency, were changes in: cord metabolism, ISP or
SCPP, FiO, sedation levels, and spinal cord temperature. (Table 4). In more than a third
of cases, the cause of ps.{O2 change was unknown, unattributable to any obvious

physiological or metabolic factors.
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Fig. 8: Time spent below the psctO2 threshold versus psctO2 threshold, for AIS grade

at follow-up

Spinal cord tissue oxygen (psctO2) correlates with neurological status. Percentage of
hours with psctO2 below threshold (mmHg) versus ps.(O2 threshold (mmHg), for AIS
grade at follow-up (A and B versus C and D) fitted with sigmoid regressions (R* = 1.00
for both). Inset: Percentage of hours with pstO2 less than 5 mmHg versus days after

injury for AIS at follow-up (A and B versus C and D). # p < 5x10°, § p < 0.0005.

AIS = American Spinal Injuries Association Impairment Scale.
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Fig. 9: Motor score versus average psctO:z in the hour preceding motor examination

in motor-incomplete patients

Motor score versus average spinal cord tissue oxygen (psctO2) in the hour preceding the
motor examination in motor-incomplete patients (AIS grade C). Quadratic regression,

R?=0.97. Mean £ SE. *p < 0.05.
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Fig. 10: Properties of the psctO:2 signal

A, (top, green) psctO2 signal and (bottom, brown) corresponding blood pressure signal.
Cardiac (closed arrowheads) and respiratory (open arrowheads) pulsations. B, Fast
Fourier Transform (power vs. frequency) of ps.tO2 signal with respiratory and cardiac

peaks. Data from 50-year-old male, C5 AIS grade B injury (patient 72).

PpseiO2 = spinal cord tissue oxygen, ABP = arterial blood pressure.
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Fig. 11: Change in ps.tO2 versus blood transfusion

Change in spinal cord tissue oxygen (ps.tO2) is associated with blood transfusion (mean

of 2 hours after minus mean of 2 hours before transfusion). *p <0.05
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Fig. 12: Fluctuations in psc.tO2

A, Changes in psctO2 (green) preceded by changes in ISP (blue) and/or in SCPP (red):

(left) Fall in SCPP (onset at red arrow) followed by fall in ps(O2 (onset at green arrow).

(middle) Rise in SCPP (onset at red arrow) followed by rise in ps.tO2 (onset at green

arrow). (right) Rise in ISP (onset at blue closed arrow) followed by fall in ps.tO2 (onset

at green closed arrow); then, fall in SCPP (onset at red open arrow) followed by fall in

psctO2 (onset at green open arrow). 36-year-old female, T8 AIS grade B injury (patient

62). B, Change in psctO2 (green) not associated with change in ISP (blue) or SCPP (red).

Onset of drop in psctO2 at green arrow. Data from a 60-year-old male, T3 AIS grade B

injury (patient 63).

ISP = intraspinal pressure, SCPP = spinal cord perfusion pressure, ps.:O2 = spinal

cord tissue oxygen.
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Table 4. Possible causes of changes in the cord tissue oxygen signal

Abbreviations: FiO, fraction of inspired oxygen; ISP, Intra Spinal Pressure, SCPP,

Spinal Cord Perfusion Pressure

Possible cause Number %
Unknown 134 36.7
Change in cord metabolism 83 22.7
Change in ISP and/or SCPP 82 22.5
Change in FiO; 36 9.9
Change in sedation 18 4.9
Change in cord temperature 12 33
TOTAL 365 100
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2.3.14 Effect of Lumbar Cerebrospinal Fluid Drainage on Cord Tissue
Oxygen
CSF drainage appeared to have a variable effect on ps:O>. Changes in spinal
cord oxygenation ranged from an increase of 14.4 mmHg to a decrease of —20.8 mmHg
(Fig. 13). On average, cerebrospinal fluid caused no significant change in ps.tO21in 9 of

11 patients and caused a significant, but modest, reduction in ps:O2in 2 of 11 patients.
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Fig. 13: The effect of cerebrospinal fluid drainage on psctO2

Plot of the change in spinal cord tissue oxygen (psctO2) after draining 10 mL lumbar
CSF (circles are individual values and red lines are means) from 11/26 patients. p <

0.05*; NS, not significant.
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2.4 Discussion

This experiment demonstrates that, following spinal cord injury, it is feasible to
monitor tissue oxygen from the injury site, analogous to brain tissue oxygen monitoring
in brain injury'?*. pstO2 is a key physiologic parameter that correlates with injury site
physiology, metabolism, and neurologic outcome. In our spinal cord injury patients,
time spent below tissue oxygen thresholds was associated with long-term outcome, as
reported for brain injury'?®. The observation that, in patients with motor-incomplete
injuries, fluctuations in ps(O> were accompanied by fluctuations in limb power suggests
that pstO2> may influence spinal cord function. The inverted U-shaped relationship
between motor score and psctO2 suggests that not only hypoxia but also hyperoxia may
impair motor function. Factors have been identified that influence ps(O> and may be
modified to improve outcome. For example, increasing the FiO» or increasing SCPP.
These appear analogous to brain injury, where increasing the Fi0,!2%1?” or CPP
augments low ppiO2'2%. Additionally, given the relationship demonstrated between p.Oa
and psctO2 (Fig. 4), optimising PEEP to increase p.O2, may improve psc.tO2 while

avoiding potential hyperoxic toxicity from prolonged FiO, augmentation'?’.

The Licox® oxygen probe tip comprises a cylindrical polyethylene membrane ~18
mm? that contains two polarographic electrodes and an electrolyte solution (Fig.14A).
Oxygen diffuses through this membrane to reach the electrodes where it is
electrolytically reduced using revoxode technology; that is, the chemical reaction at the
electrode tips is reversible. This means that there is no significant calibration “drift”
with time, ensuring accurate measurement up to 5 days. The oxygen electrode was not
placed intraparenchymally to avoid causing further spinal cord damage. Studies of other
organs indicate that monitoring surface tissue oxygen provides accurate information
about tissue perfusion and viability. Such studies include intraoperative monitoring of

surface tissue oxygen from human brain during clipping of a middle cerebral artery
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aneurysm'*’, in various brain tumours, in oedematous brain, and in arteriovenous
malformations'?!. Intraoperative surface tissue oxygen monitoring also detects changes
in tissue perfusion in liver before and after portacaval shunting, in kidney during

1'*0 and in graded ischemic regions of

nephrectomy, in normal versus gangrenous bowe
bowel'*2. In this study, the injured cord is swollen and compressed against the dura with
the oxygen probe sandwiched between spinal cord and the dura. As dura is essentially
metabolically inactive, the electrode primarily detects oxygen that diffuses into the
probe from the adjacent cord (Fig. 14B). If the cord is surrounded by CSF, the electrode
will detect oxygen that diffuses into the probe from the adjacent cord and CSF (Fig.

14C). Therefore, the surface probe is always sensitive to cord tissue oxygen tension but

less sensitive when the cord is not compressed against the dura.

This study aimed to establish the technique of monitoring ps.tO2 from the injury site
and investigate whether the measurements are meaningful and likely to help clinical
management. This is by no means the definitive trial in the field. Though we did
intervene for short periods, for example, by increasing FiO» to determine its effect on
psctO2, we did not set out to compare neurologic outcome in an interventional arm
versus a control arm. The study provides the basis for future research to determine
whether intervention to alter ps.(O2 is an effective new therapy. Such studies will require
multivariable analysis to define whether any benefit of increasing ps.tO2 is independent
of other prognostic factors such as severity of injury'®?, patient age'** comorbidities'3’,

fever burden®®, timing of surgery?®, and spinal cord perfusion pressure®.

Current management guidelines recommend maintaining a MAP of 85-90 mmHg
for the first week after spinal cord injury’. However, two patients with the same MAP
but different ISP will have different SCPPs. In addition, two patients with the same
SCPP may have different psc{O> values. Multimodality monitoring overcomes these

problems by allowing individualised management’®’! that may ultimately yield
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management guidelines for spinal cord injury analogous to brain injury protocols that
incorporate both pressure and tissue oxygen monitoring>*!*¢. Multimodality monitoring
may also be employed to evaluate the impact of therapeutic interventions on the injury
site. For example, treating fever in spinal cord injury improves injury site metabolism
(assessed using microdialysis)®® and cord tissue oxygen (shown here), whereas blood
transfusion increases tissue oxygen, but without improving metabolism, in spinal cord

(shown here) and brain injury'®’.

A study limitation is the small number of patients (n = 26), though the conclusions
are supported by a large dataset (2,213 hr of monitoring, 165 motor examinations) and

long follow-up (> 6 months). As shown here and in an earlier study'®

, the main
complication of injury site monitoring is CSF leak through the probe skin exit sites,
which can be easily remedied with a bedside suture. Another limitation is that the
electrode insertion procedure requires surgery. An alternative is to insert probes into the
lumbar CSF, which is technically easier and does not require open surgery’ '3

However, there is lack of correlation between ISP, SCPP, and MD values measured at

the injury site compared with lumbar CSF'%,

Though draining lumbar CSF has been proposed as a therapeutic manoeuvre in

76139 " it does not effectively reduce ISP'?* or improve psctO2 (shown

spinal cord injury
here) at the injury site probably because the swollen cord is compressed against the
dura’%729L140 The effect of durotomy on pstO2 has not been investigated. However, the

DISCUS RCT?*?, currently underway, will evaluate the effect of expansion duroplasty

on neurologic outcome after spinal cord injury.

In conclusion, following spinal cord injury, tissue oxygen monitoring is feasible. It
allows the prompt detection and treatment of injury site hypoxia. Further randomised
studies are warranted to investigate whether such intervention can improve neurological

outcome.
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Fig. 14: The Licox® oxygen probe

A, the extension tube [d] serves to connect the probe to the bolt system. The probe is
connected at the rear end [c] of its plug to the probe cable. At [a] the probe has its
oxygen sensitive area of approximately 18 mm? (@ 0.65 mm). At [b] the probe has its
temperature sensitive area of approximately 23 mm? (@ 1.3 mm). B, Cross-section of
swollen spinal cord: probe on cord surface sandwiched between swollen cord and dura.
C, Cross section of non-swollen spinal cord: probe between cord surface and
cerebrospinal fluid (CSF). In B and C, arrows indicate oxygen diffusion to Licox®

electrodes.
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3 CHAPTER II - Effect of fever on injured spinal cord
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3.1 Introduction

Fever is a key driver of metabolic stress, contributing to secondary neurological
injury'*!. Previously, we identified that spinal cord fever (>39 °C) is associated with
lower ps.tO2, which in turn was associated with worse neurological outcome. Unlike in
TSCI, in brain injury, fever detection and treatment is emphasised in clinical
)7

guidelines'#* given its prevalence (up to 70%)%” and harmful effects: it may worsen

ischaemic injury'*, potentiate cerebral oedema'*, favour raised ICP!®, increase length

146 and mortality risk'*’. Modern management

of ICU stay, neurological morbidity
favours targeted temperature control and maintenance of normothermia, not
hypothermia®’. Despite theoretical rationale for therapeutic hypothermia, the multi-
centre randomised EUROTHERM3235 trial for TBI was halted early due to safety
concerns and worse neurological outcomes in the hypothermia group'*®. Similarly, in

acute TSCI, despite reduced inflammation following therapeutic hypothermia,

subsequent rewarming increased cord swelling, inflammation and ischaemia'®.

Fever is equally common in TSCI patients, occurring in 71% in the first two
weeks!?. It is associated with cord metabolic stress (low tissue glucose, high glutamate,
high LPR) and impaired recovery®. However, previous studies do not distinguish
between different types of fever. Fever may be infective, inflammatory (peripheral
trauma, surgery without infection, venous thrombosis and drug reactions) or

neurogenic'>!

. Misdiagnosis of different types of fever may result in overtreatment with
antibiotics. Following TSCI, neurogenic fever is a distinctive and commonly
encountered feature that has been poorly characterized. It may result from

thermoregulatory dysfunction of the autonomic nervous system!%%132,

In this experiment, multimodality monitoring techniques were used to determine
the effect of different types of fever on the injured spinal cord, and to identify clinical

features that distinguish neurogenic from non-neurogenic fever.
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3.2 Methods

For Common Methods, please refer to Section 1.10. Below are study-specific methods:

3.2.1 Temperature recordings and NeurolCU management

To measure spinal cord temperature, as per experiment 1, the Licox® oxygen
electrode (combined oxygen and temperature catheter [CC1P1], Integra LifeSciences)
was placed at the time of posterior surgery, intradurally on the injured spinal cord. The
electrode placement methods are comprehensively described in Section 2.2.1.
Postoperatively on neurolCU, venous blood tests including white cell count (WCC,
normal 4 — 11 cells/uL), C-reactive protein (CRP, normal 0 — 20 mg/L), and
procalcitonin (PCT, normal <0.49 ng/L) were performed daily. Arterial blood gas
sampling was performed, initially 4 — 6 hourly, then at the discretion of the neurolCU

staff according to clinical need.

Peripheral temperature was monitored by neurolCU staff every 1 — 4 hours, by
placing a SureTemp Plus (WelchAllyn, Aston Abbotts, UK) thermometer in the axilla
for 12 — 15 seconds. Temperature readings were paired with ISP and MAP readings for
30 minutes before and after the reading and with the chronologically nearest arterial or
venous blood samples. Use of axillary temperature was a pragmatic choice because not

all patients had monitoring of core temperature.

3.2.2 Fever definitions

Normothermia was defined as 36.5 — 37.4 °C, low fever as 37.5 —37.9 °C, and
high fever as >38 °C. Febrile episodes occurring during the multimodality period (up to
7 days) were recorded. Fever was classified as infective, inflammatory, or neurogenic as
follows. Fever was considered infective if there was microbiological (culture positive,
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confirmed micro-organism) plus biochemical evidence (raised WCC or CRP), with or
without X-Ray/CT verification, of an infective source. Diagnosis of “Infection likely”
was attributed to fever episodes with moderate clinical and biochemical suspicion
without a concomitant positive culture or equivocal radiology, at that specific time
point, precluding confident attribution to a systemic focus. Diagnosis of inflammatory
fever (microbiology negative for infection) required raised inflammatory markers
(WCC or CRP) and the presence of a cause, e.g. fever within 48 hours of surgery, or
another inflammatory aetiology e.g. pulmonary/mediastinal injury, intra-abdominal
injury, pelvic trauma, long-bone injuries, significant haematoma, or thrombosis.
Inflammatory fever source was attributed as “Unknown” when criteria for other
investigated causes were not met, and included drug fever. Neurogenic fever was a
diagnosis of exclusion, when neither of the above sets of criteria were met, after

comprehensive clinical and radiological work-up.

3.2.3 Cytokine/chemokine analysis.

The concentrations of cytokines/chemokines in the MD fluid collected from the
injury site were measured. These molecules were selected because they have been
implicated in the pathophysiology of TSCI, they are <30 kDa (i.e. cross the MD
membrane) and are part of our multiplex electrochemiluminescence assay panel. For
each patient, MD vials were collected during normothermia and during high fever. MD
vials, each containing ~10 pL, were stored at —80 °C and analysed in a blinded fashion
at Charité-Universitdtsmedizin Berlin by multiplex electrochemiluminescence assays
(Meso Scale Discovery, Rockville, MD, USA) using the following antibody sets from
the U-PLEX Biomarker Group 1 Human Assays panel (K15067M): IL4, IL8, IL10,
P10, GROa, MCP1, MIP1a, MIP1p. If necessary, the MD samples were diluted to the

minimum required volume for a single determination (25 pl) or analysed directly
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according to the manufacturer’s protocol. 96-well plates including samples, blanks and
recombinant standard concentrations were measured and unknown concentrations
calculated, using the MESO QuickPlex SQ 120 Reader and the MSD DISCOVERY
WORKBENCH software version 4.0 (Meso Scale Discovery, Rockville, MD, USA),

respectively.

3.2.4 Serum procalcitonin (PCT) measurement

Serum PCT, a biomarker of bacterial sepsis, was measured preoperatively and
daily, during the period of monitoring. PCT is an endogenous precursor to calcitonin
involved in the regulation of phosphate homeostasis!**. The calcitonin 1 (CALC-1) gene
in thyroid C-cells expresses PCT, which is cleaved to calcitonin before secretion. Due to
cleavage, normal levels of PCT are low (<0.02 ng/mL)!>. Bacterial infection stimulates
PCT production in non-neuroendocrine tissue, which lacks enzymic cleavage, both
directly (lipopolysaccharides, bacterial toxins) and indirectly (IL-1p, IL-6, TNF-a)'>.
Therefore, after bacterial exposure, PCT levels rise quickly (3 — 6 hours), peak at 6 —

13.5 hours with a half-life of 22 — 36 hours'>3.

Relying on CRP to track sepsis is limited by slower increase and faster recovery
than PCT. A meta-analysis concluded superior diagnostic accuracy of PCT compared
with CRP for bacterial infections'>*. Furthermore PCT is a reliable biomarker of
bacterial infection, tracking clinical resolution and de-escalation of antibiotics'>. In one
study, a PCT-guided algorithm in 27 surgical Intensive Care Unit patients with severe
sepsis resulted in 1.7 fewer antibiotic days, 17.8 % reduction in antibiotic costs and no

155" A meta-analysis'*® concluded that the global odds

difference in negative outcomes
ratio for diagnosing infection using PCT was 15.7 (95 % CI: 9.1 — 27.1) with superiority

over CRP '*%. A further meta-analysis'>’ found longer antibiotic-free days (mean

74



difference 2.26 [1.40 — 3.12] and reduced short-term mortality (relative risk 0.87 [0.76 —

0.98]) with PCT-guided antimicrobial strategies.

Therefore, one aim was to evaluate PCT as a more specific biomarker of
bacterial infection than CRP or WCC in acute TSCI. For the first 26 patients, PCT was
measured using a portable analyser (Biopanda BR G800 PCT immunoassay, Belfast
U.K.) In subsequent patients, PCT levels were measured at the St. George’s Hospital

biochemistry laboratory as part of daily blood tests obtained in the neuroIlCU.

3.2.5 NeurolICU response to fever

During a fever episode, blood, sputum, line, urinary catheter, and wound swabs
were cultured. A chest radiograph was performed. There were daily neurolCU patient
reviews by clinical microbiology physicians, who could request repeat cultures
depending on the clinical picture and laboratory findings. Typical anti-pyretics
administered were paracetamol 1 g four times a day and, either diclofenac infusion
150 mg daily, or ibuprofen orally 400 mg three times daily. On rare occasions when
fever was refractory to pharmacotherapy, active surface cooling to normothermia was

employed (Arctic Sun 5000, Medivance/Bard).

3.2.6 Statistical Analysis
Statistical analysis was performed in conjunction with Dr Saadoun. For each fever
type, % hours at high fever versus temperature and versus day after TSCI were
compared by two-way ANOVA. Number of cases of each fever type at or above T3
versus below T3 (the expected level of neurogenic temperature dysregulation) were
compared by Fisher exact test. Change in the level of an injury site physiological

variable (e.g. LPR) may precede the onset of fever or may be caused by an insult
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unrelated to fever (e.g. drop in SCPP). Thus, to determine the effect of fever on each
injury site physiological variable, we assessed trends related to episodes of
normothermia then fever then normothermia, rather than plot the level of the injury site

physiological variable during normothermia vs. fever.

The number of times that ISP, SCPP, tissue glucose, tissue LPR, and tissue ps.(O2
increased, remained constant or decreased during fever versus normothermia, during
short (1 hour) versus prolonged (>1 hour) fever, or during pre-fever versus
normothermia were compared using Fisher exact test. Chemokine/cytokine levels
during fever versus baseline were compared using the paired Mann-Whitney U-test.

Statistical tests are two-tailed.

The data mining freeware Orange 3.34.0 was used to classify fever as neurogenic
versus non-neurogenic using Tree, Stochastic gradient descent, Neural network,
Logistic regression, and CN2 rule induction classifiers with leave-one-out cross-
validation to compute Area Under Curve, Classification Accuracy, F1 score, Precision

and Recall.
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3.3 Results

3.3.8 Subjects

86 consecutive TSCI patients were recruited, who contributed a total of 5,591 hours
of monitoring data. All subjects and family members approached agreed for the patients
to participate. Table 5 shows patient characteristics. Most (80.2%) were males, and
most (84.6%) were younger than 60 years. There were 59.3 % cervical, 34.8% thoracic
and 5.8% conus injuries. On admission, 59.3% of the patients were AIS grade A, 16.3%
B and 24.4% C. Most patients (82.6%) had posterior surgery only, and the rest (17.4%)
had combined anterior and posterior surgery. AIS grade at follow-up (average 2.7 years)

improved in 40.2%, stayed the same in 56.1% and deteriorated in 3.7%.

3.3.9 Complications

Table 6 lists the complications. Only fever episodes occurring in the
postoperative, multimodality-monitoring period up to 7 days, were included in the
analysis. A few delayed infections during the hospital episode i.e. beyond the
multimodality monitoring period, are reported in Table 6. Furthermore, not all
infections manifested in high grade fever (non-pyrogenic), therefore are also reported in
Table 6, but not the high-grade fever analysis. This accounts for the discrepancy

between reported fever episodes (Table 7) and reported infective complications.

11.6% of the patients had CSF leak from probe exit site(s), successfully managed by
placing extra skin sutures at the bedside. 34.9% had non-compressive
pseudomeningocele on the two-week postoperative MRI, all conservatively managed.
Of these, 50% had MRI at 6 — 12 months, showing near-total or total resolution of the
pseudomeningocele in 80%. 1.2% had positive wound swabs and drain fluid culture

with neck stiffness, reported as a ‘serious adverse event’ successfully managed with
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antibiotics for possible CNS infection. There was no probe-related haematoma or spinal
cord damage based on neurological function and MRI. 4.7% had wound infections: the
one patient requiring a wound washout had poorly controlled diabetes, primary E. coli

urosepsis and subsequent wound infection.
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Table 5. Patient characteristics

Total 86
No. of patients monitored ISPISCPP 56
MD 58
PsctO2 33
ISP/SCPP 2,864
Hours of monitoring MD 1,887
PsctO2 840
<20 5
20-39 35
Age (years) 4059 ”
>60 17
Sex Male 69
Female 17
Cervical 51
Site of injury Thoracic 30
Conus 5
Anterior 0
Surgical approach Posterior 71
360 15
A 51
No. of patients with admission AIS grade B 14
C 21
A 38
B 11
No. of patients with follow-up AIS grade 1(; 1;
E 1
Unknown 4
-2 1
-1 2
0 46
No of patients with AIS change +1 22
+2 8
+3 3
Unknown 4
Weeks of follow-up Mean 1380
SEM 433
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Table 6. Complications of monitoring

COMPLICATION e % COMMENT
/86
PROBE RELATED
CSF leak 10 11.6 Bedside management
E. coli (wound swab + wound drain fluid). Wound
healthy. Enterococcus (urine). Drowsy. Stiff neck.
Meningitis (?) 1 1.2
No CSF culture. Uncertain if meningitis.
Vancomycin + meropenem. No sequelae.
Cord damage 0 0.0
Pseudomeningocele 30 349 Non-compressive, conservatively managed
Retained probe 0 0.0
SURGICAL
Wound infection 4 4.7 3 superficial (antibiotics), 1 deep (wound washout)
Wound haematoma 1 1.2 Anterior wound required evacuation.
Further spinal surgery 1 1.2 Anterior stabilisation
NON-SURGICAL
Chest infection 30 349
Urine infection 6 7.5
Line infection 5 5.8
Pulmonary embolus 2 23 Delayed
Pressure ulcer 5 5.8 Delayed
Myositis ossificans 1 1.2 Delayed
Post-traumatic syrinx 4 4.7 Delayed. 3 drained, 1 conservatively managed.
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3.3.10 Fever characteristics.

High fever (axillary temperature >38 °C) was detected in 76.7 % of the patients
and in 17.7% of the monitored hours (Table 7). Of all febrile hours, the type of fever
was neurogenic in 25.7 % hours, inflammatory in 24.3% hours, and infective in 49.9 %
hours. Of those with infective fever, 22.1% had risk factors (diabetes — 7 %, alcohol

excess - 9.3%, chronic smoker - 5.8 %) No subject received acute or long-term steroids.

The three fever types have different characteristics: First, axillary temperatures
are higher in neurogenic than inflammatory or infective fever (Fig. 15A); for example,
34.7 % of the time, neurogenic fever is >39 °C compared with 10.8 % of the time for
inflammatory and 18.9 % for infective fevers. Second, the time profiles are also
different (Fig. 15B): neurogenic fever is infrequent in the first few days after TSCI,
peaks at one week and subsides by 10 days; inflammatory fever, is most prevalent in the
first 48 hours after the TSCI and subsides by 10 days; infective fever develops >48
hours after the TSCI and does not subside by 10 days. Third, neurogenic fever only
occurs in TSCI above T4, whereas infective and inflammatory fevers occur with any

level of TSCI (Fig. 15C).

Additionally, the incidence of different types of fever was different when
stratified by admission injury severity, represented by AIS grade (Fig. 16). Infective
fever was more prevalent in worse injury severities: AIS grade A > B > C injuries.
Whereas neurogenic fever appeared more prevalent with less severe injury severities:
AIS grade C > B > A injuries. Inflammatory fever had a relatively even distribution

across AIS grades on admission.
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Table 7. Incidence of high fever (>38 °C)

PATIENTS HOURS

TYPE OF FEVER LIKELY CAUSE
(/86) (/32179

All fevers 66 571

Neurogenic 24 147
Surgery 84
Lung injury 94
Abdominal injury 4
Pelvic injury 2

Inflammatory 25 139
Limb injury 8
Haematoma 37
DVT/PE 0
Unknown" 11
Chest 149
Urine 39
Wound™* 1

Infective 40 285
Line 20
Blood 9
Infection likely ™ 64

“ Total number of hourly temperature recordings, of which 2,864 hours had accompanying monitoring

data

*Inflammatory fever source attributed as “Unknown” when criteria not met for other causes

“Wound sepsis accounted for high fever in 1 patient; however, 4 cases presented in Table 2:

Complications because the remainder did not manifest with fever

stk

Moderate index of suspicion but no corresponding positive culture — see Methods.

NB: Figures represent fever episodes from pyrogenic infections. Non-pyrogenic infections and/or delayed

infections outside the multimodality monitoring period in Table 6

DVT, deep venous thrombosis; PE, pulmonary embolism
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Fig. 15: Characteristics of different fevers

A, Temperature profiles of neurogenic (blue), inflammatory (orange), and infective
(black) high fevers. B, % hours each day after TSCI with neurogenic, inflammatory, and
infective high fever. C, Level of injury versus % of patients at each level who have high

fever. ms not significant; p <0.05%, 0.01™, 0.001%, 0.0005%.
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Fig. 16: Neurogenic, inflammatory, and infective fevers versus injury severity

% of patients who have high fever versus AIS grade on admission (neurogenic R? =

0.98, infective R? = 0.97).

AIS = American spinal injuries association Impairment Scale.
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3.3.11 Effect of fever on injury site physiology and metabolism.

I tested whether each of the three types of fever were associated with metabolic
stress at the injury site. Five parameters monitored from the injured cord were studied:
ISP, SCPP, glucose, LPR, and ps.tO>. I determined how often each parameter was
increased, unchanged, or decreased during fever and compared this with the
corresponding frequencies for normothermia (Fig. 17). None of the three fever types
affected ISP or SCPP (not shown), but all three were associated with low glucose, high
LPR, and low ps.tO2. The changes in psctO2 did not reach significance for inflammatory
fever. Therefore, in sum all three fever types were associated with metabolic stress at

the injury site.

The next hypothesis was that prolonged (>1 hour) fever was associated with
more metabolic stress at the injury site than brief (<1 hour) fever. Fig. 18 shows that the
duration of each of the three fever types had no impact on ISP or SCPP. However,
compared with brief fever, prolonged fever was associated with lower tissue glucose
(neurogenic fever), higher LPR (inflammatory and infective fevers), and lower psctO2
(neurogenic, inflammatory, and infective fevers). In sum, for all three fever types,
prolonged fever was associated with more metabolic stress at the injury site than brief

fever.

We then investigated whether the spinal cord metabolic derangement precedes
the fever by examining the 5 hours before fever onset (Fig. 19). Changes in ISP, SCPP,
glucose, LPR, and ps.tO> before neurogenic or inflammatory fever were no different
than during normothermia. However, a significant decrease in glucose, significant
increase in LPR, and non-significant decrease in ps.tO2 occurred before the onset of
infective fever. Therefore, spinal cord metabolic derangement preceded the onset of

infective, but not neurogenic or inflammatory, fever by at least 4 hours.

85



Gluc A
(mmol/L) o

LPR 30 W

psctOZ 40 .
(mmHg) 304 ™

F 1T 1T 1T 1
60 72 84 396 108120

Hours since injury

B NEUROGENIC C D INFECTIVE
_—-ho fever —nho fever ~ho fever
o« Bl fever = B fever *
Glue »EB&Fg  |* B * == X
L — — e —
LPR * s " e —
SR ] T ¢ e |
B P P
=5 5 —
e * = ns *
3 e | (]
E— [— I
| | | | | I | I |
0 50 100 O 50 100 O 50 100
% episodes % episodes % episodes

Fig. 17: Physiology and metabolism of injured cord during fever

A, Tissue glucose (gluc), lactate:pyruvate ratio (LPR), and oxygen (psctO2) (grey lines)
monitored from the injured cord of a patient with neurogenic fever (<37.5 green, 37.5 —
37.9 light red, >38.0 °C red). Dotted lines are trendlines during the fever. % episodes of
no fever (green), B, versus neurogenic high fever (blue), or C, versus inflammatory high
fever (orange), or D, versus infective high fever (black) associated with increase (), no
change (—), or decrease () in tissue glucose, tissue LPR, and tissue pscO2. ns not
significant; p < 0.05", 0.005™", 0.0001%%,
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Fig. 18: Physiology and metabolism of injured spinal cord during brief versus

prolonged neurogenic, inflammatory, and infective fevers

A, % episodes of neurogenic high fever lasting 1 hour (light blue) versus >1 hour
(deeper blue), or B, % episodes of inflammatory high fever lasting 1 hour (light orange)
versus >1 hour (deeper orange), or C, % episodes of infective high fever (black) lasting
1 hour versus >1 hour (grey), associated with increase (), no change (=), or decrease
(™) in ISP, SCPP, tissue glucose, tissue LPR, and tissue ps.tO2. ns not significant; p <

0.05%, 0.005%**,

ISP = intraspinal pressure, SCPP = spinal cord perfusion pressure, Gluc = tissue

glucose, LPR = lactate:pyruvate ratio, psc:O> = spinal cord tissue oxygen.
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Fig. 19: Physiology and metabolism of injured spinal cord in the 5 hours preceding

the onset of fever

A, ISP, SCPP, tissue glucose, tissue LPR, and tissue psc(O> (grey lines) monitored from
the injured cord of a patient with neurogenic fever (<37.5 green, >38.0 °C red). Dotted
lines are trendlines during the fever. % episodes of no fever (green), B, versus
neurogenic high fever (blue), or C, versus inflammatory high fever (orange), or D,
versus infective high fever (black) associated with increase ('), no change (=), or
decrease () in ISP, SCPP, tissue glucose, tissue LPR, and tissue ps.tO>. ns not
significant; p < 0.05%, 0.005%***, (0.0001%#,

ISP = intraspinal pressure, SCPP = spinal cord perfusion pressure, Gluc = tissue

glucose, LPR = lactate:pyruvate ratio, psc:O> = spinal cord tissue oxygen.
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3.3.12 Injury site cytokines/chemokines

We asked whether fever is associated with increased cord inflammation, quantified
as changes in the levels of cytokines/chemokines at the injury site during fever versus
baseline. Fig. 20 shows that neurogenic and inflammatory fevers are not associated with
significant changes in any assayed cytokines/chemokines, though wide variability
between patients is observed. Infective fever is associated with significantly elevated
levels of pro-inflammatory cytokines/chemokines (GROa, ILS, IP10, MCP1, MIP1p),
but no significant change in the levels of anti-inflammatory cytokines/chemokines (IL4,
IL10). These findings suggest that infective, but not neurogenic or inflammatory, fever

is associated with increased injury site inflammation.

3.3.13 Neurogenic fever predictor

I hypothesised that it is possible to reliably distinguish neurogenic from non-
neurogenic high fever by simple clinical tests. Patient characteristics (age, sex, level of
injury, severity of injury) and daily fever characteristics (day from injury, maximum
temperature, WCC, CRP, PCT) were entered into logistic regression, neural network,
tree, stochastic gradient descent and CN2 rule induction algorithms with accuracy
assessed by leave-one-out cross-validation (Fig. 21). All classifiers performed well in
various evaluation metrics (Fig. 22). In general, the classifiers employed five key
discriminating features, including level of injury, WCC, CRP, PCT and maximum daily
temperature (Fig. 23). Five simple clinical rules, based on these characteristics, allow
59.3 % high fever episodes to be classified with 100 % accuracy, as neurogenic or non-
neurogenic; the remaining 40.7 % high fever episodes cannot be reliably classified
(Table 8). Applying the above, Fig. 24 shows a simple flow chart to distinguish

neurogenic from non-neurogenic fever with examples of fever episodes in Fig. 25.
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Fig. 20: Cytokines in injured spinal cord during fever

% change in the levels of GROaq, IL8, IP10, MCP1, MIP1a, MIP1f3, IL4 and IL10 in microdialysates collected from the injury site during high fever

(>38 °C) versus normothermia. Neurogenic (blue), inflammatory (orange), or infective (black) fever. Dots are fever episodes, lines are medians,
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logarithmic scale. ns not significant; p < 0.05", 0.005".
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Fig. 21: Using algorithms to distinguish neurogenic from non-neurogenic fever

Interface workflow created by linking widgets in the data mining toolkit Orange. Patient

and fever characteristics were entered into logistic regression, neural network, tree,

stochastic gradient descent and CN2 rule induction algorithms.

CSV = comma-separated values, ROC = receiver operating characteristic.
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Fig. 22: Performance of algorithms to distinguish neurogenic from non-neurogenic

fever

Performance of tree (T, grey), stochastic gradient descent (S, blue), neural network (N,
pink), logistic regression (L, green), and CN2-rule induction (C, purple) algorithms.
Area Under Curve (AUC), Classification Accuracy (CA), F1 score, Precision and
Recall are metrics evaluating the performance of classification machine learning

models.
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Fig. 23: Discriminating features to distinguish neurogenic from non-neurogenic

fever

Classifiers employed 5 key discriminating features to distinguish neurogenic from non-

neurogenic fever: Level of injury, White Cell Count (WCC), C-Reactive Protein (CRP),

Procalcitonin (PCT), Maximum Daily Temperature for neurogenic (black) vs. non-

neurogenic (red) fever. p < 0.05%, 0.005***, 0.0001%#,
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Table 8. Distinguishing neurogenic from non-neurogenic high fever

Clinical rule Fever High fever hours
No. /81 %

Injury level below T3 Non-neurogenic 20 24.7
PCT >0.6 pg/L Non-neurogenic 10 12.3
CRP >155 mg/L Non-neurogenic 29 35.8
WCC >22 cells/uL Non-neurogenic 2 2.5
WCC 4-11 cells/uL + CRP Neurogenic 11 13.6
<100 mg/L + Temp >39 °C

TOTAL* 48 59.3

CRP = C-reactive protein, PCT = procalcitonin, WCC = white cell count
*Not equal to the numerical sum because some high fever hours satisfy more than one

rule
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PCT>0.6ug/L or
CRP>155mg/L or
WCC>22cells/uL

CRP <100mg/L and
WCC 4-11cells/uL and

temp>39°C
Yes

Injury No
below T37?

‘/Non-neurogenic‘ ‘/Non-neurogenic ‘,/Neurogenic

Fig. 24: Flow diagram distinguishing neurogenic from non-neurogenic fever

PCT = procalcitonin, CRP = C-reactive protein, WCC = white cell count, temp =

temperature.
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Max daily temp (°C)
40

39

38
37

36 -

234567 23456789 234567 23456
Days after TSCI

Fig. 25: Applying neurogenic vs. non-neurogenic fever distinction to fever episodes

Examples of fever episodes: Left infective (black), middle left neurogenic (blue),
middle right inflammatory (orange) then infective (black), right infective (black), then

neurogenic (blue).
CRP = C-reactive protein, PCT = procalcitonin, WCC = white cell count.

v diagnosed correctly and ‘?’ cannot distinguish neurogenic versus non-neurogenic.
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34 Discussion

Our group previously reported that following acute TSCI, fever (axillary
temperature >38 °C) is associated with cord metabolic stress and impaired neurological
recovery®®. Here, the analysis has been refined to demonstrate that deranged injury site
metabolism is a feature of all three major types of fever (neurogenic, inflammatory,
infective) and, therefore, all three types of fever are probably harmful. Infective fever
seems the most detrimental to the injured cord because it is also associated with
elevated spinal cord levels of pro-inflammatory cytokines/chemokines. The three types
of fever have different features that can be exploited to distinguish neurogenic from

non-neurogenic fever with confidence.

The following mechanism may explain how fever causes metabolic stress at the

158-161 162,163 164-166

injury site. Evidence from TSCI patients , rodents , and pigs suggests
that the injured cord is ischaemic. By increasing the metabolic rate!®’, fever increases
glucose and oxygen consumption, which accounts for the reduction in tissue glucose
and psctO2 at the injury site that we detected during fever; these changes cannot be
explained by reduced cord perfusion because fever does not affect SCPP or ISP. Tissue
oxygen depletion during fever then exacerbates cord ischaemia evidenced by rising LPR
at the injury site. It follows that more prolonged fever is associated with more metabolic
stress at the injury site. This mechanism may apply to all types of fever and all central
nervous system ischaemic pathologies, e.g. fever worsens outcome in TSCI patients !
172 TBI patients'’>!7* and rodent TBI models'**!7>. Fever also increases infarct size,

mortality, and worsens outcome in stroke patients'*!7®. Together, these findings

suggest that prompt treatment of fever may improve outcome after TSCI.

Unlike other fevers, infective fever is linked to additional harmful effects.
Infective fever is associated with elevated spinal cord levels of chemoattractants and

activators of leukocytes including GROo. and IL8 (neutrophils)!”” as well as IP10,
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MCP1, and MIP1 (microglia'’®!”® and macrophages'®*-18?) without changes in IL4 or

183

IL10, which are anti-inflammatory'°°. Neutrophils, microglia, and macrophages are

t184,185

abundant in acutely injured human'®! and ra spinal cord; their activation may

186 Our finding that cord metabolic stress precedes the onset

cause further tissue damage
of infective fever, suggests detrimental factors other than temperature, likely to be

leukocytes. The clinical implication is that treating fever without addressing the

leukocytes is unlikely to eliminate the detrimental effect of infective fever.
The three types of fever have different characteristics:

(i) Temperature: Infective and inflammatory fevers may be mediated by
prostaglandins'>!"187:188 byt neurogenic fever is caused by interruption of

152 Neurogenic fever is thus poorly responsive to

thermoregulatory spinal cord pathways
cyclooxygenase inhibition by paracetamol/non-steroidal anti-inflammatory drugs'®.

This may explain why neurogenic fever is higher than non-neurogenic fever.

(i1) Time course: Neurogenic fever starts soon after TSCI and peaks at one week, likely
related to evolving changes within the cord, e.g. cord oedema. Inflammatory fever is
primarily from trauma to other organs/surgery and thus peaks early. Infection takes time

to develop, which may explain why infective fever starts >48 hours after TSCI.

(ii1) Level of injury: Neurogenic fever is confined to injuries above T4. This coincides

1'% and autonomic

with the level for temperature dysregulation in chronic TSC
dysreflexia'®!. TSCI above T4 interrupts control of sympathetic supply to skin (trunk,
legs) and internal organs thus disrupting vasoconstriction/dilation, which has a major
impact on heat elimination. In contrast, inflammatory and infective fevers are not linked

to the level of injury. It is unclear why neurogenic fever was more prevalent in less

severe injuries.
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(iv) Peripheral inflammation. Unlike neurogenic fever, infective and inflammatory

fevers are associated with greater peripheral inflammation (higher WCC, CRP, PCT).

The three types of fever have differing management. Infective fever requires
source identification, septic screening and treatment with antibiotics. However, may
require additional measures, e.g. change of peripheral line or urinary catheter, chest
physiotherapy, or surgical lavage'’"!2, Inflammatory fever is multi-factorial, driven by
systemic inflammatory response to polytrauma, surgery, venous thromboembolism, or
blood transfusion; management is supportive!**!**. Neurogenic fever, a unique and
prominent feature in acute TSCI, is non-inflammatory but difficult to diagnose because
of concomitant peripheral inflammation!*>!%®, Therefore, neurogenic fever is often

managed as infective with unnecessary septic screens and overuse of antibiotics.

We showed that neurogenic fever has simple distinguishing features: TSCI
above T4, higher temperature and less peripheral inflammation (WCC, CRP, PCT).
Using these, neurogenic fever can be confidently distinguished from non-neurogenic
>50 % of the time. Early and accurate diagnosis of neurogenic fever may reduce over-
investigation and over-treatment with antibiotics that may, in turn, limit the emergence
of antibiotic resistance. There is no treatment for neurogenic fever after TSCI;
bromocriptine merits investigation, based on reports of its effectiveness in eliminating
neurogenic fever after TBI'*7!%%, Table 9 compares the pathological basis, diagnosis,
and management of infective, inflammatory, and neurogenic fevers in patients with

TSCIL

Our conclusions are supported by many hours of monitoring, but there are
limitations. We show associations, not causality, and thus cannot prove that treating
fever will improve outcome; a randomised, controlled trial is needed. It is also unclear if
the cytokines/chemokines are produced locally or enter the cord from the circulation;

simultaneous assays using serum and injury site MD may help resolve this. Finally, the
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method of distinguishing neurogenic from non-neurogenic fever needs external

validation. Our patient cohort is typical of the TSCI population with comparable

27,133,199 150,168,200 27,201
, fever

demographics , complications , and outcomes>"?%2%1 We
provide evidence that fever may cause secondary damage after acute TSCI and
demonstrate how injury site monitoring can determine how the spinal cord responds to
injury to guide patient management. Further studies are required to determine if treating

fever improves neurological outcome.
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Table 9. Comparison of the pathological basis, diagnosis, and management of

infective, inflammatory, and neurogenic fevers in patients with TSCI

FEVER TYPE NEUROGENIC INFECTIVE INFLAMMATORY

LIKELY PATHOLOGICAL BASIS
Causes Damaged sympathetic Infection Trauma, surgery, DVT

Mediator Sympathetic Prostaglandins Prostaglandins

DIAGNOSIS (TYPICAL FEATURES)

NLI Above T4 Any Any
Axillary temp. (°C) >39 <39 <39
Onset from TSCI (days) >1 >2 0
Peak from TSCI (days) 7 No peak 2
End from TSCI (days) 10 No peak 10
WCC <22 cells/uL v

CRP <155 mg/L v

PCT <0.6 pg/L v

LIKELY EFFECT ON TSCI

Cord injury 1 1 1
Cord metabolic demand 1 1 1
Cord inflammation — 1 N

LIKELY EFFECTIVE MANAGEMENT

Paracetamol, NSAIDs X v N4
Bromocriptine Vv X X
Active cooling v v v
Antibiotic X v X

CRP = C-Reactive Protein, DVT = Deep Venous Thrombosis, NLI = Neurological
Level of Injury, NSAID = Non-Steroidal Anti-Inflammatory Drug, PCT = Procalcitonin,

TSCI = Traumatic Spinal Cord Injury, WCC = white cell count.
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4 CHAPTER III - Effect of spinal cord perfusion pressure on

breathing
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4.1 Introduction

To advance acute TSCI management, having identified spinal cord tissue
oxygenation (Chapter II) and fever (Chapter III) as future therapeutic targets, the final
study addresses respiratory dysfunction, the major source of morbidity and mortality
following TSCI?®. It is the leading cause of death at 1 year (30.9%) and beyond one
year (19.9%)°2. TSCI has profound detrimental effects on respiratory mechanics?®.
Inspiratory (diaphragm and external intercostals) and expiratory (internal intercostals
and abdominal muscles) muscles become paralysed. Ventilatory pump failure occurs

after 50% of respiratory muscle compromise®”?, causing acute respiratory failure and

ventilatory dependence.

Cervical TSCI is more disabling than thoracic TSCI, because cervical TSCI
weakens the upper limbs and impairs control of breathing, blood pressure and body
temperature. Cervical TSCI causes diaphragmatic (nerve root supply C3 — C5) and
intercostal (nerve root supply T1 — T11) muscle dysfunction, leading to reduced vital
capacity from muscle fatigue, and secretion retention from impaired coughing®**,
Autonomic dysfunction further compounds secretion retention, causes bronchospasm

and pulmonary oedema?%*

. Consequences are pneumonia, failed extubation,
tracheostomy, and prolonged neuroICU stay>%°. Therefore, intervention to enhance

breathing in acute cervical TSCI in neurolCU would be a major advance.

The aim of this study was to determine whether SCPP affects the function of
breathing muscles in acute cervical TSCI patients. Diaphragm weakness may result in
intercostal muscles having a (suboptimal) compensatory role. Therefore, determining
whether SCPP affects both muscle groups, may translate to clinical benefit. Hence,
ultrasound scanning (USS) was used to evaluate both diaphragmatic and intercostal
muscle function. Additionally, the electrical activity of the diaphragm (EDI) was

evaluated using NAVA (neurally adjusted ventilatory assist) nasogastric tubes?%2%7,
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4.2 Methods

For Common Methods, please refer to Section 1.10. Below are study-specific methods:

4.2.1 Subjects

Data were collected from 21 subjects. We included all 13 cervical TSCI patients
recruited to the ISCoPE study between September 2020 and January 2023 with viable
ISP, SCPP, microdialysis (MD), and ps.tO2 monitoring signals. Recordings of breathing
function were made from patients when not attached to a ventilator or, if attached to a
ventilator, patients initiated their own breaths with pressure support (PS) and positive
end-expiratory pressure (PEEP) as chosen by the neuroIlCU team. We also included 8
controls (5 healthy subjects, 3 thoracolumbar spinal injuries) who consented to
ultrasound examination to establish technique feasibility, reproducibility, and normal
parameters in non-TSCI subjects. AIS classifications in the 3 thoracolumbar injuries
were T8A, T9A and L1C. Lower intercostal function in the 2 thoracic injuries were

excluded from final analysis.

4.2.2 Electrical activity of the diaphragm

EDI was captured by the modified NAV A nasogastric tube (MAQUET, Solna,
Sweden) inserted by neurolCU staff for feeding and to monitor EDI. Optimal catheter
position was verified by X-Ray and ventilator onscreen signal guidance during
placement. The EDI catheter was connected to the SERVO-U ventilator (Getinge,
Goteborg, Sweden) via a specific EDI module (Maquet, Solna, Sweden). The Philips
Intellivue MX800 monitor (Philips, Guildford, UK) was configured to the EDI signal
through a laptop with ICM+ recording software (Cambridge, U.K). Two parameters

were used: EDI-peak (neural inspiratory effort responsible for the size and duration of
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the breath) and EDI-min (tonic activity of the diaphragm that prevents de-recruitment of

alveoli in expiration). Fig. 26 shows the setup.

4.2.3 Ultrasound scanning (USS)

Excursion of the left and right hemi-diaphragms was assessed with a 3.5 — 5.0 MHz
probe set on M-mode via the anterior subcostal window (Fig. 27A). During inspiration,
the diaphragm contracts and moves caudally towards the transducer, recorded as upward
motion on the M-mode trace. Excursion is the maximum vertical height of the M-mode

k208

signal, from full expiration to inspiratory peak"°. Diaphragmatic and intercostal muscle

thickening was assessed bilaterally with a 10 — 15 MHz probe set on B-mode.

d?99210 at the zone of

Diaphragmatic thickness was measured as previously describe
apposition, where the diaphragm is directly behind the inner aspect of the lower rib

cage, with values obtained for quiet and deep breathing.

For intercostal USS the probe was oriented in the sagittal plane to record from the
27/3 intercostals (Upper intercostals), 5%/6'" intercostals (Middle intercostals), all
measured in the mid-clavicular line, and from the 9™ — 11% intercostals (Lower
intercostals) measured in the anterior axillary line (Fig. 27B). Landmarks were marked
on each subject’s chest to enhance reproducibility of measurements. On each occasion,
measurements were made for up to a minute, and the mean of each parameter
(diaphragmatic excursion and thickness, intercostal thickness) was computed.
Diaphragmatic or intercostal muscle thickening fraction during breathing was defined
as: (thicknessmax — thicknessmin) / thicknessmin x 100. For each patient, I used the
average of corresponding left and right measurements. This method of diaphragm

ultrasound is in line with recent expert consensus>!'! and international guidelines 2.

105



EDI-peak
A

il

- 251V
> 20 -
-V 154
30
10
20 -
10 4 97
D‘ L L D_-"‘"""

10 sec

Fig. 26: Electrical activity of the diaphragm (EDI)

*EDI-min

(Top) Schematic diagram of the nasogastric EDI catheter with electrode (blue stripes) in

situ at the gastro-oesophageal junction. (Middle) Photograph of a real EDI nasogastric

catheter. (Bottom left) EDI recordings from a C8A TSCI patient. (Bottom right)

Magnified view of EDI signal showing EDI-min and EDI-peak.
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Dlaphragm excur3|on

R 2nd intercostal § R 6th intercostal R 11th interc'oétal

Fig. 27: Diaphragm excursion and intercostal muscle thickness measurement

A, Placement of ultrasound probe to record diaphragmatic excursion from (left) right
hemidiaphragm, and (right) left hemidiaphragm. B, Placement of ultrasound probe to
record intercostal muscular thickness from (left) right 2™ intercostal muscle, (middle)

right 6™ intercostal muscle, and (right) right 11™ intercostal muscle.
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4.2.4 Optimising assessments of breathing function

Following pilot studies in subjects without cervical TSCI (not shown), we
eliminated the effect of patient position on EDI and USS parameters by performing all
measurements with the patients sitting at 20 — 30 degrees in bed. Patients did not have
active chest infection during the measurements. USS and EDI recordings were
performed during spontaneous breathing to eliminate any confounding effects of
mechanical ventilation. I performed all USS recordings to eliminate inter-assessor
variability. I received training in respiratory USS by two consultant radiologists, who

independently verified the method and measurement acquisition technique.

4.2.5 Statistical analysis.
Statistical analysis was performed in conjunction with Dr Saadoun. We used best fit
linear, quadratic, and cubic polynomials for breathing function vs. SCPP monitoring
data. The two noradrenaline groups (low vs. high dose) were compared using two-tailed

t-tests.
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4.3 Results

4.3.6 Subject characteristics

We recruited 13 cervical TSCI patients. All subjects and family members
approached agreed for the patients to participate. Table 10 shows demographic
information. Most (10/13) were males, and most (9/13) were younger than 60 years. On
admission, 4/13 patients were AIS grade A, 7/13 grade B and 2/13 grade C. 10/13
patients had posterior surgery only, and 3/13 had combined anterior + posterior surgery.
AIS grade at follow-up (on average 7.9 months) improved in 9, stayed the same in 3 and
no one deteriorated. 1/13 patient was lost to follow-up, due to a non-surgical mortality
from chest sepsis after discharge. In 8 control subjects (5 healthy and 3 thoracolumbar
spinal injuries), we evaluated USS parameters in 38 exams. As in the TSCI group, most
controls were male (7/8) and less than 60 years old (7/8), with mean age 41.1 years

(range 27.0 — 63.9). No one had co-morbidities or chest injuries.

4.3.7 Patient complications

Table 11 lists complications in the cervical TSCI patients. There was no
postoperative CSF leak, wound infection, haematoma, or cord damage from the
monitoring probes. 11/13 patients (84.6%) had non-compressive pseudomeningocele on
the two-week postoperative MRI, all conservatively managed. Non-surgical
complications included chest infection in 7/13, urinary tract infection in 4/13 and

delayed uncomplicated pressure ulcers successfully managed conservatively in 2/13.
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Table 10. Demographic characteristics of cervical TSCI patients

No Age Se AIS Follow-up Hours ISP
AIS follow-up

(years) x admission (months) monitoring
1 23.0 M C5A C7B 12.04 151
2 35.0 M C5A C3A 6.90 158
3 24.0 M C5C C5D 10.01 122
4 21.0 M C4B C4B 6.25 160
5 61.0 F C5B Lost 93
6 62.0 M Co6B C5C 6.85 159
7 504 M C4B C1D 8.05 106
8 71.4 F CSB C7D 10.55 116
9 37.0 M CSB C5B 8.71 113
10 54.3 F C1C C3D 7.72 98
11 20.1 M CSB C5C 6.25 56
12 70.6 M C5A C1C 6.51 14
13 44.5 M C5A C6A 4.74 112

TOTAL 1,458

AIS = American spinal injury association Impairment Scale, F = female, ISP = Intra

Spinal Pressure, M = male.
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Table 11. Complications of cervical TSCI patients

No. of
Complication %
patients

PROBE RELATED / SURGICAL

CSF leak 0 0.0
Wound infection 0 0.0
Meningitis 0 0.0
Cord damage from probes 0 0.0
Postoperative haematoma 0 0.0

Further surgery / return to

0 0.0
theatre
Pseudomeningocele 11 84.6
Post-traumatic syrinx 0 0.0

NON-SURGICAL / DELAYED

Chest infection 7 53.8
Urine infection 4 30.8
Line/blood infection 1 7.7
Pulmonary embolus or DVT 0 0.0
Pressure ulcer 2 154
Delirium in NeurolCU 1 7.7
Mortality 1 7.7

CSF = Cerebro-Spinal Fluid, DVT = Deep Vein Thrombosis.

*All non-compressive on postoperative MRI. 3/11 total resolution on 6 months MRI

**1/11 non-surgical mortality from pulmonary sepsis several months after surgery
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4.3.8 Reproducibility and confounding factors

Based on 8 subjects without cervical TSCI, the coefficients of variation for the USS
measurements were: diaphragmatic excursion 7.5 %, diaphragmatic thickening 5.3 %
(right 4.7 %, left 5.8 %), and intercostal thickening 3.0 % (upper 3.7 %, middle 2.0 %,
lower 3.3 %). The TSCI patients received noradrenaline infusion during 81.6 % of the
USS and EDI measurements. To determine the effect of noradrenaline, we compared
USS and EDI measurements made with TSCI patients on high (>0.1 pg/kg/min) vs. low
(<0.1 pg/kg/min) noradrenaline dose. High noradrenaline dose was associated with
higher MAP (96.2 vs. 93.0 mmHg, P< 0.005), higher ISP (16.9 vs. 8.9 mmHg, P<
0.001), lower SCPP (79.9 vs. 85.1 mmHg, P< 0.0005) and lower % muscle thickening
change during breathing for lower intercostals (-0.1 vs. 4.6 %, P< 0.05) with no effect
on EDI-peak, EDI-min, diaphragmatic excursion (quiet + deep breathing), %
diaphragmatic thickening change (quiet + deep breathing) or % muscle thickening

change for upper and middle intercostals.

EDI and USS recordings were not performed in patients with cardiorespiratory
instability, significant pre-existing lung disease, pulmonary contusions, pneumonia, or
pulmonary embolus that may have influenced diaphragmatic or intercostal muscle
function. PS support and PEEP may influence the USS and EDI parameters; therefore,
in addition to analysing all breathing function recordings, we also analysed the

subgroup related to patients not attached to a ventilator.

4.3.9 SCPP correlates with injury site metabolism.
We first determined whether SCPP correlates with injury site metabolism assessed
using spinal cord tissue oxygen (psctO2) and microdialysis (MD) monitoring from the

injury site. Details of the monitoring techniques are in Section 1.10 — Common
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Methods. The relations between psc(O2 vs. SCPP and tissue glucose vs. SCPP are
inverted-U shaped, with the maximum at SCPP 70 — 90 mmHg, whereas increasing
SCPP is associated with decreasing LPR (Fig. 28). These findings suggest that low
SCPP indicates ischaemia, and that both hypo- and hyper- perfusion may be detrimental

to the injured spinal cord, with optimum SCPP at 70 — 90 mmHg.

4.3.10 SCPP correlates with diaphragmatic function
Figs. 29A and 29B show the relationship between SCPP and EDI. SCPP <60 mmHg is
associated with low EDI-peak (diaphragmatic inspiratory effort) and EDI-min
(diaphragmatic tonic activity). EDI-peak and EDI-min increase as SCPP increases >60
mmHg, plateau at SCPP 60 — 90 mmHg, and increase further at SCPP >90 mmHg. In
non-ventilated patients, EDI varies with SCPP in a similar fashion. The diaphragmatic
thickening fraction for quiet and deep breathing plotted vs. SCPP has inverted-U

relationships, with maxima at SCPP 80 — 90 mmHg (Fig. 30).

During quiet breathing, there is no correlation between SCPP and diaphragmatic
excursion, but during deep breathing, diaphragmatic excursion is low at SCPP <60
mmHg, increases as SCPP increases >60 mmHg, plateaus at SCPP 60 — 100 mmHg, and
increases further at SCPP >100 mmHg (Fig. 31). Diaphragmatic excursion when PEEP
=0 and PS = 0 also does not correlate with SCPP for quiet breathing, but has inverse-U
relationship with SCPP for deep breathing with peak at SCPP 80 — 90 mmHg. Figs. 30
and 31 also show that the diaphragmatic thickening fractions and the diaphragmatic
excursions for quiet and deep breathing in the control subjects are generally low

compared with the corresponding parameters in patients with cervical TSCI.
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Fig. 28: Physiological importance of SCPP

Plots of A, ps.tO2 vs. SCPP, B, tissue glucose vs. SCPP, and C, tissue LPR vs. SCPP.
Data from all 13 patients, mean + standard error. Best fit quadratic (A, > = 0.78; B, r* =

0.98), Michaelis-Menten (C, 1> = 0.82).
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Fig. 29: Relationship of SCPP with electrical activity of the diaphragm (EDI)

Diaphragm EMG (EDI) vs. Spinal Cord Perfusion Pressure (SCPP) for A, EDI peak,
and B, EDI-min. Black, all 198 recordings; blue, 73 recordings when PEEP = 0, PS = 0.
Mean + standard error. Best-fit polynomial curves (A black, cubic: 12 = 0.90, A blue
cubic: 12 = 0.98; B black, cubic: r> = 0.98; B blue, quadratic: r* = 0.95). PEEP =
Positive End-Expiratory Pressure, PS = Pressure Support.
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Fig. 30: Diaphragm thickening fraction

A, Photos of ultrasound exam of right hemi-diaphragmatic muscle thickening during
quiet breathing, at end-inspiration and at end-expiration. % change in diaphragm
thickness = (inspiration — expiration)/expiration plotted vs. SCPP. B, during quiet
breathing, and C, during deep breathing. Black, all 103 recordings; blue, 52 recordings
when PEEP = 0, PS = 0. Red is data from controls without cervical TSCI. Mean +
standard error. Best fit quadratic (B, black: r* = 0.92; B, blue: 1> = 0.85; C, black: 1* =

0.72; C, blue: r* = 0.84).

insp = end-inspiration, exp = end-expiration, SCPP = Spinal Cord Perfusion Pressure,

PEEP = Positive End-Expiratory Pressure, PS = Pressure Support.
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Fig. 31: Diaphragmatic excursion

A, Diaphragmatic excursion measurements in M-mode. Diaphragm excursion plotted

vs. Spinal Cord Perfusion Pressure (SCPP) B, during quiet breathing, and C, during

deep breathing. Black, all 103 recordings; blue, 52 recordings when PEEP = 0, PS = 0.

Red is data from controls without cervical TSCI. Mean + standard error. Best fit curve

(B, black, linear r*> = 0.00; B, blue, linear r* = 0.38; C, black, cubic 1> = 0.79; C, blue,

quadratic r* = 0.93).

PEEP = Positive End-Expiratory Pressure, PS = Pressure Support.
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4.3.11 SCPP correlates with intercostal muscle function

Fig. 32 shows the relationship between the thickening fractions of the upper,
middle, and lower intercostal muscles plotted against SCPP. SCPP <70 mmHg (upper
and lower intercostals), and <60 mmHg (middle intercostals) was associated with
negative intercostal thickening fraction, suggesting failure of the muscles to contract

during inspiration (likely passive stretching, diaphragmatic breathing).

For upper and middle intercostals, SCPP >100 mmHg was also associated with
failure of the muscles to contract during inspiration. Overall, SCPP 80 — 100 mmHg
was optimal for allowing upper, middle, and lower intercostal muscles to contract
during inspiration. Intercostal thickening fractions when not attached to a ventilator, i.e.
PEEP = 0 and PS = 0, correlate with SCPP in a similar fashion. Fig. 32 also shows that,
in the control subjects, the upper, middle, and lower intercostals have positive

thickening fractions, indicating intercostal muscle contraction during inspiration.
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Fig. 32: Intercostal muscles thickening fraction

A, Ultrasound examination of right 6™ intercostal muscle thickening during quiet
breathing, at end-inspiration and at end-expiration. % change in intercostal muscle
thickness during quiet breathing = (inspiration — expiration)/expiration, B, in upper
intercostal muscles, C, in middle intercostal muscles, and D, in lower intercostal
muscles. Black, all 103 recordings; blue, 52 recordings when PEEP & PS = 0. Red is
data from controls without cervical TSCI. Mean + standard error. Best fit quadratic (B,
black: 12 = 0.91; B, blue: > = 0.94; C, black: r> = 0.35; C, blue: r* = 0.45; D, black: r* =
0.98; D, blue: r* = 0.97). PEEP = Positive End-Expiratory Pressure, PS = Pressure

Support.
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4.4 Discussion

We showed that monitoring breathing function in critically ill patients with acute
TSCI in neurolCU, using ultrasound and EDI, is feasible and reproducible. The key
finding is that SCPP correlates with breathing: too low SCPP (cord hypo-perfusion) and
too high SCPP (cord hyper-perfusion) are associated with more impaired breathing,
whereas SCPP 80 — 90 mmHg correlates with improved diaphragmatic and intercostal
muscle contractility. These findings are robust even when only data relating to patients
not attached to a ventilator are considered, to eliminate the effects of PEEP and PS on

the function of breathing muscles.

USS is a non-invasive, non-ionising technique that provides high-resolution

213 Disadvantages include the

images in real-time with good reproducibility
confounding effects of inotropic support, PEEP and PS on the measurements, whereas
obesity, reduced compliance from the critically ill patients and technical factors (such as
patient position, probe location and angulation) also affect the recordings®'*.

Subcostally scanning left hemi-diaphragmatic excursion is challenging because of the
small splenic window and lung masking; we had a failure rate of 70.9 %, compared with
subcostally scanning right hemi-diaphragmatic excursion. In the intensive care setting,
diaphragmatic USS has been used to guide weaning from mechanical ventilation®*, to
evaluate diaphragmatic paralysis®'> and to quantify the work of breathing®®”. We

recommend devoting time to optimise the technique before using the data for clinical

decision making.

The key diaphragmatic USS parameters are thickening fraction and excursion.
Thickening fraction is a measure of the force of contraction of the diaphragm during
inspiration?'®. Excursion is the up and down motion of the diaphragm that contributes to

217

the lung inspiratory volume~"’. Because of impaired intercostal muscle function,

patients with severe cervical TSCI rely almost exclusively on diaphragmatic contraction
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to increase lung volume during inspiration. By comparison, in normal subjects,
diaphragmatic contraction is responsible for 70% of the tidal volume and the intercostal
muscles for 30%?'%. This may explain our observation that diaphragmatic thickening
fraction and excursion are generally higher in patients with cervical TSCI than control
subjects with intact intercostal muscle function. Our data show that, during quiet (tidal)
breathing in patients with cervical TSCI, diaphragmatic excursion is independent of
SCPP (i.e. the tidal volume is reached regardless of the SCPP). However, SCPP affects
the force of diaphragmatic contraction, measured using the thickening fraction, with the
strongest contraction at SCPP 80 — 90 mmHg. Deep breathing requires increased
diaphragmatic effort to inflate and deflate the lungs to vital capacity; we found that,
during deep breathing, SCPP has a major influence on diaphragmatic thickening

fraction and excursion with optimum function at SCPP 80 — 90 mmHg.

Diaphragmatic function was further assessed using the EDI nasogastric tube,
initially designed for NAVA ventilation?°*?%’. During quiet breathing, normal EDI-peak
1s 5 — 10 pV, and normal EDI-min is up to 1 uV. EDI-peak increases when the
diaphragm has to contract more, e.g. during respiratory distress the EDI-peak may
increase to 5 — 7 times above normal?!?%, Our data show that at SCPP <60 mmHg, the
EDI-peak is too low and that SCPP 60 — 100 mmHg is required for EDI-peak to
normalise. We also found that low SCPP (<60 mmHg) is associated with reduced EDI-
min, which is a marker of diaphragmatic tone. Reduced diaphragmatic tone is
detrimental by allowing the abdominal contents to displace the diaphragm cranially thus
causing lung compression and atelectasis??!. We found that SCPP 60 — 100 mmHg

increases EDI-min, which may, in turn, facilitate tonic diaphragmatic contraction.

We also assessed the thickening of intercostal muscles, which are easily
accessible by USS. Normally, the contribution of intercostal muscles to breathing
increases with intense respiratory effort>?2. In our control group, the thickening fraction
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was low (<5% for upper and middle intercostal muscles, 10% for low intercostals). In
the cervical TSCI patients, we found an inverted-U relationship between intercostal
thickening fraction and SCPP for upper and middle intercostals with the maximum
intercostal thickening fraction reaching normal level during quiet breathing at SCPP 80
— 90 mmHg. The thickening fraction of low intercostal muscles increased with
increasing SCPP. Negative thickening fraction, seen during spinal cord hypo- and
hyper-perfusion, likely indicates passive stretching of the intercostal muscles during

inspiration that may occur with diaphragmatic (abdominal) breathing.

A limitation of the study is the small number of patients. However, the
conclusions are supported by 1,458 hours of SCPP monitoring and 106 serial USS
examinations (total 1,370 USS images/videos). The neurolCU setting with critically ill
patients required to cooperate during the assessments was particularly challenging.
Together, the findings raise the possibility that intervention to maintain SCPP 80 — 90

mmHg may improve breathing in patients with acute, severe cervical TSCI.

To conclude, acute severe cervical TSCI impairs breathing. Our study shows
that SCPP 80 — 90 mmHg correlates with improved breathing function. Further studies
are required to determine whether a SCPP-driven protocol affects clinical outcomes
such as minimising failed extubation, avoiding tracheostomy, and reducing neurolCU

length of stay.
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5 CHAPTERIYV - Overall Discussion
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5.1 Summary of Findings

By utilising injury site monitoring, the three experiments presented in this thesis,
have generated several novel and important findings, relevant to improving neurological

outcome following acute TSCI.

First, spinal cord tissue oxygen, designated “psctO2”, has been defined as a novel
parameter in spinal cord injury physiology. I showed that ps(O> can be safely and
accurately measured from the injured human spinal cord. Ps.tO> correlates with injury
site metabolism, physiology and, critically, is associated with neurological outcome.
Having shown that hypoxia and hyperoxia may impair motor function, the next step is
to define critical thresholds. Based on TBI studies, I hypothesise that <20 mmHg

1027105 and <5 mmHg, necrosis®>. Overall, the findings support the

represents hypoxia
monitoring of continuous oxygen data, directly from the injury site. This is important

for tissue-oxygen guided optimisation, as a future treatment for acute TSCI.

Second, I defined different types of fever and their effects following TSCI. All
types are likely harmful, increasing metabolic stress and exacerbating cord ischaemia.
However infective fever is likely to be the most injurious by also exacerbating
inflammation. Fig. 34 summarises the properties of the three different types, and their
likely effects on the injured spinal cord. Fever is easily measured and treatable.
Accurately ascertaining the aetiology of fever will guide appropriate treatment, and
explains why anti-pyretics and anti-inflammatory agents are not always efficacious. The
use of clinical and biochemical classifiers to distinguish neurogenic fever from infective
and inflammatory is novel. Given the absence of treatment for neurogenic fever in
TSCI, the novel application of bromocriptine in TSCI merits evaluation, given reports
of its efficacy in TBI neurogenic fever. Timely and accurate diagnosis of fever may
reduce over-investigation on ICU, thus economic burden. The commonly ascribed label

of “pyrexia of unknown origin” may be reduced with our neurogenic fever flowchart.

124



d GLUCOSE +
OXYGEN
PMEIAREIG CONSUMPTION

: q STRESS

lPsctoz
o FEVER IN
ow periphera
SYAE RIS FNEUROGENIC inflammation ACUTE TSCI
« Injlinyeeios T SECONDARH ANAEROBIC
ok FEVER IWCC |CRP NEUROLOGICAL ENAFRaBIC
IPCT INJURY
PO | AMMATORY
p— A
« Transfusion FEVER MCELLULAR
DAMAGE
—— INFECTIVE Cytokines GROa IL8 Neutrophils
i Chemoattractants IP10 MCP1 Microglia
« Urosepsis FEVER
* Line infection Leucocyte activators MIP1B Macrophages

Fig. 33: The detrimental effects of fever following TSCI

All fever types (neurogenic, inflammatory, infective) potentiate metabolic stress, contributing to a vicious cycle of secondary neurological injury.

SIRS = Systemic Inflammatory Response Syndrome, WCC = White Cell Count, PCT = Procalcitonin, CRP = C-Reactive Protein, Ps.O> = Spinal Cord

Tissue Oxygen, LPR = Lactate Pyruvate Ratio; GROa, ILS, IP10, MCP1, MIPIp are all cytokine signalling molecules.
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Third, I showed that following TSCI, breathing function correlates with SCPP.
Specifically, spinal cord hypoperfusion and hyperperfusion were associated with
impaired breathing. Whereas SCPP 80 — 90 mmHg correlated with optimal
diaphragmatic and intercostal contractility. The findings were consistent across
ventilated and non-ventilated patients, suggesting the scope for SCPP augmentation as a
treatment for impaired breathing function. Fig. 35 shows the innervation of breathing

muscles and how improving SCPP may optimise breathing function.

Despite previous evaluation of breathing in chronic TSCI cohorts??+%2,

prospective quantification of breathing function (using EDI and ultrasonography) and
the presented associations with spinal cord physiology in acute TSCI, are novel. The
feasibility and reproducibility of EDI and ultrasound monitoring in acute TSCI have
been established. Further study is warranted to elucidate EDI microvoltage and
ultrasonographic thresholds across TSCI severities, for utility as an effective
management adjunct. Furthermore, the current management of breathing dysfunction in
acute TSCI focusses on reactive interventions (ventilation, secretion management and
tracheostomy). The findings raise the prospect of targeting SCPP pro-actively, to
minimise the need for tracheostomy, promote secretion clearance, prevent failed
extubation and decrease neurolCU length of stay. Further evaluation of these outcomes
in a larger cohort could lead to a reduction in the significant morbidity associated with

respiratory dysfunction.

Multimodality monitoring in acute TSCI may now encompass tissue-oxygen
monitoring, restoring normothermia specific to fever type, and optimisation of breathing
function. The following sections expand on injury site monitoring as a paradigm,

including the future, limitations, alternatives and further work to advance the field.
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5.2 Is injury site monitoring the future of TSCI?

Monitoring from the injured spinal cord provides real-time, continuous information
about cord physiology (ISP, SCPP, Py.0O>), autoregulation (sPRx, sSRAP) and
metabolism (tissue glucose, LPR). The probes are placed at the time of surgery, not
requiring additional intervention, with minimal risk. Monitoring may detect secondary
neurological physiologic and metabolic insults, providing clinicians with the potential to
intervene (e.g. inotropic augmentation of SCPP, FiO; boosting of pstO2) and receive
feedback from such interventions (e.g. treatment of fever). Monitoring allows
quantitative feedback, therefore novel pharmacotherapeutic interventions, (e.g.
AZD1236 MMP inhibitors**®, minocyline**”*?*, riluzole’*) and novel surgical
treatments (duroplasty®?, experimental bio-scaffolding techniques®*°>*?) can be pre-
clinically evaluated. First, to understand how they affect the injury site. Second,
whether their effects can be potentiated by improving parameters detected by
multimodality monitoring. For example, improving drug delivery by optimising spinal
cord blood flow (SCPP). Such insights may support the research and development of

future robust treatments for acute TSCI.

5.3 Limitations with injury site monitoring

There are limitations with monitoring. Currently it is invasive, requires specialist
input, large volume data storage, and carries low but present risks including cord
damage, CSF leak +/- infection and pseudomeningocele formation. Prospective
detection of physiological stressors during the postoperative epoch, although the first
step, may be behind the curve. For instance, calculating SCPPopt in 5-minute windows
is a retrospective insight into autoregulation. Therefore, this approach may miss the

therapeutic window before secondary neurological damage ensues.
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5.4 Alternative to injury site monitoring

Lumbar CSF monitoring of both pressure (CSF-P) and metabolism is a documented
technique, facilitated by placement of a lumbar catheter’®’”. Advantages include the
availability and familiarity of the technique with relatively low risks of lumbar catheter
placement, below the injury site. Disadvantages centre around the fundamental accuracy
of the measured parameters. We previously showed that CSF-P and ISP from the injury
site are not equivalent in terms of CSF-P vs. ISP’ as well as lumbar CSF metabolites
vs. injury site MD®. This is because each technique assesses different CSF
compartments. Therefore, evaluating the spinal cord injury site swollen against the dura,
may represent physiologic and metabolic parameters with greater accuracy. This
favours multimodality injury site monitoring rather than lumbar CSF monitoring to

accurately guide postoperative ICU management.

5.5 The future of multimodality monitoring

The future of injury site monitoring may relate to advances in probe factors,

monitored parameters and data output.

5.5.1 Probe factors

The “ideal” monitoring probe should be minimally-invasive. This reduces the
durotomy size minimising CSF leak and infection risk. Smaller probes could survey
multiple foci, concentrically (contusion, peri-contusional) or cranio-caudally. Derived
parameters would require validation against our spinal cord physiological measures
before use. Alternatively, an extradural probe could be placed, without surgery / general
anaesthetic e.g. fluoroscopic guidance in the lateral position. However, the need for
technical precision, several anatomical layers to bypass and infection risk, render this

challenging. Radio-opaque MRI compatible probes would allow early imaging
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surveillance with probes in situ (vs. post-removal). Therefore, greater duration of

monitoring but risk of signal drift and infection.

Finally, an intraoperatively placed, extradural micro-transmitter could relay near
infrared spectroscopic (NIRS) ISP and psctO2; translation of NIRS to ICP?**2% and
put02224238 are described. For TSCI, a small implantable sensor (“MUSIC”) in
development, promises neuromodulatory and ultrasonographic recording of
autoregulation®*®. Neither technologies can provide microdialysate or the high-

resolution data that we achieve with invasive monitoring.

5.5.2 Monitored Parameters and Data Output

Future development of a single combined probe capable of monitoring pressure,
oxygenation, and electrical activity (e.g. D-wave amplitude for corticospinal tract
integrity) would represent a major advance in probe technology. Multifocal parameter
recording could evaluate the peri-contusional injury site profile, and potential
salvageability with targeted perfusion therapy. Monitoring multiple SCPPs, short-
window SCPPopts and sPRxs, could differentiate injury zones. Furthermore, continuous
microdialysate data would be an advantage compared to hourly. Combined with other

240,241

techniques such as cord tractography , prognostication of spinal cord injury could

be improved, beyond the AIS grade designation.

Multimodality monitoring output delivers a continuous stream of physiologic and
metabolic data to integrate with clinical management. Employing predictive data-
modelling could quantitatively risk-stratify patients for cord hypoperfusion, hypoxia
and metabolic derangement, allowing clinicians to intervene in a timely manner. This

mandates rigorous validation and data safety measures before wider application.
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5.5.3 Future work
On the basis of this thesis, future directions include: first, adopting the detection and
treatment of cord hypoxia. A randomised trial comparing neurological outcomes in
TSCI patients managed with a psc(O>-targetted protocol versus standard management is

warranted.

Second, enhanced classification of fever type including the use of neurogenic fever
classifiers and normothermic restoration according to fever type, using anti-
inflammatories, anti-pyretics, active cooling +/- D2 agonists, or appropriate antibiotics.
A randomised trial is needed to compare neurological outcomes in TSCI patients with

active normothermic restoration versus those without.

Third, the detection and mitigation of breathing dysfunction by augmentation of
cervical spinal cord perfusion pressure. A randomised trial is needed to compare
breathing functional outcomes (e.g. extubation failure, chest sepsis, mechanics,
contractility) in cervical injuries with monitoring adjuncts (diaphragm EMG,
ultrasound) and SCPP augmentation versus cervical TSCI patients without monitoring
of breathing. There is a need to better define diaphragm EMG and ultrasound parameter

thresholds, prior to clinical application.

5.5.4 Novel therapies
First, it is now possible to safely detect and improve ps.tO2. This can be achieved by
increasing FiO, concentration, improving p.O> by increasing PEEP, clinically-indicated
blood transfusion, and treating underlying causes of systemic hypoxia (e.g. chest sepsis
and ventilatory failure). Second, the prompt recognition, classification and tiered
management of fever episodes, to improve injury site metabolism. Currently anti-

pyretics, non-steroidal anti-inflammatory drugs and active cooling are employed, the
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latter with risks of thrombosis and infection. There is no effective drug for neurogenic
fever, however the agent bromocriptine may have a role. It is a sympatholytic dopamine
D2 receptor agonist?*? with a half-life of 5.4 hours, peak concentration - 1.5 hours, and a
favourable side effect profile (transient cardiovascular/neuropsychiatric effects,

systemic fibrosis only with chronic high-dose usage)***.

Animal models of D2 receptor agonists report dose-dependent hypothermic
effects?¥324 putatively by reducing sympathetic outflow. Evidence in humans for
bromocriptine in neurogenic fever is limited to reports and heterogenic studies?®. A
randomised study is currently underway, comparing paracetamol versus paracetamol +

> However, without injury site monitoring, such

5 mg bromocriptine in acute TB
studies cannot determine effects on injured neurological tissue. With monitoring, we

may define the local effects of drugs like bromocriptine, prior to robust evaluation in

large, expensive clinical trials.

Third, diaphragm monitoring can be used to survey breathing dysfunction while
augmenting cervical SCPP to optimise breathing function. Currently, the use of
diaphragm EMG and chest ultrasound in TSCI is not routine. However, we have defined
both as safe, quantifiable techniques, to profile the extent of breathing dysfunction, and

therefore guide SCPP-driven management.

Multimodality monitoring has exposed the role of dural compression against the
injured spinal cord. Persistently raised ISP is not adequately addressed by laminectomy
and bony realignment alone’’. Expansion duroplasty can surgically address this by
providing space for injured cord expansion. Preliminary data showed laminectomy and
expansion duroplasty to lower ISP, improve SCPP and lower sPRx to a greater extent
than laminectomy alone®!. Currently, a multi-centre prospective RCT, DISCUS is

underway to evaluate the technique®.
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6 Conclusions

Acute traumatic spinal cord injury is a catastrophic event causing significant
morbidity, however management should not be conceptualised as futile. Historically
patients were prescribed bedrest and operated in a delayed fashion. In the future,
physiological insights gained from multimodality monitoring, provides rationale for
pro-active management. Prompt surgical decompression and adjunctive injury site
monitoring may reduce early secondary injury. Addressing patients’ individual

physiological derangement using multimodality monitoring is feasible on neurolCU.

Optimising psctO2, restoring normothermia and supporting breathing function, may
minimise secondary neurological injury to maximise neurological recovery.
Randomised controlled trials are needed to verify and validate the findings from my
experiments in larger TSCI cohorts. Crucially, even with optimal acute management for
neurological outcomes, prompt transfer to specialised neuro-rehabilitative facilities with

psychological support are critical, to achieving realistic functional outcomes in TSCI.
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Consultee Information Sheet:
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the 3™ line so that the sentence reads: "Please note that you, as a consultee,
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Membership of the Committee

The members of the Committee who took part in the review are listed on the attached
sheet.

Working with NHS Care Organisations

Sponsors should ensure that they notify the R&D office for the relevant NHS care
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issued by the lead nation for the study.

Amendments related to COVID-19

We will update your research summary for the above study on the research summaries
section of our website. During this public health emergency, it is vital that everyone can
promptly identify all relevant research related to COVID-19 that is taking place globally. If
you have not already done so, please register your study on a public registry as soon as
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other information relating to your project.
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IRAS Project ID - 38379: Please quote this number on all correspondence ‘
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9 Appendix II: Consent and Patient Information Sheets

St George's University Hospitals NHS|

NHS Foundation Trust

Patient details: Name:
Date of Birth:

Hospital Number:

Patient Identification Number for this study:

INFORMED CONSENT

Title of study: Injured Spinal Cord Pressure Evaluation (ISCoPE)

Name of Chief investigator: Prof Marios Papadopoulos
Please initial box

1. | confirm that | have read and understood the information sheet dated
......................... (version ........) for the above study and have had the
opportunity to consider the information, ask questions and have had these
answered satisfactorily.

2. | understand that my participation is voluntary and that | am free to withdraw
at any time, without giving any reason, without my medical care or legal rights
being affected.

3. lunderstand that sections of any of my medical notes may be looked at by
responsible individuals from St George’'s University Hospitals NHS
Foundation Trust or from regulatory authorities where it is relevant to my
taking part in research. | give permission for these people to have access to
my medical records.

4. | agree to take part in the above study.

5. | agree to my General Practitioner being informed of my participation in this
study
Name of Participant Date Signature of participant
Name of Person taking consent Date Signature of person taking consent
Name of Witness (If participant cannot sign) Date Signature of witness

(but verbally consents)

N.B. 3 forms of written consent required: 1 form for Patient/Consultee; 1 to be kept as part of the study documentation in the site file with
corresponding patient information sheet; 1 to be kept with medical notes (original) with corresponding patient/consultee information sheet

170



St George's University Hospitals NHS

NHS Foundation Trust

Patient details: Name:
Date of Birth:

Hospital Number:

Patient Identification Number for this study:

CONSULTEE DECLARATION FORM

Title of study: Injured Spinal Cord Pressure Evaluation (ISCoPE)

Name of Chief investigator: Prof Marios Papadopoulos
Please initial box

1. | confirm that | have read and understood the information sheet dated
......................... (version ........) for the above study and have had the
opportunity to consider the information, ask questions and have had these
answered satisfactorily.

2. | understand that the patient’s participation is voluntary and that | am free to
advise withdrawal at any time, without giving any reason, without their medical
care or legal rights being affected.

3. | understand that sections of any of their medical notes may be looked at by
responsible individuals from St George’s University Hospitals NHS
Foundation Trust or from regulatory authorities where it is relevant to their
taking part in research. | give permission for these people to have access to
their medical records.

4. | agree as consultee for to take part in the
above study.

5. | agree to the patient’'s General Practitioner being informed of the patient’s
participation in this study

Name of Participant Date Signature of participant
Name of Person taking consent Date Signature of person taking consent
Name of Consultee & Consultee Relationship to Patient Date Signature of Consultee

N.B. 3 forms of written consent required: 1 form for Patient/Consultee; 1 to be kept as part of the study documentation in the site file with
corresponding patient information sheet; 1 to be kept with medical notes (original) with corresponding patient/consultee information sheet
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Participant Information Sheet

Study Title: Injured Spinal Cord Pressure Evaluation (ISCoPE)
Cl: Prof Marios Papadopoulos IRAS ID: 38379

We invite you to take part in a research study. Before you decide you need to understand
why the research is being done and what it will involve for you. Please take time to read
the following carefully and discuss it with others if you wish. Part 1 tells you the purpose
of this study and what will happen to you if you take part. Part 2 gives you detailed
information about the conduct of the study. If you would like any further information or it
anything is not clear, please ask us.

Part1

What is the purpose of the study?

To find out what happens to the spinal cord during the early stages of its injury. This will
include:

- Pressure monitoring

- The electrical activities of the spinal cord

- The spinal cord’s oxygen consumption

- The waste product produced by the spinal cord during injury

- The effects of spinal injury on respiratory function

Why have | been invited?
Because you have suffered a spinal cord injury. Initially, we aim to study about 110
patients.

Do | have to take part?

It is up to you to decide. If you do, you will be given this information sheet to keep and
asked to sign a consent form. You are free to withdraw at any time without giving a
reason. A decision to withdraw or not take part will not affect the standard of care you
will receive.

What will happen to me if | take part?

If you choose to take part, we will insert probes next to your spinal cord and attach them
to a computer to measure cord pressure, cord oxygen, various chemicals, blood flow
and/or electrical waves for up to a week. Measuring cord pressure is an experimental
procedure not routinely done after a spinal cord injury.

If your spinal cord is found to be swollen during the operation to fix your spine, we may
perform one or more additional procedures: 1. a “duroplasty.” This procedure is routinely
performed in other spinal operations when the spinal cord is swollen and involves making
a surgical incision in the spinal dura membrane to release the pressure.

After your surgery we would like to do some early tests to assess your respiratory
function. This will involve monitoring your respiratory muscles using an ultrasound
scanner, and the electrical activity of the diaphragm muscle using a routine feeding tube.
This will help us to assess respiratory function during the early stages of recovery from
the injury.
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In all other respects, you will receive the care we normally provide for people with a spinal
cord injury regardless of whether you decide to take part in this study.

We will arrange one visit to examine your arms and legs between 6-12 months. This is
fo find out how strong your limbs are and how well they can feel.

What do | have to do?
If you would like to take part in our study you need to sign the consent form. You have
up to an hour to make up your mind.

What is being tested?

We are trying to find out if the pressure of your spinal cord is high, possibly for many
days, even after surgery to fix the spine. We do not know if high cord pressure matters.
We are also trying to investigate changes in the spinal cord electrical activities, tissue
oxygen, waste products produced and/or effect on respiratory function following spinal
cord injury.

What are the risks of taking part?

The chance of being harmed by taking part is low, probably less than 1 in 100. We know
this because we have already done such recordings from many patients without causing
any damage. Nevertheless, there is a small chance that the catheter(s) causes damage
to your spinal cord. The catheter might get infected and the infection might spread to the
spinal fluid or metalwork used to stabilise the spine. After removing the catheter, there is
a small risk of a spinal fluid leak. If this happens, you may need another operation to stop
the leak. There is a small risk that performing the duroplasty will also cause a spinal fluid
leak. ‘Duroplasty’ is a reconstructive operation that will close any openings in the dura
membrane that surrounds the spinal cord. During the operation we may perform an
additional test to check the blood supply to your spinal cord. This requires injection of a
dye, routinely used in clinical practice. The risks of this are low and include rash and
vomiting (1 in 500 people), or severe allergic reaction (1 in 2000 people). A separate dye,
routinely used in clinical practice, may be used to assess the blood supply of the spinal
cord. It may be injected at the time of an ultrasound scan during the operation. The risks
are low and include nausea, flushing, rash, headache (less than 1 in 100 people), or a
severe allergic reaction (less than 1 in 1000 people)

What are the possible benefits of taking part?

Your spinal cord pressure may be lowered by taking part. We do not know if lowering
spinal cord pressure is beneficial in the long term.

It may help us improve treatment of future patients with spinal cord injury.

What happens when the research study stops?
We will let you know our findings.

What if there is a problem?
Any complaint about the way you have been dealt with or any possible harm you might
suffer will be addressed. The detailed information is given in part 2

Will my taking part in the study be kept confidential?
Yes, all information about your participation will be confidential. The details are in part 2.

This completes Part 1. If the information in Part 1 interests you, please read the
information in part 2 before making a decision.
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Part 2

What if relevant new information becomes available?

Sometimes we get new information about the procedure being studied. If this happens,
we might consider withdrawing you from the study. We will explain the reasons and
arrange for your care to continue. If the study is stopped for any reason, we will tell you
and arrange your continuing care.

What will happen if | don’t want to carry on with this study?

You can withdraw from the study at any time. You do not have to tell us why, however
we would like to know for our records. . Withdrawal from the study would not affect the
usual care or treatment that you would receive during or after the trial. As we would prefer
to keep the data collected already we would ask for your permission to do so and would
not collect any more.

What if there is a problem?

If you have a concern about any aspect of this study you should ask to speak with the
researchers who will do their best to answer your questions. If you remain unhappy and
wish to complain formally you can do this through the NHS Complaints Procedure.
Details can be obtained from your hospital.

If you are still not satisfied with the response you may contact the Joint Research and
Enterprise Office at St George’s: 020 8725 4986

St Georges, University of London, as the Sponsor, has appropriate insurance in place in
the unlikely event that they suffer any harm as a direct consequence of their participation
in this study. NHS indemnity operates in respect of the clinical treatment which is
provided.

Will my taking part in the study be kept confidential?

Yes. Yes. We are bound by legislation and the NHS confidentiality code of practice to
safeguard confidentiality during and after the study.

It is possible that authorised persons from either the Sponsor organisation and/or the
Regulatory authorities that monitor the quality of research such as this may require
access to view your medical records for the purposes of audit or monitoring.

Data collected for this study may be retained on a secure database kept on NHS
computers for up to a year following study closure whilst results are being analysed.
Once the study is closed following analysis study records may be kept for a further 10
years in a secure location. No information will be kept, which allows your identity to be
revealed.

Once participation in this study is agreed we will notify your GP. We will provide a copy
of this information sheet for them to enter onto the GP medical records.

If you decide to take part, you will be assigned a unique code so that your personal
details are not revealed (anonymised). Any data collected will be stored under this code.

Where can you find out more about how your information is used?

You can find out more about how we use your information here:

SGHFT Privacy link: https://www.stgeorges.nhs.uk/about/privacy-notice/
https://www.stgeorges.nhs.uk/education-and-research/research/research-privacy-
notice/

For general information on how the NHS uses research data please visit
https://www.hra.nhs.uk/information-about-patients/
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What will happen to any samples | give?

We may test spinal fluid and blood samples to help assess the metabolism of
the injured spinal cord and your body’s response to the injury. We will not store
samples containing cells / human tissue / genetic material.

Will any genetic tests will be done?
No.

What will happen to the results of the research study?
We will try to publish the findings of our study in scientific journals and present them in
scientific meetings. You will not be identified in any report or publication.

Who is organising and funding the research?

This research is funded by Wings for life spinal cord research foundation and the
Neurosciences Research Foundation at St George’s University of London. The study is
organised by Marios Papadopoulos, a neurosurgeon at St. George’s Hospital in London.
St Georges University Hospitals NHS Foundation Trust is the Study Sponsor.

Who has reviewed the study?

All research in the NHS is looked at by an independent group of people called a Research
Ethics Committee to protect your interests. This study was reviewed and given a
favourable opinion by the London- Camberwell St Giles Research Ethics Committee.

Further Information and Contact Details

Please contact:
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Personal Consultee Information Sheet
Study Title: Injured Spinal Cord Pressure Evaluation (ISCoPE)

Cl: Prof Marios Papadopoulos IRAS ID: 38379

We invite this patient to take part in a research study. We would like you, as a consultee
for the patient, to advise whether the participant should be in the study. Please note that
you as a consultee, provide advice whether in your opinion they should participate in this
study and to state what the participants wishes and feelings would be had they had
capacity; this is not consent. The participant will be asked to consent if and when they
regain capacity. Before you decide you need to understand why the research is being
done and what it will involve for them. Please take time to read the following carefully
and discuss it with others if you wish. Part 1 tells you the purpose of this study and what
will happen to them if they take part. Part 2 gives you detailed information about the
conduct of the study. If you would like any further information or if anything is not clear,
please ask us.

Part1

What is the purpose of the study?

To find out what happens to the spinal cord during the early stages of its injury. This will
include:

- Pressure monitoring

- The electrical activities of the spinal cord

- The spinal cord’s oxygen consumption

- The waste product produced by the spinal cord during injury

- The effects of spinal injury on respiratory function

Why have they been invited?
Because they have suffered a spinal cord injury. Initially, we aim to study about 110
patients.

Do they have to take part?

No. It is up to you to advise us on their behalf. We feel your relative/friend is unable to
decide currently whether to participate in this research. In such a circumstance, under
current legislation (Mental Capacity Act 2005 (England) or Mental Capacity Act 2016
(NI)), a consultee can advise on their behalf. We ask your opinion to consider what you
know of their wishes and feelings, and to consider their interests. Please let us know of
any advance decisions they may have made about participating in research. These
should take precedence. We will give you this participant information sheet, which we
hope will help you decide. We are very happy to discuss this further if you have any
questions or concerns. If your opinion is that they have no objection to taking part, you
will be asked to sign a consultee declaration form. This form merely states your opinion
and is not the same as consent. Your relative/friend is free to withdraw at any time without
giving a reason. A decision to withdraw or not take part will not affect the standard of
care they receive. If you are unsure about taking the role of consultee you may seek
independent advice. We will understand if you do not want to take on this responsibility.
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What will happen to them if they take part?

They will receive the care normally provided for people with a spinal cord injury including
the spinal operation that their surgeon considers to be the best for them regardless of
whether they take part in this study. If you advise for them to take part, they may also
have the following procedures during their spinal surgery. If you advise for them to take
part, they may also have the following procedures: We may insert probes next to their
spinal cord and attach them to a computer to measure cord pressure, cord oxygen,
various chemicals, blood flow and/or electrical waves for up to a week. Measuring
cord pressure is an experimental procedure not routinely done after a spinal cord injury.

If your spinal cord is found to be swollen during the operation to fix your spine, we may
perform one or more additional procedures: 1. A “duroplasty.” This procedure is routinely
performed in other spinal operations when the spinal cord is swollen and involves making
a surgical incision in the spinal dura membrane to release the pressure.

After their surgery we would like to do some early tests to assess the effects of their
spinal injury on their respiratory function. This will involve monitoring their respiratory
muscles using an ultrasound scanner, and the electrical activity of the diaphragm muscle
using a routine feeding tube. This will help us to assess respiratory function during the
early stages of recovery from the injury,

In all other respects, they will receive the care we normally provide for people with a
spinal cord injury regardless of whether you decide for them to take part in this study.

We will arrange one visit to examine their arms and legs between 6-12 months. This is
to find out how strong their limbs are and how well they can feel.

What do | have to do?

After reading the study information, you should advise us on what the participant’s
wishes and feelings would be about taking part in the study. If you advise that they would
have no objection to taking part, you will be asked to sign the consultee declaration form.
You as the consultee, give advice rather than consent. You will have at least two hours
fo decide whether or not you advise for them to take part. We may also contact them to
ask about their experiences of taking part in the study.

What is being tested?

We are trying to find out if the pressure of their spinal cord is high, possibly for many
days, even after surgery to fix the spine. We do not know if high cord pressure matters.
We are also trying to investigate changes in the spinal cord electrical activities, tissue
oxygen, waste products produced and/or effect on respiratory function following spinal
cord injury.

What are the risks of taking part?

The chance of your relative/friend being harmed by taking part is low, probably less
than 1 in 100. We know this because we have already done such recordings from
many patients without causing any damage. Nevertheless, there is a small chance that
the catheter(s) may cause damage to their spinal cord. The catheter may get infected
and the infection might spread to the spinal fluid or metalwork used to stabilise the
spine. After removing the catheter, there is a small risk of a spinal fluid leak. If this
happens, they may need another operation to stop the leak. There is a small risk that
performing the duroplasty will also cause a spinal fluid leak. ‘Duroplasty’ is a
reconstructive operation that will close any openings in the dura membrane that
surrounds the spinal cord. During the operation we may perform an additional test to
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check the blood supply to the spinal cord. This requires injection of a dye, routinely used
in clinical practice. The risks of this are low and include rash and vomiting (1 in 500
people), or severe allergic reaction (1 in 2000 people). A separate dye, routinely used in
clinical practice, may be used to assess the blood supply of the spinal cord. It may be
injected at the time of an ultrasound scan during the operation. The risks are low and
include nausea, flushing, rash, headache (less than 1in 100 people), or a severe allergic
reaction (less than 1 in 1000 people)

What are the possible benefits of taking part?

Their spinal cord pressure may be lowered by taking part. We do not know if lowering
spinal cord pressure is beneficial in the long term.

It may help us improve treatment of future patients with spinal cord injury.

What happens when the research study stops?
We wiill let you know our findings.

What if there is a problem?
Any complaint about the way you or the patient have been dealt with or any possible
harm they might suffer will be addressed. The detailed information is given in part 2

Will their taking part in the study be kept confidential?
Yes, all information about their participation will be confidential. The details are in part 2.

This completes Part 1. If the information in Part 1 interests you, please read the
information in part 2 before making a decision.

Part 2

What if relevant new information becomes available?

Sometimes we get new information about the procedure being studied. If this happens,
we might consider withdrawing the patient from the study. We will explain the reasons
and arrange for their care to continue. If the study is stopped for any reason, we will tell
you and them and arrange continuing care.

What happens if | no longer wish for the patient to carry on with this study?
You can let us know if you have any concerns or you think your relative/friend should be
withdrawn from the study at any time, without giving a reason. Withdrawal from the study
would not affect their future care in any way. If you wish to withdraw them from study
treatment, there will be no follow-up unless consent is obtained from the participant
following capacity being regained.

What if there is a problem?

If you have a concern about any aspect of this study you should ask to speak with the
researchers who will do their best to answer your questions. If you remain unhappy and
wish to complain formally you can do this through the NHS Complaints Procedure.
Details can be obtained from your hospital.

If you are still not satisfied with the response you may contact the Joint Research and
Enterprise Office at St George’s: 020 8725 4986

St Georges, University of London, as the Sponsor, has appropriate insurance in place in
the unlikely event that they suffer any harm as a direct consequence of their participation
in this study. NHS indemnity operates in respect of the clinical treatment which is
provided.
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Will their taking part in the study be kept confidential?

Yes. We are bound by legislation and the NHS confidentiality code of practice to
safegquard confidentiality during and after the study.

It is possible that authorised persons from either the Sponsor organisation and/or the
Regulatory authorities that monitor the quality of research such as this may require
access to view the patient’s medical records for the purposes of audit or monitoring.
Data collected for this study may be retained on a secure database kept on NHS
computers for up to a year following study closure whilst results are being analysed.
Once the study is closed following analysis study records may be kept for a further 10
years in a secure location. No information will be kept, which allows the patient’s
identity to be revealed.

Once participation in this study is agreed we will notify the patient's GP. We will provide
a copy of this information sheet for them to enter onto the GP medical records.

If you decide they should take part, the patient will be given a code so that their details
are not revealed (anonymised). Any data collected from them will be stored under this
code.

Where can you find out more about how your information is used?

You can find out more about how we use the patient’s information here:

SGHFT Privacy link: https://www.stgeorges.nhs.uk/about/privacy-notice/
https://www.stgeorges.nhs.uk/education-and-research/research/research-privacy-
notice/

For general information on how the NHS uses research data please visit
https://www.hra.nhs.uk/information-about-patients/

What will happen to any samples the patient gives?

We may test spinal fluid and blood samples to help assess the metabolism of
the injured spinal cord and the patient’s body’s response to the injury. We will
not store samples containing cells / human tissue / genetic material.

Will any genetic tests will be done?
No.

What will happen to the results of the research study?
We will publish the findings of our study in scientific journals and present them in scientific
meetings. The patient will not be identified in any report or publication.

Who is organising and funding the research?

This research is funded by Wings for Life-spinal cord research foundation and
Neurosciences Research Foundation at St George’s University of London. The study is
organised by Marios Papadopoulos, a neurosurgeon at St. George’s Hospital in London.
St Georges University Hospitals NHS Foundation Trust is the Study Sponsor.

Who has reviewed the study?

All research in the NHS is looked at by an independent group of people called a Research
Ethics Committee to protect your interests. This study was reviewed and given a
favourable opinion by the London- Camberwell St Giles Research Ethics Committee.

Further Information and Contact Details
Please contact: GGG
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Participant Information Sheet following consultee
declaration

Study Title: Injured Spinal Cord Pressure Evaluation (ISCoPE)
Cl: Prof Marios Papadopoulos IRAS ID: 38379

We requested advice from a consultee to include you in a research study:

Name of Consultee: Date of Consultation:

We would like to obtain your permission now you are able to do so

Please take time to read the following carefully and discuss it with others if you wish.
Part 1 tells you the purpose of this study and what will happen/ may have happened to
you if you take part/ continue to take part.

Part 2 gives you detailed information about the conduct of the study. If you would like
any further information or if anything is not clear, please ask us.

Part1

What is the purpose of the study?

To find out what happens to the spinal cord during the early stages of its injury. This will
include:

- Pressure monitoring

- The electrical activities of the spinal cord

- The spinal cord’s oxygen consumption

- The waste product produced by the spinal cord during injury

- The effects of spinal injury on respiratory function

Why you were/ have been invited?
Because you had suffered a spinal cord injury. Initially, we aim to study about 110
patients.

Do you have to take part / continue to take part?

No. It is up to you to decide.

When you were admitted you were unable to decide whether to be included in this study.
Therefore, a consultee was asked to advise on your behalf in accordance with section
32(4) of the Mental Capacity Act 2005. We explained this study to your consultee and
they advised that based on their opinion and considering your wishes, feelings and
interests, you would have no objections to take part. Emergency ftreatment was
undertaken and now we would like you to decide whether you wish to remain in the study.
Now we would like you to decide and give your permission to remain in the study. If you
do decide, you will be given this information sheet to keep and asked to sign a consent
form.

You are still free to withdraw now or at any time without giving a reason. A decision to
withdraw or not take part will not affect the standard of care you receive.

What has happened to me or will happen to me if | take part?

Probes will be inserted next to the spinal cord and they are attached to a computer to
measure cord pressure, cord oxygen, various chemicals, blood flow and/or
electrical waves for up to a week.
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Measuring cord pressure is an experimental procedure not routinely done after a spinal
cord injury.

If your spinal cord is found to be swollen during the operation to fix your spine, we may
perform one or more additional procedures: 1. a “duroplasty.” This procedure is routinely
performed in other spinal operations when the spinal cord is swollen and involves making
a surgical incision in the spinal dura membrane to release the pressure.

After your surgery we would like to do some early tests to assess your respiratory
function. This will involve monitoring your respiratory muscles using an ultrasound
scanner, and the electrical activity of the diaphragm muscle using a routine feeding tube.
This will help us to assess respiratory function during the early stages of recovery from
the injury.

In all other respects, you will receive the care we normally provide for people with a spinal
cord injury regardless of whether you decide to take part or continue to take part in this
study.

We will arrange one visit to examine your arms and legs between 6-12 months. This is
to find out how strong your limbs are and how well you can feel. We may also perform
further urodynamic tests to assess your bladder function or request details of any recent
urodynamic testing from the spinal rehabilitation unit that you attend if available.

What do | have to do?
Now that you are able to provide consent, if you would like to continue to take part in our
study we will need you to sign the consent form.

What is being tested?

We are trying to find out if the pressure of your spinal cord is high, possibly for many
days, even after surgery to fix the spine. We do not know if high cord pressure matters.
We are also trying to investigate changes in the spinal cord electrical activities, tissue
oxygen, waste products produced and/or effect on respiratory function following spinal
cord injury.

What are the risks of taking part?

The chance of being harmed by taking part is low, probably less than 1 in 100. We know
this because we have already done such recordings from many patients without causing
any damage. Nevertheless, there is a small chance that the catheter(s) causes damage
to the spinal cord. The catheter might get infected and the infection might spread to the
spinal fluid or metalwork used to stabilise the spine. After removing the catheter, there is
a small risk of a spinal fluid leak. If this happens, you may need another operation to stop
the leak. There is a small risk that performing the duroplasty will also cause a spinal fluid
leak. During the operation we may perform an additional test to check the blood supply
to your spinal cord. This requires injection of a dye, routinely used in clinical practice.
The risks of this are low and include rash and vomiting (1 in 500 people), or severe
allergic reaction (1 in 2000 people). A separate dye, routinely used in clinical practice,
may be used to assess the blood supply of the spinal cord. It may be injected at the time
of an ultrasound scan during the operation. The risks are low and include nausea,
flushing, rash, headache (less than 1 in 100 people), or a severe allergic reaction (less
than 1 in 1000 people)

What are the possible benefits of taking part?

The spinal cord pressure may be lowered by taking part. We do not know if lowering
spinal cord pressure is beneficial in the long term.

It may help us improve treatment of future patients with spinal cord injury.
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What happens when the research study stops?

We wiill let you know our findings.

What if there is a problem?

Any complaint about the way you have been dealt with or any possible harm you might
suffer will be addressed. The detailed information is given in part 2

Will taking part in the study be kept confidential?
Yes, all information about participation will be confidential. The details are in part 2.

This completes Part 1. If the information in Part 1 interests you, please read the
information in part 2 before making a decision.

Part 2

What if relevant new information becomes available?

Sometimes we get new information about the procedure being studied. If this happens,
we might consider withdrawing you from the study. We will explain the reasons and
arrange for your care to continue. If the study is stopped for any reason, we will tell you
and arrange continuing care.

What will happen if | don’t want to carry on with this study?

You can withdraw from the study at any time. You do not have to tell us why, however
we would like to know for our records. Withdrawal from the study would not affect the
usual care or treatment that you would receive during or after the trial. As we would prefer
to keep the data collected already we would ask for your permission to do so and would
not collect any more.

What if there is a problem?

If you have a concern about any aspect of this study you should ask to speak with the
researchers who will do their best to answer your questions. If you remain unhappy and
wish to complain formally you can do this through the NHS Complaints Procedure.
Details can be obtained from your hospital.

If you are still not satisfied with the response you may contact the Joint Research and
Enterprise Office at St George’s: 020 8725 4986

St Georges, University of London, as the Sponsor, has appropriate insurance in place in
the unlikely event that they suffer any harm as a direct consequence of their participation
in this study. NHS indemnity operates in respect of the clinical treatment which is
provided.

Will taking part in the study be kept confidential?

Yes. We are bound by legislation and the NHS confidentiality code of practice to
safeguard your confidentiality during and after the study.

It is possible that authorised persons from either the Sponsor organisation and/or the
Regulatory authorities that monitor the quality of research such as this may require
access to view your medical records for the purposes of audit or monitoring.

Data collected for this study may be retained on a secure database kept on NHS
computers for up to a year following study closure whilst results are being analysed.
Once the study is closed following analysis study records may be kept for a further 10
years in a secure location. No information will be kept, which allows your identity to be
revealed.

Once participation in this study is agreed we will notify your GP. We will provide a copy
of this information sheet for them to enter onto the GP medical records.
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If you decide to take part, you will be given a code so that your personal details are not
revealed (anonymised). Any data collected about you will be stored under this code.

Where can you find out more about how your information is used?

You can find out more about how we use your information here:

SGHFT Privacy link: https://www.stgeorges.nhs.uk/about/privacy-notice/
https://www.stgeorges.nhs.uk/education-and-research/research/research-privacy-
notice/

For general information on how the NHS uses research data please visit
https://www.hra.nhs.uk/information-about-patients/

What will happen to any samples | give?

We may test spinal fluid and blood samples to help assess the metabolism of
the injured spinal cord and your body’s response to the injury. We will not store
samples containing cells / human tissue / genetic material.

Will any genetic tests will be done?
No.

What will happen to the results of the research study?
We will try to publish the findings of our study in scientific journals and present them in
scientific meetings. You will not be identified in any report or publication.

Who is organising and funding the research?

This research is funded by Wings for Life-spinal cord research foundation and the
Neurosciences Research Foundation at St George’s University of London. The study is
organised by Marios Papadopoulos, a neurosurgeon at St. George’s Hospital in London.
St Georges University Hospitals NHS Foundation Trust is the Study Sponsor.

Who has reviewed the study?
All research in the NHS is looked at by an independent group of people called a Research

Ethics Committee to protect your interests. This study was reviewed and given a
favourable opinion by the London- Camberwell St Giles Research Ethics Committee.

Further Information and Contact Details

Please contact:
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10 Appendix III: Data export for ICM+

A INPUTS OUTPUTS B
Physiological data Phillips Intellivue
e.g. MAP, ISP Monitor
‘. .:f
TSCI subject L} & BN
Ventilator data :
e, EDI, PEEP, PS ‘ ICM+ Recording ‘

Fig. 35: Configuring the export of monitoring data to ICM+ in neurolCU

A, TSCI subject provides monitoring data (inputs) displayed on the Phillips Intellivue
bedside monitor (outputs) and recorded by ICM+ (Cambridge, UK) software. B, Pin
assignment of the “RJ45 female to 9-way D-sub modular adaptor” (RS, London);

247_C, Final configuration of RJ45, prior to connecting (1)

adapted with kind permission
with (2). The opposite end (*) connects to a network cable (RJ45 connector at one end
and male RS232 at other end) which then connects to the MIB/RS232 port on the
Phillips monitor. D, USB to RS-232 adaptor. MAP = Mean Arterial Pressure, ISP =
Intra Spinal Pressure, TSCI = Traumatic Spinal Cord Injury, EDI = diaphragm EMG,
PEEP = Positive End-Expiratory Pressure, PS = Pressure Support, RxD = Receive

Data, TxD = Transmit Data, GND = Signal Ground, NC = Not Connected.
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11 Appendix IV: Manuscripts
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Monitoring Spinal Cord Tissue Oxygen
in Patients With Acute, Severe Traumatic Spinal

Cord Injuries

OBIJECTIVES: To determine the feasibility of monitoring tissue oxygen tension from
the injury site (p,_0,) in patients with acute, severe traumatic spinal cord injuries.
DESIGN: We inserted at the injury site a pressure probe, a microdialysis catheter,
and an axygen electrode to monitor for up to a week intraspinal pressure {|5P), spinal
cord perfusion pressure (SCPP), tissue glucose, lactate/pyruvate ratio (LPR), and
Py0,- Weanalyzed 2,213 hours of such data. Follow-up was 6—28 months postinjury.
SETTING: Single-center neurosurgical and neurocritical care units.

SUBIJECTS: Twenty-six patients with traumatic spinal cord injuries, American spinal in-
Jury association Impaiment Scale A-C. Probes were inserted within 72 hours of injury.
INTERVENTIONS: Insertion of subarachnoid oxygen electrode (Licox; Integra
LifeSciences, Sophia-Antipolis, France), pressure probe, and microdialysis catheter.
MEASUREMENTS AND MAIN RESULTS: p_o, was significantly influenced
by ISP (p, 0, 26.7 £ 0.3mm Hg at ISP> 10 mmHg ve p_ 0, 22.7+ 0.8 mm Hg at
ISP £ 10mm Hg), SCPP (p,_o, 26.8 £ 0.3mm Hg at SCPP <80mm Hgvs p_o,
321 £ 0.7mm Hg at SCPP = 80mm Hg), tissue glucose (p,_o, 26.8 £ 0.4mm
Hg at glucose < 6mM vs 32.9 + 0.5mm Hg at glucose = 6mM), tissue LPR
(p0, 25.3 £ 0.4mm Hg at LPR > 30 vs p_o, 31.3 * 0.3mm Hg at LPR = 30},
and fever (p_o, 28.8  0.5mm Hg at cord temperature 37-38°C vs p_0, 28.7
+ 0.8Bmm Hg at cord temperature = 39°C). Tissue hypoxia also occurred inde-
pendent of these factors. Increasing the Fo, by 0.48 increases p_o, by 71.8%
above baseline within 8.4 minutes. In patients with motor-incomplete injuries,
fluctuations in p_o, comelated with fluctuations in limb motor score. The in-
jured cord spent 11% (38%) hours at p_ o, less than Smm Hg (< 20mm Hg) in
patients with motor-complete outcomes, compared with 1% (30%) hours at p_o,_
less than S5mm Hg (< 20mm Hg) in patients with motor-incomplete outcomes.
Complications were cerebrospinal fluid leak (2/26) and wound infection (1/26).

CONCLUSIONS: This study lays the foundation for measuring and altering spinal
cord oxygen at the injury site. Future studies are required to investigate whether
this is an effective new therapy.

KEY WORDS: Licox, microdialysis, monitoring, perfusion pressure, spinal cord
injury, tissue oxygen

lion new cases annually worldwide (1) and causes disability (paralysis,

sensory loss, incontinence, loss of sexual function, hypotension, and poi-
kilothermia) (2), morbidity (renal failure, decubitus ulcers, pneumonia, and uro-
sepsis) (2), and psychologic distress {(anxiety, depression, and chronic pain) (3).
Unlike the management of acute, severe traumatic brain injury, which focuses on
reducing secondary damage by monitoring and optimizing intracranial pressure
and cerebral perfusion pressure (4), the management of acute, severe traumatic

Trau.malic spinal cord injury is a catastrophic event that affects 0.7-0.8 mil-
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spinal cord injury is limited (5), lacking monitoring tech-
niques to provide physiologic information about the in-
jury site.

To facilitate the management of spinal cord injury in
the Neurocritical Care Unit, we place a pressure probe
intradurally at the injury site to record intraspinal pres-
sure and spinal cord perfusion pressure, analogous to
intracranial pressure and cerebral perfusion pressure for
traumatic brain injury (6). We use the Codman intracra-
nial pressure (ICP) microsensor (Integra LifeSciences,
Sophia-Antipolis, France) that has little (2 mm Hg) drift
in 108 hours (7). Intraspinal pressure and spinal cord per-
fusion pressure are clinically important parameters that
correlate with injury site metabolism (8) and long-term
outcome (9). Interventions to increase spinal cord per-
fusion pressure improve somatosensory (10) and motor-
evoked (11) responses at the injury site, increase limb
motor score (11, 12), lower the sensory level (13), and
improve urinary (14) and anal sphincter (15) functions.

After traumatic brain injury, some units also monitor
brain tissue oxygen. Factors other than high intracra-
nial pressure and low cerebral perfusion pressure reduce
brain tissue oxygen. for example, low arterial oxygen.
anemia, fever, dysglycemia, hypovolemia, vasospasm,
and patient transfer (16, 17). The benefit of brain tissue
oxygen monitoring in brain injured patients is currently
being investigated in three randomized trials (Brain
Oxygen optimization in Severe Traumatic brain injury,
Phase I1I [BOOST-III [18], Comparison of strategies for
monitoring and treating patients at the early phase of se-
vere traumatic brain injury [OXY-TC] [19], and Brain
Oxygen Neuromonitoring in Australia and New Zealand
Assessment [BONANZA] [20]). Unfortunately, the en-
thusiasm to establish brain tissue oxygen-guided inter-
ventions for brain injury has not been mirrored in spinal
cord injury where there are no techniques to monitor
spinal cord tissue oxygen. Here, we used the Licox ox-
ygen probe that has no significant drift for at least 5 days
(21). We demonstrate the feasibility of monitoring spinal
cord tissue oxygen, identify treatable factors associated
with cord hypoxia, and explore the relation between cord
tissue oxygen and neurologic outcome.

MATERIALS AND METHODS
Institutional Research Board Approvals

Patients were recruited as part of the Injured
Spinal Cord Pressure Evaluation (ISCoPE) study

e4TaE www.comjoumal.org

(www.clinicaltrials.gov NCT02721615) at St George's
Hospital. Approvals were from the S5t Georges,
University of London Joint Research and Enterprise
Service and the National Research Ethics Service
London-5t Giles Committee (10/H0807/23). The
study has been performed in accordance with eth-
ical standards, laid down in the 1964 Declaration of
Helsinki and its later amendments. Informed consent
was obtained from all participants.

Inclusion/Exclusion Criterla

We included all traumatic spinal cord injury patients
recruited into ISCoPE between September 2016 and
December 2020. Inclusion criteria are: 1) severe trau-
matic spinal cord injury (American spinal injury as-
sociation Impairment Scale [AIS] grade A-C), 2) age
18-70 years, and 3) timing between injury and surgery
within 72 hours. Exclusion criteria are: 1) patient un-
able to consent, 2) other major comorbidities, and 3)
penetrating injury.

Probe Placement

During posterior surgery, a pressure probe (Codman
Microsensor Transducer; Depuy Synthes, Leeds,
United Kingdom), a microdialysis catheter (CMAGI;
clinical microdialysis analyzer [CMA] microdialysis
AB, Solna, Sweden), and an oxygen electrode (Licox
combined oxygen and temperature catheter [CC1P1];
Integra LifeSciences) were inserted under the oper-
ating microscope between cord and arachnoid at the
site of maximal cord swelling and were secured to the
skin using sutures (Fig. 1). For patient management,
see Supplemental Methods (http://links]ww.com/
CCM/G947).

Intraspinal Pressure and Spinal Cord Perfusion
Pressure

The pressure probe was connected to a Codman ICP
box linked via abridge amplifier (ML221) toa PowerLab
data acquisition hardware device (AD Instruments,
Oxford, United Kingdom), in turn linked to a laptop
running the data acquisition and analysis software
LabChart Version & (AD Instruments). Blood pressure
was recorded from a radial artery catheter connected to
a Philips bedside monitor (Intellivue MX800; Philips,
Guildford, United Kingdom) and then to the PowerLab
system. Intraspinal pressure and blood pressure signals
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Figure 1. Monitoring techrique. A 23-yr-old mala, C5 American
spinal injury essocistion Impairment Scale grade A (patient no.
89). A, Intracperstive photo of exposad dorsal dura at injury site.
B, Surgical sita after wound closure. €, Multimodality monitoring
from injury site: intraspinal pressure (I3F), spinal cord perfusion
pressure (SCPP), cord tissue oxygen (p_0,), tissue glucose,
and LPR (lactate/pyruvate ratio). Drain = wound drain, MD =
microdialysis catheter, suction — suction tubing.
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were sampled at 1kHz. Spinal cord perfusion pres-
sure was computed as mean arterial pressure minus
intraspinal pressure. Intraspinal pressure is the same
as intraparenchymal cord pressure at the injury site
(22), which differs from cerebrospinal fluid pressure
above or below because the swollen cord is compressed
against dura, thus compartmentalizing the intrathecal
space (11, 22-24).

Microdialysis

Microdialysis was started postoperatively in the
Meurocritical Care Unit as described (8, 25, 26). CNS
fluid (CMA microdialysis AB) was perfused at 0.3 pL/
min using the CMA106 pump (CMA microdialysis
AB). Microdialysis vials were changed hourly and ana-
lyzed using ISCUSHlex microdialysis analyzer (CMA
microdialysis AB) for glucose, lactate, and pyruvate. The
first two samples from each patient were discarded to
allow priming of the microdialysis catheter and stabili-
zation of the metabolite concentrations. Hundred-fold
changes in metabolite concentration, compared with
the preceding hour, were excluded from analysis. Our
method measures spinal cord surface metabolism at the
injury site, which correlates with intraparenchymal in-
jury site metabolism but differs from metabolites meas-
ured from lumbar cerebrospinal fluid (8, 25, 26).

Tissue Oxygen

The Licox axygen electrode was connected to a tssue
oxygen Monitor (Integra LifeSciences), in turn linked
to a Philips Intellivue MX800 bedside monitor, which
was connected to the PowerLab system. The signal was
sampled at 1 kHz. In two patients, a second oxygen
electrode was inserted intradurally about 2 cm below
the injury site.

Cord Tissue Oxygen Changes

For each greater than or equal to 5-mm Hg change in
cord tissue oxygen, the preceding hour was assessed
for the following possible causes: change in intraspinal
pressure or spinal cord perfusion pressure, spinal cord
metabolism, Fio,, spinal cord temperature, or seda-
tion. We assessed whether the change in the putative
causative factor could explain the change in cord tissue
OXYgen.
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Cerebrospinal Fluid Drainage

A lumbar catheter was placed in 11 of 26 patients at
the time of surgery, and about 10-mL cerebrospinal

the effect on tissue oxygen. No more than 30 mL

period (27).

fluid was drained on several occasions to evaluate
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Figure 2. Fio, and Pan, versus cord tissue cxygen (p_o,). A, Effect of cxygen challenge on
intraspinal pressure (I5F), spinal cord perfusion pressure (SCPP), and p 0, in 23-yr-old male,
CH American spinal injury association Impairment Scale grade A (patient no. 89). B, Summary of
oxygen challenge data. p_0, versus time after (top) increasing the Fio, from 0.28 £ 0.04 to 0.82
+ 0.09 (nine repeats and four patients) and (bottom) decreasing the Fio, from 0.89 £ 007 to
.41 £ 0.04 (eight repeats and three patients). €, p_j, versus Pady,. Inset: Pan, versus Fio,

D, p_0, versus time. Twenty-three-yr-cld mals, C5 American Spinal Injury Association Impairmant

Scale grade A (patient no. 89). Green: p,.0, at injury site. Black: p_0, of spinal cord below injury

site. Inset: p_0, at injury site versus p,0, below. B—D (insef): Mean + sE. Regression lines: B (top)
(sigmaid, FF = 1.00), B (bottom) (exponential decay, € = 089), € (Michaslis-Mantan, F° = 0.83),
C (insef) (exponential, B= — 0.88), and D (insef) (linear, Rf = 0.02), "p-< 0,005, *0.0005, 6 = 10-5

NS = not significant
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of cerebrospinal fluid was drained in a 24-hour

Limb Motor Score

Patients underwent regular
AIS motor limb assess-
ments with the patient off
sedation or during seda-
tion hold. Motor scores
were compared with cord
tissue oxygen values in the
hour preceding the neuro-
logic assessment.

Statistics

Fourier analysis of the
tissue oxygen signal was
done using Weka Version
385 (Waikato, New
Zealand).  www.mycurv-
efitcom was used to fit
linear, quadratic, expo-
nential, sigmoid, and
Michaelis-Menten curves
with R? and p values. The
effects of temperature and
cerebrospinal fluid drain-
age on tissue oxygen were
evaluated with Student ¢
test. The % hours with tis-
sue oxygen less than 5mm
Hg for different outcomes
were compared using chi-
square test. Data are mean
+ SE. Statistical tests are
noted as not significant or
p = 0.05, 0.005, 0.0005, 5
= 10°% Figures 1C, 24, B,
and I, and S-Figures 1, 2,
and 4 (http://links lww.
com/CCM/G947) use
1-kHz data. Figures 2C,
3, and 4, and S-Figure 3
(http://links.lww.com/
CCM/G947) use averaged
hourly values.
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RESULTS

Participants

We recruited 26 patients (Table 1). Most are males
(21/26) and most are younger than 60 years (22/26).
There are 14 of 26 cervical, 10 of 26 thoracic, and two
of 26 conus injuries. At admission, 15 of 26 had grade
A, three of 26 grade B, and eight of 26 grade C injury
severities (AIS). Twenty-two of 26 had posterior sur-
gery only, and four of 26 had combined anterior-poste-
rior approach. We analyzed 2,213 hours of monitoring
data; on average, each patient was monitored for 8§5.0

hours (range, 3.0-149.0 hr). Patients were followed up
at least 6 months (mean, 12.9 mo; range, 6.0-28.0 mo).

Complications

Five of 26 patients had cerebrospinal fluid leak from the
probe exit site successfully managed by placing extra
skin sutures at the bedside, and one of 26 had wound
infection successfully managed with wound washout
(S-Table 1, http://links]ww.com/CCM/G947). We
had no spinal cord damage, hematoma, or meningitis.
Nonprobe-related complications were pneumonia

TABLE 1.

Patient Detalls

Patient TSCI - Meuro AlS Monitoring Follow-Up AlS
No. Age(yr) Sex Surgeryi(hr) Level (Admission) Surgery (hr) (mo) (Follow-Up)
48 29 M 58.0 C4 A Post 3 25 B
59 22 M 58.0 T9 A Post 16 7 A
B2 36 F 470 T8 B Post 120 13 C
B3 &0 M 72.0 T3 B Post 130 28 C
64 28 F 400 C3 A Post 139 11 A
BB 87 M 8.0 C4 C Post 09 11 C
&7 a2 M 8.0 C4 c Post + Ant 147 o )
6B a7 F 23.0 L3 c Post a7 20 C
[:1v] a9 M 300 ™ A Post 114 14 B
70 a5 M 0.0 c Post + Ant 80 11 A
i 27 M 21.0 L1 c Post 95 & D
72 50 M 22.0 C5 B Post 137 19 B
73 47 M 22.0 T8 A Post 79 12 B
T4 a7 M 35.0 C4 A Post 149 8 A
75 [:1:] M 400 C4 A Post 117 7 A
76 48 M 18.0 Ti2 A Post 33 19 C
78 28 M 39.0 CB A Post + Ant 34 12 B
B0 55 M 45.0 ik} A Post 70 23 B
Bi 54 M 89.0 C4 C Post 149 17 D
B3 21 M 2405 7 A Post 50 17 A
B4 22 M 700 CB c Post + Ant 87 17 D
BS 54 F 380 c3 c Post 58 a C
BB 54 F 450 ca A Post 15 7 C
a7 44 M 24.0 T4 A Post 43 7 A
BB 3] M 480 Ti1 A Post 54 & A
B9 23 M 155 C5 A Post 130 & B

AlS = American spinal injuries association Impairmant Scale, Ant = anterior, F = famale, M = male, Neuro = neurclogical, Post = postenior.
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Figure 3. Injury site parameters versus cord fissue oxygen. A, Cord tissue oxygen (p,0,) versus intraspinzl pressure (ISF), R® = 0.24.
B, p_0, versus spinal cord perfusion pressure (SCPP), ¥ — 0.94. €, p_0, versus tissue glucose, B — 0.95. D, p_0, versus tissus
lactate/pyruvate ratio (LPR), A* = 1.00. Data (A-D) are hourly values, mean + sk fitted with sigmoid regression. E, p,0, readings at
spinal cord temperatures 37-38°C and greater than or equal to 39°C. Individual data points (circles) and maans (lines). p < 005,

B 10-5%

(11/26), urosepsis (2/26), pressure ulcers (3/26), pul-
monary embolus (1/26), and dysphagia (1/26).

Cord Tissue Oxygen Signal

The cord tissue oxygen signal has major cardiac and
minor respiratory frequency components (5-Fig. 1,
http://links.lww.com/CCM/G947). Altering the Fio,
influences cord tissue oxygen (Fig. 24). On average,
increasing the F1o, by 0.48 causes sigmoid rise in cord
tissue oxygen to 71.8% above baseline within 8.4 min-
utes. Decreasing the Fio, by 0.44 causes exponential fall
in cord tissue oxygen to 79.0% below baseline within
6.0 minutes. Increasing the arterial oxygen partial pres-
sure significantly correlated with increase in cord tissue
oxygen in a Michaelis-Menten saturation curve relation
(Fig. 2C). Increasing the F10, also correlated exponen-
tially with increase in cord tissue oxygen. The injury
e482 www.ccmjoumal org
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site had lower tissue oxygen than the cord below, with
no correlation between the two (Fig. 2D).

Cord Tissue Oxygen Correlates With Injury Site
Physiology and Metabolism

We observed significant sigmoid correlations between
intraspinal pressure, spinal cord perfusion pressure,
tissue glucose, and tissue lactate/pyruvate ratio versus
cord tissue oxygen (Fig. 3). As intraspinal pressure
rises greater than 5-10 mm Hg, cord tissue oxygen falls
reaching a minimum at intraspinal pressure 15-20 mm
Hg. As spinal cord perfusion pressure rises greater
than 80-90 mm Hg, cord tissue oxygen suddenly rises
reaching a maximum at spinal cord perfusion pressure
90-100mm Hg. As tissue glucose increases greater
than 4-6 mM/L, cord tissue oxygen progressively rises
to a maximum at tissue glucose 3-10mM. As tissue

May 2022 = Volume 50 * Number 5
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A B (S-Table 2, hittp://links.
% of hours with p, 40 below threshold lww.com/CCM/G947). In
100 Motor score more than a third of cases,
46— the cause of tissue oxygen
50 40 change is unknown.
% of hours wilh 35+ Effect of L
804 pg oo o W of Lumbar
" Pz = MM 3 30+ Cerebrospinal Fluid
15 25~ Drainage on Cord
407 msae 0 5 20 4 Tissue Oxygen
L] - . - .
o Ak e
P SYTEY - age a e effect on
. ASC,D Days after injury ?Q%e‘%%%%a tissue oxygen, ranging from
o J J T J J ! ! increase by 144mm Hg to
v 200 m:iﬂ ng 0 8070 average p,,0, (mmHg) in the decreasebg'_f -20 EmmgHg
g .
POy threshald (mmHg) hour preceding the matar exam (S-Fig. 4, http:/linkslww.

Figure 4. Cord tissue oxygen (p_0,) correlates with neurclogic status. A Percentage of hours
with p_o, below threshold versus p 0, threshold, for American spinal injury association Impairment
Scale [AIS:I grade at follow-up (A snd B\'E € and D) fitted with sigmoid regressions (7 = 1.00

for both). Inset: Percentage of hours with p_,0; less than Smm Hg versus days after injury for

AlS st follow-up (A and B vs € and D). B, Motor score versus average p_0, (mm Hg) in the hour
preceding the motor examination in motor-incomplete patients (AIS grade C) patients. Ouadratic

regression, R® = 0.97 Mean t s p <005, {00005, *5 x 105,

lactate/pyruvate ratio increases greater than 10-20,
cord tissue oxygen progressively falls to a minimum at
tissue lactate/pyruvate ratio 40-50. Fever is associated
with lower cord tissue oxygen compared with normo-
thermia. Blood transfusion is also associated with sig-
nificant rise in cord tissue oxygen (6.1 + 3.2mm Hg,
mean +* SE}, but without significant change in cord me-
tabolism (tissue glucose, 0.7 + 0.3 mmol/L; tissue lac-
tate/pyruvate ratio, —0.6 + 2.8) (5-Fig. 2, http://links.
Iww.com/CCM/G947).

Causes of Changes In Cord Tissue Oxygen

Rise in intraspinal pressure or drop in spinal cord perfu-
sion pressure was often accompanied by drop in tissue
oxygen. We also observed changes in tissue oxygen that
are independent of changes in intraspinal pressure and
spinal cord perfusion pressure. Examples are shown in
S-Figure 3 (http:/linksww.com/CCM/G947). Factors
that may cause change in tissue oxygen by greater than
or equal to 5mm Hg, ranked in decreasing frequency,
are change in cord metabolism, change in intraspinal
pressure or spinal cord perfusion pressure, change in the
Fio,, change in sedation, and change in cord temperature

Critical Care Medicine
Copyright & 2022 by the Society of
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com/CCM/G947). On av-
erage, cerebrospinal fluid
caused no change in tissue
oxygen in nine of 11 patients
and caused a significant, but
modest, reduction in tissue
oxygen in two of 11 patients.

Cord Tissue Oxygen Correlates With Neurclogic
Status

The injured cord spends significantly more hours at
low tissue oxygen values in patients with motor-com-
plete compared with patients with motor-incomplete
outcome at follow-up (Fig. 44). For example, in
patients with motor-complete outcome at follow-up,
the cord spends 7-21% hours daily at tissue oxygen
less than 5mm Hg (cord infarction), compared with
0-2% hours in patients with motor-incomplete out-
come. In the eight motor-incomplete patients at
presentation, we observed an inverted U-shaped re-
lationship between the limb motor score versus the
average tissue oxygen tension from the injury site
(p,,@.) in the hour preceding each motor examina-
tion (Fig. 4B).

DISCUSSION

We showed that, after spinal cord injury, it is feasible to
monitor tissue oxygen from the injury site, analogous
to brain tissue oxygen monitoring in brain injury (20,
28). Cord tissue oxygen is a key physiologic parameter

wwwcomjoumal.org 483
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that correlates with injury site physiology, metabolism,
and neurclogic outcome. In our spinal cord injury
patients, time spent below tissue oxygen thresholds
was associated with long-term outcome, as reported
for brain injury (28). The observation that, in patients
with motor-incomplete injuries, fluctuations in cord
tissue oxygen were accompanied by fluctuations in
limb power suggests that cord tissue oxygen may influ-
ence spinal cord function. The inverted U-shaped rela-
tionship between motor score and cord tissue oxygen
suggests that not only hypoxia but also hyperoxia may
impair motor function. We have also identified factors
that influence cord tissue oxygen that may be modified
to improve outcome, for example, increasing the Fio,
or increasing spinal cord perfusion pressure. These
appear analogous to brain injury, where increasing the
F1o, (29, 30) or cerebral perfusion pressure (31) aug-
ments low brain tissue oxygen.

The Licox oxygen probe tip comprises a cylin-
drical polyethylene membrane ~18 mm? that contains
two polarographic electrodes and an electrolyte solu-
tion (S-Fig. 54, httpy//linkslww.com/CCM/G947).
Oxygen diffuses through this membrane to reach the
electrodes where it is electrolytically reduced using
revoxode technology that is the chemical reaction at
the electrode tips is reversible. This means that there
is no calibration “drift” with time, ensuring accurate
measurement over days. We did not place the ox-
ygen electrode intraparenchymally to avoid causing
further spinal cord damage. Studies of other organs
indicate that monitoring surface tissue oxygen pro-
vides accurate information about tissue perfusion
and wviability. Such studies include intraoperative
monitoring of surface tissue oxygen from human
brain during clipping of a middle cerebral artery an-
eurysm (32), in various brain tumors, in edema-
tous brain, and in arteriovenous malformations (33).
Intraoperative surface tissue oxygen monitoring also
detects changes in tissue perfusion in liver before and
after portacaval shunting, in kidney during nephrec-
tomy, in normal versus gangrenous bowel (32), and in
graded ischemic regions of bowel (34). In our study,
the injured cord is swollen and compressed against
the dura with the oxygen probe sandwiched between
cord and dura. Because the dura is largely metaboli-
cally inactive, the electrodes primarily detect oxygen
that diffuses into the probe from the adjacent cord
(S5-Fig. 5B, http://linksIww.com/CCM/G947). If the

a484 www_cemjournal.org

cord is surrounded by cerebrospinal fluid, the oxygen
electrode will detect oxygen that diffuses into the probe
from the adjacent cord and cerebrospinal fluid (S-Fig.
5C, hitp://linksIww.com/CCM/G947). Therefore, the
surface probe is always sensitive to cord tissue oxygen
tension but less sensitive when the cord is not com-
pressed against dura.

Our study aimed to establish the technique of
monitering p_0, from the injury site and investigate
whether the measurements are meaningful and likely
to help clinical management. This is by no means the
definitive trial in the field. Though we did intervene for
short periods, for example, by increasing Fio, to deter-
mine its effect on p_o,, we did not set out to compare
neurologic outcome in an interventional arm versus a
control arm. Our study provides the basis for future re-
search to determine whether intervention to alter p_o,
is an effective new therapy. Such studies will require
multivariable analysis to define whether any benefit
of increasing p_o, is independent of other prognostic
factors such as severity of injury (35), patient age (36),
comorbidities (37), fever burden (26), timing of sur-
gery (38), and spinal cord perfusion pressure (9).

Current management guidelines recommend main-
taining mean arterial pressure 85-90mm Hg for the
first week after spinal cord injury (5). However, two
patients with the same mean arterial pressure but dif-
ferent intraspinal pressures will have different spinal
cord perfusion pressures. In addition, two patients with
the same spinal cord perfusion pressure may have dif-
ferent cord tissue oxygen. Multimodality monitoring
overcomes these problems by allowing individualized
management (8, 11) that may ultimately yield man-
agement guidelines for spinal cord injury analogous to
brain injury protocols that incorporate both pressure
and tissue oxygen monitoring (39, 40). Multimodality
monitoring may also be employed to evaluate the im-
pact of therapeutic interventions on the injury site. For
example, treating fever in spinal cord injury improves
injury site metabolism (assessed using microdialysis)
(26) and cord tissue oxygen (shown here), whereas
blood transfusion increases tissue oxygen, but without
improving metabolism, in spinal cord (shown here)
and brain injury (41).

A limitation of our study is the small numbers of
patients (n = 26), though our conclusions are sup-
ported by a large dataset (2,213 hr of monitoring, 165
motor examinations) and long follow-up (> 6 mo). As
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shown here and in an earlier study (42), the main com-
plication of injury site monitoring is cerebrospinal fluid
leak through the probe skin exit sites. The insertion
procedure requires surgery, which is another limita-
tion. An alternative is to insert probes into the lumbar
cerebrospinal fluid, which is technically easy and does
not require surgery (43, 44). However, there is lack of
correlation between intraspinal pressure, spinal cord
perfusion pressure, and microdialysis values measured
at the injury site compared with the lumbar cerebro-
spinal fluid (27). Draining lumbar cerebrospinal fluid
has been proposed as a therapeutic maneuver in spinal
cord injury (43, 44), but it does not effectively reduce
intraspinal pressure (27) or improve cord tissue ox-
ygen (shown here) at the injury site probably because
the swollen cord is compressed against the dura (11,
22-24). The effect of durotomy on cord tissue oxygen
has not been investigated; however, a randomized,
controlled trial termed Duroplasty for Injured cervical
Spinal Cord with Uncontrolled Swelling is underway
to evaluate the effect of expansion duroplasty on neu-
rologic outcome after spinal cord injury (https://fund-
ingawards.nihrac.uk/award/NIHR130048).

CONCLUSIONS

After spinal cord injury; tissue oxygen monitoring is fea-
sible and allows prompt detection and treatment of injury
site hypoxia. Further studies are needed to investigate
whether such intervention improves neurologic outcome.
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SUPPLEMENTARY METHODS

Neurosurgical management. Patients were admitted to the nenrosurgical wnit at St.
George’s Hospital and wnderwent International Standards for Newrological Classification of
Spinal Cord Injury (ISNCSCT) assessments by a trained nenroswrgical resident, which was
repeated at follow-up. Surgery was performed by a newrosurgeon. The type of surgery was
based on surgeon preference and included posterior approach with lateral mass (cervical) or
pedicle (thoracic) screw and rod fixation (Stryler Oasys for cervical, Stryker Xia for
thoracic; Stryker, Newbury, Berkshire, England). Patients had CT + MRI of the spine before

surgery, CT at 48 hours and MBI at 1 — 2 weeks postoperatively.

NeuroICU management. Post-operatively, patients were admitted to the Neuro Intensive
Care Unit and were reviewed daily by the Newro Intensive Care Unit and Nenroswigery
teams. Ventilation was supported as appropriate, including timely extubation post-operatively
or early tracheostomy. The wound drain was kept for the duration of monitoring “on gravity™.
Patients was tumed in bed to avoid decubitus ulcers and given foot pumps and prophylactic
low-molecular weight heparin (commenced at 24 after surgery) to reduce the risk of venous
thromboembolism Mean arterial Pressure management was at the discretion of the Neuro
Intensive Care Unit consultant who was blinded to probe values. The probes were removed in

the Nenro Intensive Care Unit.
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SUPPLEMENTARY TABLES

S-TABLE 1. Complications of monitoring.

No. of patient:  Patients

Complication 726) (%) Comment
SURCICAL / PROBE RELATED
c n Fequired bedside sutore. Mo one
C5F leak 5 192 10 operating t
Hematoma | cord
damage from 0 0.0
probes
Bnttle diabetes. E. Coli wmosepms,
: : : positrve E. Coli blood culture, positrve
Wound mfection ! 38 E. Coli wound sl Eebrn in
operating theatre for wound washout
Meningitis 0 0.0
NON-SURCICAL
Ome ICTU readnussion
Chest mfection 11 423 (mommocomprommsed, DM, stage IV
CED, obesity)
Unine mfaction 2 77
- 1 38
Embolus )
Pressure Ulcer 3 115 Conservatively managed
. FEES confirmed; from TSCT; FEG
Dysphagia 1 38 Py

C5F, Corebro Spinal Fluid: No., number. ICU, Intensive Care Unit; CED, Chromic
Eidney Disease; DM, diabetes mellitus; FEES, Fibve-optic Endoccopic Evaluation of
Swallowing: No, mumber: TSCL travumatic spinal cord imjury; PEG. percutameous

endoscopic gastrastonyy

S-TABLE 2. Possible canses of changes in the cord tissue oxygen signal.

Pozzible canze Number %
Unknown 14 387
Change m cord metabolism 83 27
Change m ISP and'or SCPP 82 215
Change m Fih 36 99
Change m sedation 18 48
Change m cord temperature 12 33

TOTAL 365 1000

Filz, fraction of inspired ooxygen; ISP, Intra Spinal Pressure, SCPP,
Spinal Cord Peyfision Prezzure
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5-FIG. 5. The Licox oxyeen probe. A. The extenzion tube [d] serves to commect the probe
to the bolt system The probe 1= connected at the rear end [c] of its plug to the probe cable.
At [a] the probe has its oxygen sensitive area of approximately 18 mm® (@ 0.63 mm). At
[&] the probe has its temperature sensitive area of approximately 23 mm® (@ 1.3 mm). B.
Cross sechion of swollen spinal cord: probe on cord surface sandwiched between swollen
cord and dura. €. Cross section of non-swollen spmal cord: probe between cord swface
and cerebrospimal fhud (CSF). In B. and C.. amows mdicate oxygen diffiusion to Licox
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Adverse Effect of Neurogenic, Infective, and Inflammatory
Fever on Acutely Injured Human Spinal Cord

Ravindran Visagan Siobhan Kearney!? Christian Blex® Leonarda Serdani-Meuhaus® Marcel A, Kopp?
Jan M. Schwab®* Argyro Zoumprouli? Marios C Papadopoulos! and Samira Saadoun'"

Abstract

This study aims to determine the effect of neuragenic, inflammatory, and infective fevers an acutely injured
human spinal cord. In 86 patients with acute, severe traumatic spinal cord injuries [TSCls; American Spinal
Imjury Association Impairment Scale (AIS), grades A-C) we monitored (starting within 72 h of injury, for up to
1 week) axillary temperature as well as injury site cord pressure, microdialysis (MD), and axygen. High fever
(temperature 238°C) was classified as neurogenic, infective, or inflammatory. The effect of these three fever
types on injury-site physiology, metabolism, and inflammation was studied by analyzing 2864 h of intra-
spinal pressure (ISP), 1887 h of MD, and 840 h of tissue cxygen data. High fever occurred in 76.7% of the
patients. The data show that tem perature was higher In neurogenic than non-neurogenic fever, Neurogenic
fever anly occurred with injuries rostral to vertebral level T4, Compared with normothermia, fever was as-
soclated with reduced tissue glucose (all fevers), increased tissue lactate to pyruvate ratio (all fevers), re-
duced tissue oxygen (neurogenic + infective fewers), and elevated levels of prodinflammatory
cytokines/chemokines (infective fever). Spinal cord metabolic derangement preceded the onset of infective
but not neurogenic or inflammatory fever. By considering five clinical characteristics (level of injury, axillary
temperature, leukocyte count, C-reactive protein [CRP], and serum procalcitonin [PCT]), it was possible to
confidently distinguish neurogenic from non-neurogenic high fever in 59.3% of cases. We conclude that
neurogenic, infective, and inflammatory fevers occur commaonly after acute, severe TSO and are defrimen-
tal to the injured spinal cord with infective fever being the most injurious. Further studies are required to
determine whether treating fever improwes outcome. Accurately diagnosing neurogenic fever, as de-
scribed, may reduce unnecessary septic screens and overuse of antibiotics in these patients.
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Traumatic spinal cord injury (TSCI) is a catastwrophic
event with global incidence of about 10.5/ 100,000 per-
sons, resulting in TORATI new cases annually world-
wide." TSCI causes substantial disability (paralysis,
sensory loss, urinary/ffecal incontinence, loss of sexual
function, hypotension, and poikilothermia),® comorbidity
(renal failure, decubims ulcers, pneumonia, and uro-
sepsis),” and distress (anxiety, depression, and chronic
pain).”

The mechanisms of neuronal damage in TSCI are
identical to those in traumatic brain injury (TBI): in addi-
tion to the primary injury, secondary damage is causad
by edema, hyvpotension, hvpoxia metabolic insult. and
inflammation.® Despite such similarities, the manage-
ments of TBI and TSCI differ substantially; in severe
TBL we monitor intracranial pressure (ICP), cerebral per-
fusion pressure (CPP), and, in some neuro intensive care
units (nenro ICUs), brain tissue oxygen (/0= ) and tissue
metabolism (by microdialysis [MD]) to mitigate second-
ary damage by detecting treatable deleterious factors, for
example, high ICP, low CPP, and low pgOs Our group
developed analogous injury-site monitoring after TSCL
After severe TSCL, we insert pressure, oxygen, and MD
probes at the injury site © record intraspinal pressure
(ISP}, spinal cord perfusion pressure (SCPP), spinal
cord tissue oxygen {pmogf and tissue metabolism.
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2 VISAGAN ET AL
Adverse Effect of Meurogenic, Infective, and Inflammatory
Fever on Acutely Injured Human Spinal Cord Journal of Neurotrauma
MONITORING KEY FINDINGS
Dura GROG, IL8
. P10, MCP1
CS5F !
Gluc
Microdialysis PR
Tissue O, PO
Prassure ISP MNeurogenic
SCPP
Conclusion: We monitored miciodialysis, cuygen, and pressure from the imjured Reference: Favindran Yisagan, Siobhan Kearrey, Cheistan Blex,
sginal cord. badacties, inllammalony and nirogenis levwas comalated with Leanarda Ecedani-Nouhaus, Mamel A Kopp, Jan . Schwab,
damnged injery sile metabolism ard, isfective fever, with fiss in tesue oylokines. Argyro Toumpmil, Masos C. Fapadopoulas, and Samis Saadoun
Miuragenic bever was characbenized by hightr aslary empeniune, DO: 10 108G nau F023.0025
Fjury rosnal 10 T4, and lower PlarTrsalon S, Grngiical abatvact craamad by Sami 5 :
Introduction ISF. SCPP. and p.,0 are clinically important parame-

ters that correlate with injury site metabolism® and
long -term outcome.” Increasi ng 3CPP improves somato-
sen_mryg and motor-evoked respan_wesm at the injury site,
increases limb power,™'" lowers the sensory level, ' im-
proves urinary'> and anal'® functions, and increases
p,,,Og."' Monitoring is safe; risks are cerebrospinal fluid
(CSF) leak and probe displacement.”'*"*

In the first 2 weeks after TSCL up to 71% of patients
have fever, " associated with cord metabalic stress (low tis-
sue glucose, high glutamate, high lactate to pyruvate ratio
[LPR]) and impaired recovery.' Previous smdies do not
distingnish between different types of fever. Fever may
be infective, inflammatory (peripheral trauma, surgery with-
out infection, venous thrombosis, drug reaction) or neuro-
genic. After acute TSCI, neurogenic fever is a distinctive
and commonly encountered feamue that has been poorly
characterized. Here, we used our monitoring techniques to
determine the effect of these different types of fever on
the injured spinal cord and to identify clinical feamres
that distinguish nenrogenic from non-eurogenic fever.

Methods

Institutional research board approvals

Patients were recruited as part of the Injured Spinal
Cord Pressure Evaluation (ISCoPE) clinical study at
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S5t George’s Hospital, London, UK. Approvals for
ISCoPE, including consent form and patient information
shest, were obtained from the St George’s, University
of London Joint Research Office, and the NMNational
Research Ethics Service London-5t Giles Committes
(no. TWHOBOT/23). The smdy was performed in accor-
dance with ethical standards laid down in the 1964
Declaration of Helsinki and its later amendments.
Informed consent was obtained from all participants
included in the study or their family members. 15CoPE
is registered at www clinicaltrials.gov and www.ichgep
.net as NCTO27216135.

Inclusion and exclusion criteria

We included all patients with TSCI recruited into
ISCoPE between September 2016 and December 2021
with viable ISP, SCPP, MD, and p.0. monitoring sig-
nals. Inclusion criteria were: 1) severe TSCI defined as
American Spinal Injury Association Impairment Scale
(AlS)grade A, B, or C; 2) age 18-70 vears; and 3) timing
betwesn TSCland surgery within 72 h. Exclusion criteria
were: 1) patient unable to consent; 2) other significant
comorbidities; and 3) penetrating TSCL

MNeurosurgical management

and probe placement

All patients were admitted to the neurosurgical unit at
St George’s Hospital and underwent International Stand-
ards for Neurological Classification of Spinal Cord Injury
(ISMCSCI) assessments by a trained neurosurgical resi-
dent, which were repeated prior to discharge to the reha-
bilitation unit (2-3 weeks post-TSCI) and at follow-up.
Surgical decompression and spinal  instrumentation
were performed by a neurosurgeon. The type of surgery
was based on clinical indication and surgeon preference
and included posterior approach with lateral mass (cervi-
cal), pedicle screw (thoracic), and rod fixation (Strvker
Oasys for cervical and Strvker Xia for thoracic: Strvker
UK, Mewbury, Berkshire, England).

At the end of posterior surgery to decompress the spi-
nal cord and fix the spine, a pressure probe (Codman
Microsensor Transduner'ﬁ_. Depuy Swnthes, Leeds, UK).
an MD catheter (CMAG], CMA Microdialysis AR,
Solna, Sweadan), and an O electrode (Licox CCIP1, Inte-
gra, Sophia-Antipolis, France) were inserted intradurally
under the operating microscope, were positioned on the
surface of the injured cord at the site of maximal cord
swelling, and were secured to the skin using silk sutures.
This setup allows multi-modality monitoring (ISP, SCPP,
PscdOa. tissue glucose, tissue LPR) from the injury site
(Fig. 1). The patients received antibiotics at induction
(cefuroxime 1.5 g intravenously if no penicillin allergy)
and 48h of vancomycin and gentamicin post-operatively
according to body weight as standard protocol. Pre-
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operative computed tomography (CT) and magnetic res-
onance imaging [ MRI) of the spine were performed, then
post-operative CT of the spine, tyvpically within 2 davs,
and post-operative MREI of the spine, typically within
1 week after probe removal.

Newro ICU management

Post-operatively, all patients were admitted to the neuro
ICU where thev were reviewed dailv by neuro ICU and
neurosurgery teams. Each patient’s ventilation was sup-
ported as  appropriate with corresponding  sedation,
dependent on the level and severity of TSCIL This may
have included timely extubation post-operatively or
early tracheostomy. The surgical wound was reviewed
daily, a post-operative drain was kept on gravity, and
the patient was turned in bed to avoid pressure sores.
To prevent venous thromboembolism, we used a standard
protocol of Fowtrons™ plus prophylactic low-molecular-
weight heparin started at 48h. To date, we have not
observed post-operative hemorrhage in our patients
with TSCI using this protocol.'® Vasopressor support
(norepinephring) was provided as required without set
SCPP parameters. Meuro ICU physicians did not act on
ISP, SCPP, py Oy, or MD values in ling with the observa-
tional namre of the study. The ISP, MD, and p,,Os
probes were removed within 1 week, and the probe skin
exit sites were sutured using nylon.

ISP and SCPP monitoring

The ISP probe was connected to a Codman ICP bhox
linked via a ML221 amplifier to a PowerLab data acqui-
sition hardware device, in turn linked to a laptop running
the data acquisition and analvsis software LabChart v.8
(ADInstruments, Oxford, UK). Arterial blood pressure
(ABP) was recorded from a radial arery catheter con-
nected to a Philips Intzllivue MXB0 bedside monitor
(Philips, Guildford, UK ) and then to the PowerLab sys-
tem or ICM+. The ISP and ABP signals were sampled at
1 kHz and used to compute SCPP as mean arterial pres-
sure (MAF) — ISP, ISP is the same as intraparenchy-
mal cord pressure at the injury site.'” which is different
from CSF pressure measured above or below the injury
because the swollen, injured cord is compressed against
the dura, thus compartmmentalizing the intrathecal space
as described in earlier publications.'™'*™

Microdialysis monitoring

MD was started post-operatively in the neuro ICU as
described. "' Central nervous system fluid (CMA
Microdialysis AB) was perfused at 0.3 pl/min using
the CMAIDG pump (CMA Microdialysis AB). MD
vials were changed hourly and analyzed using ISCUS
Flex (CMA Microdialysis AB) for glucose, lactate, and
pyvruvate. The LPR was calculated. The first two samples
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FIG. 1.

Monitoring setup. (A) Pre-operative sagital CT. (B) Pre-operative sagital T2 MRL (Q) Intra-operative
photo (dura exposed, microscope). (D) Intra-operative photo (wound closed). (E) Post-operative sagittal CT.
(F) Post-operative coronal CT. (G) Simultanecusly monitored signals from injury site: 1SP (blue), SCPP (red),
GLUC, (green}, tissuee LPR (purple), p.o 0, (omnge). CT, computed tomography; GLUC, tissue glucose; 1SP,
intraspinal probe; LPR, lactate to pyruvate mtio; MD, microdialysis catheter, MR magnetic resonance
Imaging; p.+0,, tssue oxygen, Licox probe; SCPP, spinal cord perfusion pressure.
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I SCPP (mmHg)
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LPR

12 24 3 48 60
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==

from each patient were discarded to allow priming of the
MD catheter and stabilization of the metabolite concen-
trations. One-hundred-fold changes in metabolite con-
centration, compared with the preceding hour, were
excluded from the analysis, assumed to be errors in mea-
surement. Our MD method measures spinal cord surface
metabolism at the injury site, which correlates with intra-
parenchymal injury site metabolism, but is different from
metabolites measured from lumbar CSF, 51721

Tissue oxygen monitoring

The (3, electrode was connected to a Licox P,0O» Monitor
iIntegra), in turn linked to a Philips Intellivue MXBO0D
bedside monitor (Philips), which was connected to the
PowerLab system. The Licox signal was sampled at
1kHz.

Patient assessments

Patients had an ISNCSCI examination on admission, at
about 2 weeks post-operatively, and at 6-month follow-
up. A pre-operative CT spine and MRI scan were per-
formed. Following surpery. patients underwent regular
motor limb assessments on the neuro ICU. A CT scan

203

of the spine was performed tvpically within 48h of sur-
pery. Post-operatively, arterial blood gases were mea-
sured, initially 446 hourly, then at the discretion of the
neuro ICU staff. Venous blood tests including white
cell count (WOC: normal 4-11 cells/ul.), C-reactive pro-
tein (CRP; normal 0-20mg/L}, and procalcitonin (PCT;
notmal <0.49 ug/lL) were performed daily.

Temperature recordings

Our nearo ICU staff monitored peripheral temperature
every |-4h by placing a SureTemp Plus (WelchAllyn,
Aston Abbots, UK) thermometer in the axilla for
12-15sec. Temperature readings were paired with ISP
and MAP readings for 30 min before and after the reading
and with the chronologically nearsst arterial or venous
blood samples. Use of axillary temperature was a prag-
matic choice becanse not all patients had monitoring of
central temperature.

Fever definitions
We defined normothermia as 36.5-37 4°C, low fever
as 37.5-37.9°C, and high fever as > 38°C. Fever was
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classified as infective, inflammatory, or neurogenic, and
febrile episodes occurring during the multi-modal ity
period (up to 7 days) were recorded. Fever is considered
infective if there is microbiological (culture positive,
confirmed micro-organism) plus biochemical (raised
WOCC or CRP) evidence, with or without X-rayiCT sup-
port, of an infective source. Diagnosis of “infection
likely™ was attributed to fever episodes with moderate
clinical and biochemical suspicion without a concomitant
positive culture or equivocal radiology, at that specific
time-point, precluding confident atribution to & systemic
focus. Diagnosis of inflammatory fever (microbiology
negative for infection) requires raised inflammatory
markers (WCOC or CRP) and the presence of a cause,
for example, fever within 48h of surgery, or another
inflammatory etiology, for example, pulmonaryimedias-
tinal injury, intra-sbdominal injury, pelvic tranma
long-bone injuries. significant hematoma, or thrombosis.
Inflammatory fever source was attributed as “unknown™
when criteria for other investi gated canses were not met,
and includes drug fever. Neurogenic fever was a diagno-
sis of exclusion, when neither of the above sets of criteria
were met, after comprehensive clinical and radiological
workup.

Omly fever episodes occurring in the post-operative,
mi lti-modality monitoring period (up to 7 days) were
included in the analvsis. A few delaved infections during
the hospital episode are reported in the section Complica-
tions (see also Table 1). Further, not all infections mani-

Table 1. Complications of Monitoring

Complication No./B6 % Coumimant
Prohe -relaied
C5F leak L] 116 Bedide management
Memngibs (7§ 1 12  Excherchia coli {wound
swah + wound dran Bl )
Wound heslthy. Enfercocous
{urme). Doowsy. S0l neck.
No C5F cullure. Uncentzn i
menmgils. Vancomycin +
meropenem. Mo squelse.
Carrel el e L] LT
Peeudomenngoce ke 3 MY Nonecompressve,
oomervatvely mansged
Retzined probe L] L)
Surpeal
Wound inl'achon 4 4.7 3 superficial {antibiatics),
1 dheep {woundd washou )
Woamd hemstomsa 1 1.2 Anenor wound requinsd
EVacuaton
Funther spinal swrgery 1 12  Anenor dabilizstion
Mum-surgical
Chest infection 3 M9
Urine infectom ] 15
Line inlection 5 54
Pulmxmary embalus 2 23 Delayed
Pressure uker 5 58 Delayed
Myositis ossilicans 1 12 Delayed
PosiFiraumstic synin 4 47 Delayed 3 draned,

1 conservatively mensped

C5F, carebrospnal Nl
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fested in high grade fever, that is, non-pyrogenic, and so
are reported in Table 1 but not the high-grade fever anal-
vsis. This accounts for the discrepancy between reported
fever episodes and reported infective complications.

Cytokine /chemokine analysis

We messured the concentrations of cyvtokines/
chemokines in the MD fluid collected from the injury
site. These molecules were selected because they have
been implicated in the pathophysiology of TSCI; they
are <30kDa (i.e, cross the MD membrane) and are
part of our multi-plex electrochemiluminescence assay
panel. For each patient, MD wials were collected during
normothermia and during high fever. MD vials, each con-
taining ~ 10 ul., were stored at —80°C and analyzed in
a blinded fashion at Charité-Universititsmedizin Berlin
by mulii-plex electrochemiluminescence assays (Meso
Scale Discovery, Rockville, MD, USA) using the follow-
ing antibody sets from the U-PLEX Biomarker Group 1
Human Assavs panel (K13067M): interleukin (IL)-4,
IL-&, IL-10, IP-10, GRO-x, MCP-1, MIP-12. and MIP-
1. If necessary, the MD samples were diluted to the
minimum required volume for a single determination
(25 .y or analy zed directly according to the manufactur-
er’s protocol. Ninety-six-well plates including samples,
blanks, and recombinant standard concentrations were
measured and unknown concentrations calculated, using
the MESO CQuickPlex 50Q 120 Reader and the MSD
DISCOVERY WORKBEMNCH software version 4.0/ (Meso
Scale Discovery, Rockville, MD, USA), respectively.

Serum procalcitonin (PCT) meas urement

PCT was measured pre-operativel v and daily during the
period of monitoring. For the first 26 patients, PCT was
measured using a portable analvser (Biopanda BR
GEMD PCT immunoassay, Belfast, UK) In subsequent
patients, we measured PCT levels at the 5t George's
Hospital biochemistry laboratory as part of the daily
blood tests done in the neuro ICU.

Meuro ICU response to fever

During fever, blood, sputum, line, urinary catheter, and
wound swabs were cultured. A chest radiograph was per-
formed. There was daily neuro ICU review by clinical
microbiology physicians who may request repeat cultures
depending on the clinical picture and laboratory findings.
Antipyretics administered were typically paracetamol 1g
4 times a day and, either diclofenac infusion 150 mg
daily, or ibuprofen orally 400 mg 3 times daily. On rare
occasions when fever was refractory to pharmacotherapy,
active surface cooling to normothermia was emploved.

Vasopressors
Vasopressors were administered at the discretion of the
neuroe ICU. In general, a minimum MAP of 80mmHg
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classified as infective, inflammatory, or neurogenic, and
febrile episodes occurring during the multi-modality
period (up to 7 days) were recorded. Fever is considered
infective if there is microbiological (culture positive,
confirmed micro-organism) plus biochemical (raised
WCC or CRP) evidence, with or without X-rav/CT sup-
port, of an infective source. Diagnosis of “infection
likely™ was attributed to fever episodes with moderate
clinical and biochemical suspicion without a concomitant
positive culture or equivocal radiology, at that specific
time-point, precluding confident atribution to a systemic
focus. Diagnosis of inflammatory fever (microbiology
negative for infection) requires raised inflammatory
markers (WOC or CREP) and the presence of a cause,
for example, fever within 48h of surgery, or another
inflammatory etiology, for example, pulmonar vimedias-
tinal injury, intra-abdominal injury, pelvic  tranma,
long-bone injuries, significant hematoma, or thrombxosis,
Inflammatory fever source was attributed as ““unknown™
when criteria for other investigated causes were not met,
and includes drug fever. Neurogenic fever was a diagno-
sis of exclusion, when neither of the above sets of criteria
were met, after comprehensive clinical and radiological
workup.

Omly fever episodes occurring in the post-operative,
miu lti-modality monitoring period (up to 7 days) were
included in the analysis. A few delaved infections during
the hospital episode are reported in the section Complica-
tions (see also Table 1). Further, not all infections mani-

Table 1. Complications of Monitoring

Cown plication No./B6 % (Comim et
Provhe -rela e
CHF leak 1ik 116 Bedkide manspement
Meningitis {¥) 1 1.2  Escherichia coli {wounl
swah + wound drzn Dukl )
‘Woumnd healthy. Enferococous
jumne). Drowsy, Sl neck.
MNo C5F culiure. Uncerzm il
menngils. Vancomycn +
menpenem. Mo sequelse.
Caore] el g L] 00
Pseucimeningocele 3 M9 MNoneoompressive,
comservatively menaged
Re tminex] probe L] L]
Surgcal
Wound inlecton 4 4.7 3 superficial { anlibdatics),
1 dheep {wouned washow )
Woumed hemstoms 1 12 Anenor wound required
evacuabim
Funther spinal surgery 1 12 Anenor ashilization
Nim-surgical
Chest infection 3 M9
Urine infection L] 15
Line infectim 5 54
Pulmxmary embaolus 2 23 Delayed
Presure ukcer 5 58 Delayed
Myostis ossilicans 1 12 Delayed
Post-traumstic synin: 4 4.7 Delayed 3 drained,

1 cmzervatively menaged

C5F, carebmospanal fwd
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fested in high grade fever, that is, non-pyrogenic, and so
are reported in Table 1 but not the high-grade fever anal-
wsis. This accounts for the discrepancy between reported
fever episodes and reported infective complications,

Cytokine /chemokine analysis

We measured the concentrations of cyiokines
chemokines in the MD fluid collected from the injury
site. These molecules were selected because they have
been implicated in the pathophysiology of TSCI; they
are <30kDa (i.e., cross the MD membrane) and are
part of our multi-plex electrochemiluminescence assay
panel. For each patient, MD vials were collected during
normothermia and during high fever. MD vials, each con-
taining ~ 10 pl., were stored at —80°C and analyzed in
a blinded fashion at Charité-Universititsmedizin Berlin
by multi-plex electrochemiluminescence assavs (Meso
Scale Discovery, Rockville, MD, USA) using the follow-
ing antibody sets from the U-PLEX Biomarker Group |
Human Assayvs panel (K15067M): interleukin (IL)-4,
IL-&, IL-10, IP-10, GRO-2, MCP-1, MIP-12, and MIP-
14. If necessary, the MD samples were diluted to the
minimum required volume for a single determination
(25 ulyor analy zed directly according to the manufactur-
er's protocol. Ninety-six-well plates including samples,
blanks, and recombinant standard concentrations were
measured and unknown concentrations calculated, using
the MESO CuickPlex 50 120 Reader and the MSD
DISCOVERY WORKBENCH software version 4.0 (Meso
Scale Discovery, Rockville, MD, USA), respectively.

Serum procalcitonin (PCT) measurement

PCT was measured pre-operatively and daily during the
period of monitoring. For the first 26 patients, PCT was
measured using a portable analyser (Biopanda BR
GRD PCT immunoassay, Belfast, UK) In subsequent
patients, we measured PCT levels at the St. George’s
Hospital biochemistory laboratory a8 part of the daily
blood tests done in the neuro ICU.

MNeuro ICU response to fever

During fever, blood, sputim, line, urinary catheter, and
wound swabs were cultured. A chest radiograph was per-
formed. There was dailv neuro ICU review by clinical
microbiology physicians who may request repeat cultures
depending on the clinical picture and laboratory findings.
Antipyretics administerad were typically paracetamol 1 g
4 times a day and, either diclofenac infusion 150mg
daily, or ibuprofen orally 400mg 3 times daily. On rare
occasions when fever was refractory to pharmacotherapy,
active surface cooling to normothermia was emploved.

Vasopressors
Wasopressors were administered at the discretion of the
neuro ICU. In general, a minimum MAP of B0mmHg



was advised. The neuro ICU team were blinded to the
ISP, SCPFP, py. 02 and MD measurements. Intravenously
administered norepinephrine (4 mgS0mL, 3% dextrose)
via a central venous catheter was the preferred ino-
trope. In some patients, metaraminol (10mg20mlL,
0.9% saline) was used initially. Vasopressor dose admin-
istered was recorded hourly by the neuro ICU nurses.

Statistical analysis

For each fever type, percentage of hours at high fever ver-
sus temperature and versus dav after TSCI were com-
pared by two-way analysis of variance [(ANOWVA).
Mumber of cases of each fever type at or above vertebral
level T3 versus below T3 (the expectad level of neuro-
genic temperature dysregulation) were compared by
Fisher's exact test. Change in the level of an injury site
physiological variable (e.g.. LPR) may precede the onset
of fever or may be cansed by an insult unrelated to fever
(e.g., drop in SCPP). Thus, o determine the effect of
fever on each injury site phvsiological variable, we
assessed trends related to episodes of normothermia
then fever then normothermia, rather than plotiing the
level of the injury site physiological variable during nor-
mothermia versus fever. The number of times that ISP,
SCPP, tissue glucose, tissue LPR, and tissue pO.
increased, remained constant, or decreased during fever
wversus normothermia, during short (1 h) versus prolon ged
(=1 h}) fever, or during pre-fever versus normothermia
were compared using Fisher's exact test. Chemokine/
cytokine levels during fever versus baseline were com-
pared using the paired Mann-Whitney U test. Statistical
tests are two-tailed. The data mining freeware Orange
3.34.0 was used to classify fever as neurogenic versus
non-neurogenic using Tree, Stochastic gradient descent,
Meural network, Logistic regression, and CN2 rule induc-
tion classifiers with leave-one-out cross-validation to
compute Area Under Curve, Classification Accuracy,
Fl score, Precision, and Recall.

Results

Participants

We recruited B6 consecutive patients with TSCI who
contributed 5591 h of monitoring data in total. All sub-
jects and family members approached agreed for the
patients to participate, Table 2 shows demographic infor-
mation. Most (80.2%) were males, and most (84.6%)
were vounger than age 6 vears. There were 59.3% cer-
vical, 34.8% thoracic, and 58% conus injuries. On
admission, 39.3% of the patients were AlS grade A,
16.3% grade B, and 244% grade C. Most patients
(82.6%) had posterior surgery only, and the rest (17.4%)
had combined anterior + posterior. AlLS grade at follow-
up (on average 2.7 vears) improved in 40.2%, stayved
the same in 56.1%. and deteriorated in 3.7%.
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Table 2. Patient Characteristics
Mo of patents manioned Totzl 86
ISPBCPP 86
MDD 58
Pruclh 33
Hours of mamiloring IS PsCPP 2554
MDD 1,587
Paclh B0
Agpe (years) < 5
20-39 35
459 29
= ok 17
Sex Flale 64
Female 17
Sike of mjury Cervical 51
Thawaci: El
Conis 5
Surpeal spproach Amnlerior i}
Pusterion 71
36l 15
N of patients with admsdon ALS grade A 51
B 14
C 21
Mo of patents with follow-up ALS grade A 38
B 11
C 17
n] 15
E 1
Lnknown 4
Mo of patients with ALS change -2 1
-1 2
L] 46
+1 22
+2 8
+3 3
Linknawn 4
Weeks of Tollkvw-up Mean 13800
SEM 433

AlS, Amencan Spinal Injury Asociation [mpament Scale; ISP, intra-
spinal probe; MDD, microdial ysis; pos, tsee oxygen; SCPP, spinal cornd
perfusion pressure; SEM, sandend emor of the mean

Complications

Table 1 lists complications. Of the patients, 11.6% had
C5F lzak from probe exit site(s), successfully managead
by placing extra skin sutures at the bedside. On the
2-week post-operative MRI, 34.9% of patients had non-
compressive  pseudomeningocele, all  conservatively
managed. OF these, 50% had an MRI at 6-12 months,
showing near-total or total resolution of the psendome-
ningocele in §0%. OF the patients, 1.2% had positive
wound swabs and drain fluid culture with neck stiffness
reporied as a *'serious adverse event,” successfully man-
aged with antibiotics for possible central nervous system
(CM35) infection. There was no probe-related hematoma
or spinal cord damage based on neurological function
and MREL Of the patients, 4.7% had wound infections:
the one patient requiring a wound washout had poorly
controlled diabetes, primary Escherichia coli urosepsis
and subsequent wound infection.

Fever characteristics

High fever (axillary temperature >38°C) was detected in
T6.7% of the patients and in 17.7% of the monitorad
hours (Table 3). OFf all febrile hours, the tvpe of fever
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Table 3. Incidence of High Fever (= 38°C)

Type of fever  Patients /B8  Howrs (3217 Likely cause

All fevers oh a7

Meurogenc 24 147

I M deory 25 134 Surgery B4
Lang mjury 94
Abdarmnal injury 4
Pelvic mnjury 2
Limb injury 5
Hem stz i7
WTPE L]
LUnknown® 11

Infective 4i) 285 Chest 144
Linne 34
Wonnd® 1
Line 20
Bloaxd 9

Infection likely® 64

Figures represent fever epuodes Irom pyrogenic mfections. Moo
pyrogenc infectims andfor delayed infecions oulsde the mull- modzliy
mismliring period in Table 1.

* Tt nurm ber of hourly lemperature recordings, of which 2864 h haed sc-
emmpEnying mnikrmg data

l’I.'nIl:n'r.ur.:r:tlﬂcr_'.- lever souwrce atrbuied = “Unknown™ when crilenia md
med for other causes

“Wound sepais sccoamted for high fever in 1 petient; however, four caes
preszniedin Tablke 1: Complicatons because the remsincder dil nal manafest
with fever.

Mocerte index ol suspicion bl no comesponding positive cullure; see
ithe Methaxds section

DVT, desp venous thrombosis; PE, pulmonery embolim,

was neurogenic in 23.7% h, inflammatory in 24.3% h,
and infective in 49.9% h. Of those with infective fever,
22.1% had risk factors (diabetes: 7 %, alcohol excess:
9.3%, chronic smoker: 5.8%) No one received acute or
long-term steroids. The three fever types have differ-

ent characteristics: First, axillary temperatures are higher
in neurogenic than inflammatory or infective fever
(Fig. 2A). for example, 34.7% of the time, neurogenic
fever is >39°C compared with 10.8% of the time for
inflammatory and 18.9% for infective fevers. Second,
the time profiles are also different (Fig. 2B): Neurogenic
fever is infrequent in the first few days after TSCI, peaks
at 1 week and subsides by 10 days; inflammatory fever is
most prevalent in the first 48h after the TSCI and sub-
sides by 10 days; infective fever develops >48h after
the TSCI and does not subside by 10 dayvs. Third. neu-
rogenic fever only occurs in TSCI above vertebral level
T4, whereas infective and inflammuatory fevers oocur with
amy level of TSCI (Fig. 2C). Supplementary Figure 51
shows additional chamcteristics of the three fever types.

Effect of fever on injury site physiology

and metabolism

We asked if the three tvpes of fever amr associated with
metabolic stress at the injury site. Five parameters moni-
tored from the injured cord were stdied: 1SP, SCPP, glu-
cose, LPR, and p, 0, We determined how often each
parameter increases, is unchanged, or decreases during
fever and compared with the corresponding frequencies
for normothermia (Fig. 3). None of the three fever tvpes
affect ISP or SCPP (not shown), but all three amre
associated with low glucoese, high LPR, and low p, O
(the changes in p, 0 did not reach significance for
inflammatory fever) We conclude that all three fever
types are associated with metabolic stress at the injury site.

-
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FIG. 2. Characteristics of different fevers. (A) Temperature profiles of neurogenic (blue), inflammatory
[oramge), and infective (black) high fevers. (B) Percentage of hours each day after TS0 with neunogenic,
inflammatory, and infective high fever. (€ Level of injury versus % of patients at each level who had high
fever, P< 0.05% 0.01%*, 0.001%, 0.0005°", GLUC, tissue glucose; LPR, lactate to pyruvate ratio; p,0s, tssue
oxygern; TSCI, severe traumatic spinal cord injury.
A

N

207



8 VISAGAN ET AL
s ™
A Temp E—— B NEUROGENIC G INFLAMMATORY O INFEGTIVE
21 el T W
Glue o T Glue = i = | -
{mmaliL) Kok N - - - *
4
i - « — o
LPR 30 ) LPR - e |1 S e |
P . F P
20
50 f—
Py A0 .-"JT‘:\ ‘
u} - * ns *
= T T T 1 I T 1 I T ] [ T 1
60 TZ B4 96 10B120 0 50 100 o S0 100 0 50 100
Haours sinca injury Y% episodes % episodas Y episodas
FIG. 3. Physiology and metabolism of injured cord during fever. {A) GLUC, tissue LPR, and p.0; (gray
limes) monitored from the injured cord of a patient with neurogenic fever (green, <37.5; light red,
375 = 37%; red, =38.0°C). Dotted lines are trendlines during the fever. Percentage of episodes of no fever
(green), (B) versus neurogenic high fever (blue), or (C) versus inflammatory high fever (orange), or
(D) wersus infective high fever (black) associated with increase [, no change (—), or decrease [~ in GLUC,
tissue LPR, and p,o05. P< 0.05% 0.005%%, 0.0001%, GLUC, tissue alucose; LPR, lactate to pyruvate ratio;
POy tiSSUE CXXYQen.
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Our next hypothesis was that prolonged (=1 h) fever is
associated with more metabolic stress at the injury site
than brief (= 1h) fever. Supplementary Figure 52
shows that the duration of each of the three fever types
had no impact on ISP or SCPP. However, compared
with brief fever, prolonged fever is associated with
lower tissue glucose (neurogenic fever), higher LPR
(inflammatory and infective fevers), and lower pOs
(neurogenic. inflammatory, and infective fevers). We
conclude that, for all three fever types, prolonged fever
is associated with more metabolic stress at the injury
site than brief fever.

We then investigated whether the spinal cord meta-
bolic derangement precedes the fever by examining the
5h before fever onset (Supplementary Fig. 53). Changes
in ISP, SCPP, glucose, LPR, and p., 0. before neuro-
genic or inflammatory fever are no different than during
normothermia. However, significant decrease in glucose,
significant increase in LPR, and non-significant decrease
in P, oocur before the onset of infective fever. We
conclude that spinal cord metabolic derangement pre-
cedes the onset of infective, but not neurogenic or inflam-
matory, fever by at least 4h.

Injury site cytokines/chemokines

We asked whether fever is associated with increased cord
inflammation, quantified as changes in the levels of cyio-
kines/chemokines at the injury site during fever versus
baseline. Figure 4 shows that neurogenic and inflamma-
tory fevers are not associated with significant changes
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in any assaved cyviokines'chemokines, although wide var-
iability between patients is observed. Infective fever is
associated with significantly elevated levels of pro-
inflammatory  cytokines/chemokines (GROzx,  IL-8,
IP-10, MCP-1, MIP-1ff), but no significant change in
the levels of anti-inflammatory cviokines/chemokines
(IL-4, IL-10}. These findings suggest that infective, but
not neurogenic or inflammatory, fever is associated
with increased injury site inflammati on.

MNeurogenic fever predictor

We hypothesised that itis possible to reliably distinguish
neurogenic from non-neurogenic high fever by simple
clinical tests. Patient characteristics (age, sex. level of
injury, severity of injury) and dailv fever characteristics
(day from injury, maximum temperature, WOC, CRP,
PCT) were entered into logistic regression, neural net-
work, tree, stochastic gradient descent, and CN2 rule
induction algorithms with accuracy assessed by leave-
one-out cross-validation. All classifiers performed well
in various evaluation metrics; in general, the classifi-
ers emploved five key discriminating features. including
level of injury, WOC, CRP, PCT, and maximum daily
temperature (Supplementary Fig. 54). Five simple clini-
cal rules, based on these characteristics, allow 39.3% of
high fever episodes to be classified with 100% accuracy,
a5 NEurogenic of non-neurogenic; the remaining 40.7%
high fever episodes cannot be reliably classified (Supple-
mentary Table S1). Figure 5 shows a simple flow chart to
distinguish neurogenic from non-neurogenic fever with
examples of fever episodes.
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Discussion

We reported previously that afier acute TSCL fever
(axillary temperature =38°C) is associated with cord met-
abolic stress and impaired neurological recnvergr.ﬂ Here,
we refined our analysis to show that deranged injury site
metabolism is a feature of all three major types of fever
(neurogenic, inflimmatory, infective) and, therefore, all
three tvpes of fever are probably harmful. Infective
fever seems the most detrimental to the injured cord
becanse it is also associated with elevated spinal cord lev-
els of pro-inflammatory  cytokines/chemokines, The
three types of fever have different features that can be
exploited to distinguish neurogenic from non-neurogenic
fever with confidence.

The following mechanism may explain how fever
canses metabolic stress at the injury site. Evidence
from patients  with TSCL™*  rodents™ ™ and
pigs” =" suggest that the injured cord is ischemic. By
increasing the metabolic rate, ™ fever increases glucose
and oxygen consumption, which accounts for the redue-
tion in tissue glucose and p,.0. at the injury site that
we detected during fever: these changes cannot be
explained by reduced cord perfusion becanse fever does
not affect SCPFP or ISP. Tissue oxvgen depletion during
fever then exacerbates cord ischemia evidenced by rising
LPR at the injury site. It follows that more prolonged
fever is associated with more metabolic stress at the
injury site. This mechanism may apply to all tyvpes of
fever and all CNS ischemic pathologies, for example,

fever worsens outcome in patients with TSCL¥ pati-

ents with TBL'™" and rodent TBI mmiels'm"w: fever

also increases infarct size and mortality. and worsens out-
come in patients with stroke, 4! Together, these findings
suggest that prompt treatment of fever may improve out-
come after TSCL

Unlike other fevers, infective fever is linked to addi-
tional harmful effects. Infective fever is associated with
elevated spinal cord levels of chemoattractants and acti-
vitors of leukocyvies including GROz and IL-8 (neu-
ImphlLﬁ’:} as well as IP-10, MCP-1. and MIP-1§
(microglia**** macrophages*™ "), without changes in
IL-4 or IL-10, which are .'lmi—lnﬂalrnrlmim"j.r."'n Meutro-
phils, microglia, and macrophages are abundant in
acutely injured human™ and rar™ " spinal cord: their
activation may cause further tissue damage ' Our find-
ing that cord metabolic stress precedes the onset of infec-
tve fever suggests dewrimental factors other than
emperature, likely o be leukocyies. The clinical impli-
cation is that treating fever without addressing the leuko-
cytes is unlikely to eliminate the detrimental effect of
infective fever.

The three types of fever have different characteristics:

1. Temperature: Infective and inflammatory fevers
may be mediated by prnsmglandlm,s"s"' but neuro-
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genic fever is cansaed by Lmerru?r.inn of thermoreg-
ulatory spinal oord paﬂlmys.j MNeurogenic fever
is thus poorly responsive o cvclooxygenase
inhibition by  paracetamol/non-steroidal — anti-
inflammatory drugsjﬁ: this may explain why neu-
rogenic fever is higher than non-neurogenic.

2. Time course: Neurogenic fever starts soon after
TSCI and peaks at 1 week, likelv related to evolving
changes within the cord, for example. cord edema
Inflammatory fever is primarily from tranma to
other organs/sur gery and thus peaks early. Infection
takes time to develop, which may explain why
infective fever starts >48h after TSCL

3. Level of injury: Neurogenic fever is confined to
injuries above vertebral level T4, This coincides
with the level for temperatire dyvsregulation in
chronic TSCI*? and autonomic dysreﬂexia.” The
mechanism of neurogenic fever may be interrup-
tion of svmpathetic supply to skin (trunk, legs)
and intemal organs thus dismpting vasoconstiction/
dilation, which has a major impact on heat elimina-
tion. Alternatively, cervical interneurons (proprio-
spinal neurons), which are major contributors to
the plastic reorganization of spinal neuronal cir-
cuitry after cervical TSCL for example, to sustain
breathing, may play a role® In contrast, inflam-
matory and infective fevers are not linked to the
level of injury.

4. Peripheral sepsis: Unlike neurogenic fever, infec-
tive and inflammatory fevers are associated with
more marked peripheral  inflammation  (higher
WOC, CRF, PCT).

The three tvpes of fever have different managements,
Infective fever requires source identification and septic
screzning and is treated with antibiotics but may require
additional measures, for example, change of peripheral
line or urinary catheter, chest physiotherapy, or surgical
lavage *¢ Inflammatory fever is multi-factorial , driven
by svstemic inflammatory response to polviranma, sur-
gery, venous thromboembolism, or blood transfusion;
management is mppm‘tive.m‘ﬁ" Meurogenic fever, a uni-
que and prominent feature in acute TSCL is non-
inflammatory  but  difficult to diagnose because of
concomitant peripheral inflammation % Therefore,
nenrogenic fever is often managed as infective with
unnecessary seplic screens and overuse of antibiotics.

We showed that neurogenic fever has simple distin-
guishing features: TSCI above T4, higher temperature,
and less peripheral inflammation (WCC, CRP, PCT).
Using these, neurogenic fever can be confidently distin-
guished from non-neurogenic more than 50% of the
time. Early and accurate diagnosis of neurogenic fever
may reduce over-investigation and over-treatment with
antibiotics that mav, in turn, limit the emergence of
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antibiotic resistance. There is no treatment for neurogenic
fever after TSCI bromocriptine merits investigation,
based on reports of its effectivenass ineliminating neuro-
genic fever after TBL%*® Table 4 compares the patho-
logical basis, diagnosis, and management of infective,
inflammatory, and neurogenic fevers in patients with
TSCL

Our conclusions are supporied by many hours of mon-
itoring, but there are limitations. We show associations,
not cansality, and thus we cannot prove that treating
fever will improve outcome; a randomized, controlled
trial is needed. It 15 also unclear if the cviokines/
chemokines are produced locally, for example, by muicro-
glia® or enter the cord from the circulation: simulta-
neous assays using serum and injury site MD may help
resolve this. Finally, the method of distinguishing
neurogenic from non-neurogenic fever needs exiernal
validation, Our patient cohort is typical of the TSCI png—
ulation with mmgamhle demographics "™ fever 161111
mmphcnnom_ and outcomes.** ™"

This study shows how monitoring from the injured spi-
nal cord may help with clinical management in patients
with acute, severe TSCL Inserting probes intradurally is
invasive and can only be done intra-operativel v (posterior
approach) under direct vision. To date, at 5t. George’s
Hospital, we have monitored using one {ISP},m

Table 4. Comparison of the Pathological Basis, Diagnosis,
and Manapement of Infective, Inflammatory, and Meurogenic
Fevers in Patients With TSCI

Neurogeanic Infective Inflammatony

Likely pathokypesl hesis

Cawies Dranrged I nfec Bon Tranim,
sympmthetic surgery, VT
Mechstor Sympathetic Pretaglandin  Prosizaglanding
Dazgnisis {typical festures)
NLI Above T4 Any Aay
Axillry emp. (°C) =39 <3 <39
Ozt foom TSCL =1 =2 ]
(ckays)
Peak from TSCL 7 Mo peak 2
(ckays)
End from TSCI 1k M peak 1k
(ckys)
WO <22 celle'ml. o
CRP<155mgi. N
PCT < omgfL "l‘!
Likely effect an TSCL
Conl injury 1 1
Cond metabolic T T T
demand
Ciore im ks bon — T —
Likely effective mansgemenl
PEJLHWI-L = * o o
MNEATDs
Bromocriptine 1 j x x
Active cooling W
Antibiotic * o *

CRP, C-resctive protein; DVT, deepvenous thrombass; MLL, neurikg-
ical level of injury; NSAID, non-slenoidsl snti-mflammaeory dug PCT,
procakatonm; TSCL treumste spinal cord injury; WO, white cell count.
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(ISP, MD}," or three (ISP, MD, Licox)’ probes in
more than M patients with TSCL The monitoring tech-
nique does not increase the risk of neurological deteriora-
tion or wound infection, and the long-term neurological
outcomes of our patients are comparable to those of
other centers. ™

Condusions

Our study provides evidence that fever may cause sec-
ondary damage after acute TSCI and illustrates how
injury site monitoring may be used o determine how
the spinal cord responds to injury to guide patient man-
agement. Further studies are required to determine if
treating fever improves neurological outcome.

Transparency, Rigor,
and Reproducibility Summary
The study was pre-registered at https:/clinicaltrials. gow/
(NCTO2721615). The anal vsis plan was not formallv pre-
registered. A sample size of 100 subjects was planned
based on the total availability of subjects recruited.
Minety-six participants were approached/screened, and
measurements were collected from 95, After excluding
cases of therapeutic hvpothermia, expansion duroplasty,
and loss to follow-up, 86 participants underwent final
analvsis and primary outcome assessment. Participants
were blinded to the results of assessments throughout the
study. Data collection and analyses were performed by
investi gators who were aware of relevant characteristics
of the participants. Data were anonynized and labeled
with codes, not linked to identifving information. Data
from recruited subjects were acquired between Septem-
bar 2016 and December 2021. Mo repeal acquisiion,
analysis failure, or unexpected events occurred. The time
required for data acquisition followed w pee-processing/
analysis was up to 7 days and 2 days per patient, respec-
tively. The data scquisition equipment, consumahles, and
software are available for purchase from the companies
stated in the Methods section. Orange 3.34.0 is freeware,
Quantitative test-retest reproducibility was not requi-
red, because established and validated monitoring tech-
niques in routing clinical use were emploved: pressure
probe (Codman), tissue oxyvgen catheter (Licox), MD
(Solna, Sweden), and PCT. The test-retest reliability of
the clinical outcome measures was not formally deter-
mined. Inclusion and exclusion criteria for ISCoPE are
listed in the Methods section. The primary outcome mea-
sures (tissue glucose, tissue LPR, tissue cytokines, ISP,
SCPP, and p..0s) are not vet established standards in
the field. AlS assessment is standard in the field. Future
validation warrants a randomized control trial comparing
groups of patients with TSCI with (1) continuous cord
monitoring and perfusion targeted therapy versus (2)
non-monitored patients. The other clinical outcome mea-
sure, PCT, as a differentiator of fever type is an emerging
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standard in the field. Normality, homogeneity of vari-
ances, and independence were assumed. When not met,
non-parametric ests were considerad. Adjusting for mul-
tiple comparisons was performed using logistic regres-
sion. Replication of the monitoring methods  and
evaluation of the sudy group was previously validated
in an independent TSCI cohort.

De-identified data from this study are not public, how-
ever anonymized data, and the manuscript can be made
available (subject to institional ethical standards) by
emailing the corresponding author. There is no anal viic
programming code associated with this study. The auth-
ors agree to provide the full content of the manuscript
on request by contacting the corresponding anthor.
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Spinal cord perfusion pressure correlates o2
with breathing function in patients with acute,
cervical traumatic spinal cord injuries:

an observational study

Ravindran Visagan', Ellaine Boseta'?, Argyro Zoumprouli®, Marios C. Papadopoulos'' and Samira Saadoun'™'

Abstract

Objective This study aims to determine the relationship between spinal cord perfusion pressure (SCPP) and breath-
ing function in patients with acute cervical traumatic spinal cord injuries.

Methods We included & participants without cervical T2l plus 13 patients with cervical traumatic spinal cord inju-
ries, American Spinal Injury Association Impairment Scale grades A-C. In the T5CI patients, we monitored intraspinal
pressure from the injury site for up to a week and computed the SCPP as mean arterial pressure minus intraspinal
pressure. Breathing function was quantified by diaphragmatic electremyegraphy using an EDI (electrical activity

of the diaphragm) nasogastric tube as well as by ultrasound of the diaphragm and the intercostal muscles performed
when sitting at 20°-30°.

Results We analysed 106 ultrasound examinations {total 1370 images/videos) and 198 EDI recordings in the patients
with cervical traumnatic spinal cord injuries. During quiet breathing, low SCPP (<80 mmHg) was associated

with reduced ED-peak {measure of inspiratory effort) and ECl-min (measure of the tonic activity of the diaphragm),
which increased and then plateaued at SCPP 60-100 mmHg. During quiet and deep breathing, the diaphrag-

rnatic thickening fraction {force of diaphragmatic contraction) plotted versus SCPP had an inverted-U relation-

ship, with a peak at SCPP 80-%0 mmHg. Diaphragmatic excursion (up and down movement of the diaphragm)
during quiet breathing did not comelate with SCPF, but diaphragmatic excursion during deep breathing plotted
versus SCPP had an inverse-U relationship with a peak at SCPP 80-%0 mmHg. The thickening fraction of the inter-
costal muscles plotted versus SCPP also had inverted-U relationship, with normal intercostal function at SCPP

&0-100 mmHg, but failure of the upper and middle intercostals to contract during inspiration (i.e. abdominal breath-
ing) at 5CPP < B0 or > 100 mmHg.

Conclusions After acute, cervical traumatic spinal cord injuries, breathing function depends on the SCPR SCPP
&0-90 mmHg correlates with optimum diaphragmatic and intercostal muscle function. Our findings raise the pos-

sibility that intervention to maintain SCPP in this range may accelerate ventilator liberation which may reduce stay
in the neurc-intensive care unit.
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Background

Traumatic spinal cord injury (TS5CI) is a devastating
event, with annual global age-standardised incidence
rate estimated at 13 patients per 100,000 people in 2016
[1]. There are no neuro-intensive care unit (NICU) treat-
ments proved to improve neurological outcome. To
facilitate the management of acute TSCI, we developed
maonitoring from the injured cord. We insert a pressure
probe intradurally at the injury site to record intraspinal
pressure (ISP) [2], used to compute spinal cord perfusion
pressure (SCPP), analogous to intracranial and cerebral
perfusion pressures in traumatic brain injury. SCPP, the
net pressure that drives blood flow to the injured cord, is
a key physiological parameter in TSCL Increasing SCPP
reduces cord ischaemia (Hssue glucose rises [3], tissue
oxygen (p, 0] rises [4], tissue lactate/pyruvate ratio
(LPR) falls} (3], enhances cord autoregulation [5], and
improves motor [6], sensory [7], urinary bladder [8], and
anal sphincter (9] functions.

Cervical TSCI 15 more disabling than thoracic TSCI,
because cervical TSCI weakens the upper limbs and
impairs breathing, blood pressure and body temperature
control. Cervical TSCI causes diaphragmatic (nerve root
supply C3—C5), intercostal (nerve root supply T1-T11),
and abdominal wall (T7-L1) musele dysfunction, leading
to reduced vital capacity from muscle fatigue and secre-
tion retention from impaired coughing [10]. The conse-
quences are pneumonia, failed extubation, tracheostomy,
and prolonged NICU stay [11]. Therefore, intervention to
enhance breathing in acute cervical TSCI in NICU would
be a major advance.

Our study aimed to determine whether SCPP affects
the function of breathing muscles in patients with acute,
cervical TSCL We used ultrasound scanning (USS) to
monitor non-invasively changes in diaphragmatic and
intercostal muscle thickness and diaphragmatic excur-
sion during breathing. We also recorded the electrical
activity of the diaphragm (EDI) with NAVA (neurally
adjusted ventilatory assist) nasogastric tubes [12, 13].

Methods

Institutional research board approvals

TSCI patients were recruited as part of the Injured Spinal
Cord Pressure Evaluation (ISCoPE) clinical study at 5t
George's Hospital, London, UK. Approvals for [SCoPE,
including consent form and patient information sheet

were obtained from the 5t. Georges, University of Lon-
don Joint Research Office, and the National Research
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Ethics Service London-5t Giles Committee (No. 10/
HO&07/23). The study was performed in accordance with
ethical standards laid down in the 1964 Declaration of
Helsinki and its later amendments. Informed consent
was obtained from all participants included in the study
or their family members. ISCoPE is registered at www.
clinicaltrials.gov and www.ichgep.net as NCT02721615.
Inclusion criteria were: (1) TSCI American Spinal Injury
Association Impairment Scale (AlS) grade A, B, or C; (2)
age 18-70 years; (3) timing between TSCI and surgery
within 72 h. Exclusion criteria were: (1) patient unable
to consent; (2) other significant co-morbidities; (3) pen-
etrating TSCL

Participants

Data were collected from 21 participants. We included all
13 cervical TSCI patients recruited to the 1SCoPE study
between September 2020 and January 2023 with viable
ISP, SCPE, microdialysis (MD), and p_ O, monitoring sig-
nals. Recordings of breathing function were made from
patients when not attached to a ventilator or, if attached
to a ventilator, patients initiated their own breaths with
pressure support (P5) and positive end-expiratory pres-
sure (PEEP) as chosen by the NICU team. We also
induded & controls (5 healthy participants, 3 thora-
columbar spinal injuries) who consented to ultrasound
examination to establish technique feasibility, reprodue-
ibility, and normal parameters in non-TSCI participants.
AIS dassifications in the 3 thoracolumbar injuries were
T8A, T9A and L1C. Lower intercostal function in the 2
thoracic injuries were excluded from final analysis.

Neurosurgical management

All patients were admitted to the neurosurgical unit at 5t.
George’s Hospital and underwent International Stand-
ards for Neurological Classification of Spinal Cord Injury
(ISNCSCI) assessments by a trained neurosurgical resi-
dent, which was repeated at 2-3 weeks post-TSCI and
6-month follow-up. Surgical decompression and spinal
instrumentation were performed by a neuwrosurgeon.
The type of surgery was based on clinical indication and
surgeon preference and included posterior approach
with lateral mass andfor pedicle serew plus rod fixation
(Stryker Oasys for cervical; Stryker UK, Newbury, Berk-
shire, England). Anterior instrumentation, if performed,
involved anterior cervical discectomy, placement of Tri-
tanium-C Cage and Aviator plate (Stryker UK, Newbury,
Berkshire, England). All patients received antibiotics at
induction (cefuroxime 1.5g intravenously if no penicillin
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allergy) and 48 h of vancomycin and gentamicin postop-
eratively according to body weight as standard hospital
protocoel. Pre-operative CT and MRI spine, then post-
operative CT spine were performed, typically within
2 days, and post-operative MRI spine, typically within
1 week after probe removal

SCPP monitoring

After posterior decompression of the spinal cord, under
the operating microscope, a pressure probe {Codman
Microsensor Transducer™, Depuy Synthes, Leeds, UK)
was placed intradurally between the dura and injured
cord at the site of maximal cord swelling and secured to
the skin with silk sutures. The pressure probe was con-
nected to a Codman ICP box. Arterial blood pressure
(ABP) was recorded from a radial artery catheter. Both
ISP and ABP interface with the ICU Philips Intellivue
MXB00 monitor (Philips, Guildford, UK.}, which is con-
nected to a laptop running ICM+ recording software
(Cambridge, LLE). ISP and ABP signals were sampled
at 500 kHz and used to compute SCPP as mean arterial
pressure (MAP) minus ISP, ISP is the same as intraparen-
chymal cord pressure at the injury site [14], which differs
from cerebrospinal fluid (CSF) pressure measured above
or below the injury because the swollen, injured cord is
compressed against the dura, thus compartmentalising
the intrathecal space as described in earlier publications
[2, 15, 16]. Figure 1 shows the setup.

NICU management

Postoperatively, all patients were admitted to the NICU
and reviewed daily by NICU and neurosurgery teams.
Each patients ventilation was supported as required,
with corresponding sedation and timing of post-oper-
ative extubation dependent on the level and severity of
TSCL This included either timely extubation postop-
eratively or early tracheostomy. The surgical wound was
reviewed daily, a post-operative drain was kept on grav-
ity for 1 week, and the patient was frequently turned in
bed to avoid pressure sores. To prevent venous thrombo-
embolism, we used Flowtrons® and started prophylactic
low-molecular-weight heparin at 24 h. Vasopressor sup-
port {norepinephrine) was administered as follows: in
general, MAP was kept at>85 mmHg. If the MAP per-
sistently fiell < 85 mmHg (or rose > 100 mmHg), the nor-
epinephrine dose was increased (or reduced) typically
by 0.02 pg/kg/min, followed by assessment of the MAP
response, prior to further titration to achieve the desired
effect. Norepinephrine was not given to patients who
self-maintained MAP =85 mmHg. NICU physicians did
not act on ISF, S5CFP, p, O, or MD values in line with
the study’s observational nature. The ISP, MD and p_, O,
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probes were removed within a week, and the probe skin
exit sites were sutured using nylon.

Electrical activity of the diaphragm

EDI was captured by the modified NAVA nasogastric
tube (MAQUET, Solna, Sweden) inserted by NICU staff
for feeding and to monitor EDL Optimal catheter posi-
tion was verified by X-Ray and ventilator onscreen sig-
nal puidance during placement. The EDI catheter was
connected to the SERVO-U ventilator {Getinge, Géte-
borg, Sweden) via a specific EDI module (Maguet,
Solna, Sweden). The Philips Intellivue MXS00 moni-
tor {Philips, Guildford, UK.} was configured to the EDI
signal through a laptop with ICM+ recording software
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{Cambridge, UK). Two parameters were used: EDI-peak
{neural inspiratory effort responsible for the size and
duration of the breath) and EDI-min (tonic activity of
the diaphragm that prevents de-recruitment of alveoli in
expiration). Figure 2A shows the setup.

Ultrasound scanning

Excursion of the left and right hemi-diaphragms was
assessed with a 3.5-5.0 MHz GE C1-5 probe set on
M-mode via the antedor subcostal window. Dur-
ing inspiration, the diaphragm contracts and moves
caudally towards the transducer, recorded as upward
motion on the M-mode trace. Excursion is the maxi-
mum vertical height of the M-mode signal from full
expiration to inspiratory peak [17]. Diaphragmatic and
intercostal muscle thickening was assessed bilaterally
with a 10-15 MHz probe set on B-mode. Diaphragmatic

Fage 4 of 11

thickness was measured as described [18, 19] at the
zone of apposition where the diaphragm is directly
behind the inner aspect of the lower rib cage, with val-
ues obtained for quiet and deep breathing. For inter-
costal USS, the probe was oriented in the sagittal plane
to record from the 2nd/3rd intercostals (upper inter-
costals), 5th/6th intercostals (middle intercostals), all
measured in the mid-davicular line, and from the 9th—
11th intercostals {lower intercostals) measured in the
anterior axillary line. Landmarks were marked on each
participant’s chest to enhance reproducibility of meas-
wrements. On  each  occasion,
made for up to a minute, and the mean of each param-
eter (diaphragmatic excursion and thickness, intercostal
thickness) was computed. Diaphragmatic or intercostal
muscle thickening fraction during breathing was defined
as: (thickness . —thickness )} thickness = 100. We

measurements  were
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16

12
8 - §
4- _;ﬁ:"ﬂ“ﬁ'
]
u.-.
I I I I I 1
— %, 6 > A
= 259, @ ‘rqu?o 9 7 %
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¥ " 54 I
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20, %] oot
o - &y
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Fg. 2 Electical activity of the dizphragm (EDd). A itop left) Schematc for EDN monitoring. (top right) Maanified wview of EDI nascgagric tube

with electrode contacts (blue). (middle) Phat of an EDI nasogastric tube. (bottom left) ECA secordings from a C8 A T8O patient. (battom right)
Magnified wiew of EDI signal showing EDI-min and ED-peak. Diaphmagm EMG versus S0P for B ED-peak, and € EDHmin. Black, all recordings; blue,
recoedings when not attached to ventilator, Mean + standard emor. Best-fit polynomial curves (B black, cubic: # =090, B blue cubic: # =0.98; € black,

cubic: 7 =098; € blue, guadratic: 7 =0.95). Sample skzes in Additional file &
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used the average of corresponding left and right meas-
urements for cach patient. Our diaphragm USS method
alipns with recent expert consensus [20] and interna-
tional guidelines [21].

Optimising assessments of breathing function

Following pilot studies in participants without cervical
TSCI (not shown), we eliminated the effect of patient
position on EDI and USS parameters by performing all
measurements with the patients sitting at 200-30° in bed.
Patients did not have chest infection, confirmed on rou-
tine chest X-ray, during the measurements. US55 and EDI
recordings were done during spontaneous breathing to
eliminate any confounding eflects of mechanical ventila-
tion. One investigator (BY) performed all USS recordings
to eliminate inter-assessor variability, RV received train-
ing in respiratory LSS from two consultant radiologists,
who independently verified the method and measure-
ment acquisition technigue.

Statistical analysis

SCPP was acquired as a continuous signal using 1CM+.
Each USS assessment took typically 0.5-1 h. We averaged
the SCPP for the duration of each USS and EDI assess-
ment. We used best-fit linear, quadratic, and cubic poly-
nomials for breathing function versus SCPP monitoring
data and ecomputed coefficients of determination ()
with data shown as mean + standard error. The two nor-
epinephrine groups (low vs high dose) were compared
using two-tailed -tests.

Table 1 Dermographic characteristics of cervical TS patients

Page5af 11

Results

Participant characteristics

We recruited 13 cervical TSCI patients. All participants
and family members approached agreed for the patients
to participate. Table 1 shows demographic information.
Muost (10/13) were males, and most (9/13) were younger
than 60 years. On admission, 4/13 patients were AIS
grade A, 7/13 grade B and 2/13 grade C. 10/13 patients
had posterior surgery only, and 3/13 had combined ante-
rior + posterior surgery. AIS grade at follow-up {on aver-
age 7.9 months) improved in 9, stayed the same in 3 and
deteriorated in no one. 1/13 patient was not followed-
up due to non-surgical mortality from chest sepsis after
discharge. In 8 control participants (5 healthy 43 thora-
columbar spinal injuries), we evaluated USS parameters
in 38 exams. As in the TSCI group, most controls were
male (7/8) and less than 60 years old (7/8), with mean age
41.1 years (range 27.0-63.2). No one had co-morbidities
or chest injuries.

Patient complications

Table 2 lists complications in the cervical TSCI patient
group. There was no post-operative CSF leak, wound
infection, haematoma, or cord damage from the monitor-
ing probes. 11/13 patients (84.6%) had non-compressive
pseudomeningocele on the 2-week post-operative MRI,
all conservatively managed. Non-surgical complications
induded chest infection in 7/13, urinary tract infection in
4/13 and delayed uncomplicated pressure ulcers success-
fully managed conservatively in 2/13.

Mo Age [years) Sex AlS admission ALS follow-up Follow-up imonths) Hours ISP
maonitoring

1 230 M o4 7B 1204 151
2 350 M 54 C34 £90 158
3 240 M caC i 1301 122
L 210 M CaB C4B B.25 - 1]
5 al0 E 5B Lost 93
a 1] M a8 i 685 159
04 M 48 cib 8,05 106
g A F 58 oo 1055 116
g9 370 M C5B 5B an 113
10 543 F Cic C30 FA a8
11 200 M 58 L 625 58
12 A 1] 54 £sC 68.31 14
13 5 L 54 ChE 4,74 112
Taital 1458

A5, Armerican Spinal Injury Association impasment Scale; F, female: 1S9 inbra spinal pressure; M, male
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Table 2 Complications of cervical TSC| patients

Complication No. of patients L
Frohe rekated auwghon

C5F leak 4] ao
Wound infection i} o
Meningitis o o
Cord damage from probes i} Qi
Post-aperative hematoma o ao
Further surgery/retunn ta theatre ] 1]
Preudomeningooeks 1" 245
Post-Traumatic syrin o ao
Mon-surgical/delayed

Chest infection 538
Urine infection 4 3048
Line/blood infection 1 17
Pulmonary embolus of DVT i} o
Prassure uloer 2 154
Deliriurm in WICL 1 1.7
Martality 1% 17

*All non-compressive on post-operative MAL 211 total resolution on & maonths
MR

##1/11 non-surgical martality from pulmaonary sepesis several months after
wurgery

Reproducdibility and confounding factors

Based on 8 participants without cervical TSCI, the
coefficients of variation for the USS measurements are:
diaphragmatic excursion 7.5%, diaphragmatic thicken-
ing 5.3% (right 4.7%, left 5.8%), and intercostal thick-
ening 3.0% (upper 3.7%, middle 2.0%, lower 3.3%). The
TSCI patients received norepinephrine infusion during
81.6% of the US5 and EDI measurements. To determine
the effect of norepinephrine, we compared USS and
EDI measurements made with TSCI patients on high
(=0.1 pg/kg/min) versus low (0.1 pg/kg/min) norepi-
nephrine dose. High norepinephrine dose was associ-
ated with higher MAP (96.2 vs 93.0 mmHg, P <0.005),
higher ISP (16.9 vs 8.9 mmHg, P<0.001), lower SCPP
(79.9 vs 85.1 mmHg, P<0.0005) and lower % muscle
thickening change during breathing for lower inter-
costals (= 0.1 vs 4.6%, P<0.05) with no effect on EDI-
peak, EDN-min, diaphragmatic excursion (quiet +deep
breathing), % diaphragmatic thickening change
(quiet 4+ deep breathing) or % muscle thickening change
for upper and middle intercostals. EDI and USS record-
ings were not performed in patients with cardiorespi-
ratory instability, significant pre-existing lung disease,
pulmonary contusions, pneumonia, or pulmonary
embolus that may have influenced diaphragmatic or
intercostal musele function. PS support and PEEP may
influence the USS and EDI parameters; therefore, in
addition to analysing all breathing function recordings,
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we also analysed the subgroup related to non-ventilated
patients.

SCPP correlates with injury site metabolism

We first determined whether SCPP correlates with injury
site metabolism assessed using spinal cord tissue oxy-
gen (p,, () and microdialysis (MD) monitoring from
the injury site. Details of the monitoring techniques are
in Additional file 1. The relations between p, O, ver-
sus SCPP and tissue glucose versus SCPP are inverted-
U shaped, with the maximum at SCPP 70-90 mmHg,
whereas increasing SCPP is associated with decreas-
ing LPR (Additional file 2). These findings suggest that
low SCPP indicates ischaemia and that both hypo- and
hyper- perfusion may be detrimental to the injured spinal
cord, with optimum SCPP at 70-90 mmHg.

SCPP correlates with diaphragmatic function

Figure 2B and C show the relationship between SCPP
and EDI. SCPF <60 mmHyg is associated with low EDI-
peak (diaphragmatic inspiratory effort) and EDI-min
(diaphragmatic tonic activity). EDIl-peak and EDI-min
increase as SCPP increases > 60 mmHg, platean at SCPP
60—90 mmHg, and increase further at SCPP =90 mmHg.
In non-ventilated patients, EDI varies with SCPP in
a similar fashion. The diaphragmatic thickening frac-
tion for quiet and deep breathing plotted versus SCPP
has inverted-U relationship, with maxima at SCPP
80-90 mmHg (Fig. 3). Additional file 3 shows videos
of normal and weak diaphragmatic contraction dur-
ing guiet inspiration. During quiet breathing, there is
no correlation between SCPP and diaphragmatic excur-
sion, but during deep breathing, diaphragmatic excur-
sion is low at SCPP <60 mmHg, increases as SCPP
increases =60 mmHg, plateaus at SCPP 60-100 mmHg,
and inereases further at SCPP = 100 mmHg (Fig. 4). Dia-
phragmatic excursion when PEEF=0 and P5=0 also
does not correlate with SCPP for quiet breathing but
has inverse-U relationship with SCPP for deep breathing
with peak at SCPP 80-90 mmHg. Additional file 4 shows
videos of normal and reduced diaphragmatic excursion
during deep inspiration. Figures 3 and 4 also show that
the diaphragmatic thickening fractions and the diaphrag-
matic excursions for quiet and deep breathing in the
control participants are generally low compared with the
corresponding parameters in patients with cervical TSCL

SCPP correlates with intercostal muscle function

Figure 5 shows the relationship between the thicken-
ing fractions of the upper, middle, and lower intercostal
muscles plotted against SCPP. SCPP <70 mmHg (upper
and lower intercostals) and < 60 mmHg (middle intercos-
tals) was associated with negative intercostal thickening
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fraction, suggesting failure of the muscles to contract
during inspiration (likely passive stretching, diaphrag-
matic breathing). For upper and middle intercostals,
SCPP » 100 mmHg was also associated with failure of the
muscles to contract during inspiration. Overall, SCPP
80-100 mmHg was optimal for allowing upper, middle,
and lower intercostal muscles to contract during inspira-
tion. Intercostal thickening fractions in non-ventilated
patients correlate with SCPP in a similar fashion. Figure 5
also shows that, in the control participants, the upper,
middle, and lower intercostals have positive thickening
fractions, indicating intercostal muscle contraction dur-
ing inspiration. Additional file 5 shows videos of normal
and reduced intercostal muscle relaxation during quiet
expiration.
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Individual patient data
Figures 2, 3, 4 and 5 combine data from all patients. We
asked whether the observed correlations between the

different measures of breathing function and SCPP are
maintained for individual patients. The table in Addi-
tional file & summarises the correlations for each breath-
ing function measure versus SCPP for each patient. Flots
of all individual patient relationships are summarised in
Additional file 7. This analysis shows that the correla-
tions between breathing function and SCPP seen with
combined patient data generally also hold for individ-
ual patients. However, some patients have no such cor-
relations and, in the patients that have correlations, the
SCPP that optimises breathing function varies between
patients.



Visagan et al Crtical Care  (2023) 27362

A

R hemidiaphragm L hemidiaphragm

C Diaphragm excursion,
quiet breathing (cm)
4 —
control
gired

! £§§§Q§.§

= e O

%% 7 % %

7
Lo Un YU, ‘0
o % % b0

SCPP (mmHg)

Fig.4 Diaphragmanic excursion. A Placement of ultrasound probe 1o record diaphragmatic excurs

Page Bof 11

D Diaphragmatic excursion,
deep breathing (cm)

B_

?._

G L §

5 TS

4-® ‘._*éﬁ'ﬂ“ﬁ .

2] 7

2_

1= 7771
“B’GEQ’E%Z‘QQ‘“/

© % D 0,2

SCPP (mmHg)

o from feft) rght hemédiaphsagm, and (right)

aft hemidiaphragm B Diaphragmatic excursion measuremants in M-mode. Dlaphragm excursion plotted versus SCPPE during quiet breathing,

and D during deep breathing. B

Mean  standard enror. Best fit curve (€ black, linear r =000, € blue, linear r=0.32; Dibdadk, cublc =

nAdditional file &

Discussion

We showed that monitoring breathing function in criti-
cally ill patients with acute TSCI in NICU using USS
and EDI is feasible and reproducible. Our key finding
is that SCPP correlates with breathing: the data suggest
that too low SCPP (cord hypo-perfusion) and too high
SCPP (cord hyper-perfusion) are associated with more
impaired breathing, whereas SCPP 80-90 mmHg cor-
relates with improved diaphragmatic and intercostal
musdle contractility. These findings still hold even when
only data from non-ventilated patients are considered to
eliminate the effects of PEEP and PS on the function of
breathing muscles.

US5 is a non-invasive, non-ionising technique that
provides high-resolution images in real-time with good
reproducibility [22]. Disadvantages include the con-
founding effects of inotropic support, PEEP and P5 on
the measurements, whereas obesity, reduced compliance
from critically ill patients, and technical factors (such

222

k, all recordings; blue, recordings when not attached to ventilator. Red |s data from controls without cendcal TSCL

7%, D blue, quadratic F =0.93). Sample si

as patient position, probe location and angulation) also
affect the recordings [23]. Subcostally scanning left hemi-
diaphragmatic excursion is challenging because of the
small splenic window and lung masking: we had failure
rate of 70.9%, compared with subcostally scanning right
hemi-diaphragmatic excursion. In the intensive care set-
ting, diaphragmatic USS has been used to guide weaning
from mechanical ventilation [17], evaluate diaphragmatic
paralysis [24], and quantify the work of breathing [18].
We recommend devoting time to optimise the technique
before using the data for clinical decision making.

The key diaphragmatic USS parameters are thickening
fraction and excursion. Thickening fraction is a measure
of the force of contraction of the diaphragm during inspi-
ration [25]. Excursion is the diaphragm’s up-and-down
motion that contributes to the inspiratory lung volume
[26]. Because of impaired intercostal musele function,
patients with cervical TSCI rely almost exclusively on dia-
phragmatic contraction to increase lung volume during
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inspiration. By comparison, in normal participants, dia-
phragmatic contraction is responsible for 70% of the
tidal volume and the intercostal muscles for 30% [27].
This may explain our observation that diaphragmatic
thickening fraction and excursion are generally higher in
patients with cervical TSCI than in control participants
with intact intercostal muscle function. Qur data show
that, during quiet (tidal} breathing in patients with cer-
vical TSCI, diaphragmatic excursion is independent of
SCPP (ie. the tidal volume is reached regardless of the
SCPP). However, SCPP affects the force of diaphragmatic
contraction, measured using the thickening fraction,
with the strongest contraction at SCPP 80-90 mmHg.
Deep breathing requires increased disphragmatic effort
to inflate and deflate the lungs to vital capacity; we found
that, during deep breathing, SCPP has a major influence
on diaphragmatic thickening fraction and excursion with
optimum function at SCPPF 80-90 mmHg.
Diaphragmatic function was further assessed using the
EDI nasogastric tube, initially designed for NAVA venti-
lation [12, 13]. During quiet breathing, normal EDI-peak
is 5—10 pV, and normal EDI-min is up to 1 pV. EDI-peak
increases when the diaphragm has to contract more, e.g.
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during respiratory distress, the EDI-peak may increase to
5-7 times above normal [28, 29]. Our data show that the
EDI-peak is too low at SCPP < 60 mmHg, and that SCPP
60—-100 mmHg is required for EDI-peak to normalise. We
also found that low SCPP (<60 mmHg) is associated with
reduced EDN-min, a marker diaphragmatic tone marker.
Reduced diaphragmatic tone is detrimental by allow-
ing the abdominal contents to displace the diaphragm
cranially, thus causing lung compression and atelectasis
[30]. We found that SCPP 60-100 mmHg increases EDI-
min, which may, in turn, facilitate tonic diaphragmatic
contraction.

We also assessed the thickening of intercostal muscles,
which are vasily accessible by U55. Normally, the contri-
bution of intercostal muscles to breathing increases with
intense respiratory effort [31]. In our control group, the
thickening fraction was low (<5% for upper and middle
intercostal musces, 10% for low intercostals). In the cer-
vical TSCI patients, we found an inverted-U relationship
between intercostal thickening fraction and SCPP for
upper and middle intercostals, with the maximum inter-
costal thickening fraction reaching normal level during
quiet breathing at SCPP 80-20 mmHg. The thickening
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fraction of low intercostal musces increased with
increasing SCPP. Negative thickening fraction, seen dur-
ing spinal cord hypo- and hyper-perfusion, likely indi-
cates passive stretching of the intercostal muscles during
inspiration that may occur with diaphragmatic {abdomi-
nal) breathing,

Plots of individual patient breathing function versus
SCPP, rather than using data from all patients combined,
raises some interesting issues. First, the inverted U rela-
tionship between breathing function and SCPP, observed
with the combined patient data, also seems to hald for
individual patients in most cases. Second, the SCPP that
optimises breathing function may vary between patients.
Third, in some patients, breathing function is very sen-
sitive to change in SCPPR but in others less so, ie. the
gradient of the inverted-U relationship varies between
patients. Finally, in some patients, no inverted-U correla-
tion between breathing function and SCPP was detected;
this could be because an optimum SCPP does not exist
or because the opimum SCPP lies outside the range
60-100 mmHg. We urge caution when interpreting data
from individual patients due to the small sample size.

A limitation of our study is the small number of
patients. This precludes multivariate analysis to deter-
mine the effect of factors such as patient age, severity of
injury, and level of injury on the relationship between
breathing function and SCPP. However, the conelusions
for the combined patient data are supported by 1458 h of
SCPP monitoring and 106 serial USS examinations {total
1370 images/videos). The NICU setting with critically ill
patients required to cooperate during the assessments
was particularly challenging. Our findings raise the pos-
sibility that intervention to maintain SCPP 80-90 mmHg
may improve breathing in patients with acute, cervical
TSCL A future refinement would be analysis of single
patient data to allow individualised management, rather
than applying the optimum SCPP obtained from com-
bined patient data to all patients. This would require
maodification of the USS technique to provide more data-
points per patient for real-ime computation of the SCPP
that optimises breathing function.

Conclusions

Acute cervical TSCI impairs breathing. Our study shows
that SCPP B0-90 mmHg correlates with improved
breathing function. Further studies are required to deter-
mine whether SCPP-driven protocol accelerates ventila-
tor liberation and reduces NICU length of stay.
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ADDITIONAL FILE 1 - Supplementary methods

Tissue oxygen monitoring. An O: electrode (Licox - CCIP1, Integra, Sophia-Antipolis,
France) was inserted intradurally at the site of maximal spinal cord swelling and was
connected to a Licox PyO: Monitor (Integra, Integra, Sophia-Antipolis, France), linked to a
Philips Intellivue MXE00 monitor (Philips, Guildford, UK), and connected to the laptop

running [CM+ (Cambridge, U.K.). The Licox signal (Fig. 1) was sampled at 500 kHz.

MD monitoring. A CMAG] MD catheter (CMA microdialysis AR, Solna, Sweden) was
inserted intradurally at the site of maximal spinal cord swelling. MD was started
postoperatively in the NICU as described'* *'. Central nervous system fluid (CMA
microdialysis AB) was perfused at 0.3 pL/min using the CMA 106 pump (CMA microdialysis
AB). MD vials were changed hourly and analysed using ISCUS Flex (CMA microdialysis
AB) for glucose, lactate, and pyruvate. LPR was calculated. The first two samples from each
patient were discarded to allow priming of the MD catheter and stabilisation of the metabolite
concentrations. 100-fold changes in metabolite concentration, compared with the preceding
hour, were excluded from analysis. Our MD method measures cord surface metabolism at the
injury site, which correlates with intraparenchymal injury site metabolism, but differs from

metabolites measured from lumbar CSF'™ 21,
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Additional file 2. Relations between SCPP and monitored parameters
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ADDITIONAL FILE 2. Monitoring setup. A. Monitoring from the injured spinal cord of Mean Arterial
Pressure (MAP), Intra Spinal Pressure (ISP), Spinal Cord Perfusion Pressure (SCPF), Micro Dialysis
(MD) to detect tissue glucose and tissue Lactate to Pyruvate Ratio (LPR), as well as tissue oxygen
(P.O5). B. Example of multimodality monitoring from a patient with cervical TSCI (21 years old, C4
ASIA B. Plots of C. p_,0, vs. SCFP, D. tissue glucose vs. SCPP, and E. tissue LPR vs. SCPP. Mean

+ standard error. Best-fit quadratics (D: 2 = 0.78, E: 2 = 0.98, F: r2 = 0.87).
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Additional file 3. Diaphragmatic ultrasound videos, B-mode
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Additional file 4. Diaphragmatic excursion videos, M-mode
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Additional file 5. Intercostal muscle ultrasound videos

INTERCOSTAL MUSCLE
ULTRASOUND explratlon
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Additional file 6. Summary of correlations between individual patient’s breathing

function vs SCPP

ADDITIONAL FILE 6 - Individual patient correlations of breathing function vs. SCPP

CORRELATION vs. SCPP

MEASURE OF
BREATHING NO.OF ALL INDIVIDUAL PATIENTS (% PATIENTS)
FUNCTION PATIENTS | paTIENTS

COMBINED T i (‘\, —
EDI-peak 7 T 714 28.6
EDI-min 7 T 71.4 28.6
Diaphragm excursion 11 273 7
(quiet) = o -
Diaphragm excursion 1 A 273 63.6 91
(deep) ol ' :
Diaphragm thickness
(% change quiet) 11 N 2.1 819 3.1
Diaphragm thickness " "
(% change deep) 11 a 213 =3
Upper intercostal "
thickness (%o change) 1 a 81.8 18
Middle intercostal "
thickness (% change) 1 M 9.1 9.1 727 9.1
Lower intercostal
thickness (% change) 10 T 40.0 60.0
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Additional file 7. Plots of relations between individual patient’s breathing function

vs SCPP

A B C Diaphragmatic excursion
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R o R 5% % 7
SCPP {mmHg} SCPP {mmHg} SCPP (mmHg)

ADDITIONAL FILE 7. Individual patient correlations of breathing function vs. SCPP. A.
EDI,.x B. EDI,,. Diaphragmatic excursion (cm) during C. Quiet breathing, and D. Deep
breathing. Change in diaphragmatic thickness (inspiration - expiration expiration % during E.
Quiet breathing, and F. Deep breathing. Change in muscle thickness (inspiration -

expiration /expiration % during quiet breathing for G. Upper intercostal, H. Middle intercostal,
and I. Lower intercostal. Best-fit linear with positive correlation (black), no correlation (red), and
negative correlation (green). Best fit quadratic (blue).
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FIG. 2. Sample sizes.

Additional file 8. Sample sizes for each graph

ADDITIONAL FILE 8. Sample sizes

232

2B black 2C black 2B blue 2C blue
<f0) 8 & 5 3
a0 - 70 i1 a0 g 8
70 - 80 54 52 26 25
80— 90 55 53 22 23
o0 — 100 37 34 3 3
=100 6 3
FIG. 3. Sample sizes.
3C black 3D black 3C blue 3D blue
<6 8 7 4 4
60 - 70 22 22 8 &
70 - 80 43 48 28 26
80 — 90 71 68 43 41
90 — 100 i1 32 5 16
=100 11 12 9 B
Control 19 20
FIG. 4. Sample sizes.
4C black 4D black 4C blue 4D blue
<f0) 6 & 2 4
a0 - 70 14 13 4 8
70 - 80 i3 33 15 28
80— 90 52 52 26 43
o0 — 100 20 20 5 16
=100 9 8 9 8
Control 19 20
FIG. 5. Sample sizes.
3C black 5D black 5E black 5C blue 5D blue 5E blue
<60 R 8 8 4 4 4
60— 70 24 24 24 6 8 8
70— 80 a0 30 48 26 28 28
80 —90 &0 80 74 41 44 44
00 — 100 36 36 28 16 18 18
=100 12 12 12 R g 4
Control 20 19 8
ADDITIONAL FILE 2. Sample sizes.
PaciO2 Glucose LPR
< 28 19 24
60 - 70 119 148 169
70 - 80 283 429 424
&0 — 90 276 437 413
90 — 100 125 156 175
=100 16 29 25






