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Abstract

Sepsis is the dysregulated host response to infection and with resultant organ impairment carries a
mortality rate of between 15 and 25%. It is a leading cause of acute hospital admissions. Septic shock,
the severe end of the sepsis spectrum is identified by persistent lactataemia and vasoplegia.
Hypoperfusion distinguishes patients with this condition, its timely identification being critical to their
management. Organ impairment is fundamental, with renal impairment being most frequently
observed and independently associated with mortality. Despite its prevalence, the mechanisms
underlying renal impairment in septic shock are unclear. Inflammation, metabolic alterations and cell
cycle arrest are all implicated but alterations in renal perfusion are also contributory. Animal models
are limited and the extent to which alterations in renal blood flow and perfusion occur in humans has

not been determined.

Novel methods of studying renal perfusion are necessary as traditional cross-sectional imaging in early
septic shock is difficult. The utility of bedside ultrasound in combination with dynamic contrast
enhancement (DCE-US) is a potential tool to study these changes but has yet to be tested in detail.
This thesis examines the extent to which renal perfusion is altered in both early and persistent septic
shock and between patients who develop acute kidney injury and those who do not. It argues that
these changes are fundamental to AKI development, anchoring them to biomarker profiles of renal

and endothelial injury and inflammatory profiles.

Following a review of the background and a methodology of relevant techniques, Chapter 3 describes
the development of the DCE-US technique and assesses its suitability for the study of critically ill
patients, validating the developed method by the same user and between two users in a cohort of
healthy controls. This study defines normal values of renal perfusion, previously unreported, and

informative for the future assessment of patients. It describes my development of the outpatient



radiology-based technique to one that is more suitable for bedside assessments in the intensive care
unit (ICU), addresses reliability of contrast data analysis, by the same user (R=0.77-0.9) and between

users (R=0.52-0.74) and develops a method of quantifying renal blood flow.

Chapter 5 compares the DCE-US variables in a patient study, addressing correlations between the
variables and in combination with the healthy control data, compares and contrasts, aiming to gain
greater insight into the strengths and weaknesses of the individual variables. The data presented here
suggests a limitation of intensity-based measures. It introduces a grouping variable used throughout

the thesis, that of renal perfusion status, dichotomized by those with above and below average values.

Chapter 6 describes the demographic data from the main patient study and compares baseline
characteristics. The key differences are the higher vasopressor requirements and sickness severity in
those who develop severe AKI. (day zero results: noradrenaline dose severe AKI 0.35(0.26-
0.51)mcg/kg/min vs non-severe 0.21(0.14-0.3)mcg/kg/min, p<0.001; SOFA scores severe 11.3+3.28 vs

non-severe 9.3%1.9, p<0.05).

Chapter 7 examines the primary outcome, that of renal microvascular alterations in sepsis. It
compares renal perfusion according to the development of severe AKI and looks for longitudinal
alterations in perfusion following a septic insult as patients either develop AKI or not. It demonstrates
that patients with more pronounced impairment of renal cortical perfusion develop more severe AKI

(day zero data mean transit time: severe AKI 10.2(6.5-23.2)sec vs non-severe 5.5(4.7-6.5)sec, p<0.05).

Chapter 8 examines haemodynamic data as renal perfusion and AKI manifests. It examines renal blood
flow, measures of left heart function and cardiac output and right heart function with venous pressure
and congestion assessment. This chapter demonstrates that renal perfusion alterations are intrinsic,
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generated by specific renal mechanisms and not secondary, captive to alterations in systemic

haemodynamics.

Chapter 9 contrasts renal perfusion with systemic tissue perfusion and the wider examination of shock
and its severity. It uses multiple assessments of global tissue perfusion, including sublingual incident
dark-field microscopy and biochemical assessments. Further mechanistic data are presented from
markers of endothelial and glycocalyx injury. This chapter provides insight into the distinct nature of
renal hypoperfusion, its weak association with systemic alterations and its persistence, in contrast to

the early resolution of global parameters.

Chapter 10 looks at the relationship between inflammation, renal perfusion and AKI development. It
identifies an association with inflammation which occurs later during AKI and is associated with
persistence (day 4 IL-8 values maintained perfusion group 32(15-62)ng/ml vs hypoperfusion perfusion
group 69(45-154) ng/ml, p<0.05) and angiopoietin ratios by day 4 (maintained perfusion group
0.88(0.27-1.53) vs hypoperfusion group 2.11(1.86-5.82), p <0.05), these between group differences
are not present on admission. Chapter 11 follows on from the previous chapter by examining renal
perfusion in previously described AKI subphenotypes. These subphenotypes are differentiated by their
inflammatory profiles and have differing outcomes following the use of vasopressors, suggesting a

vascular aetiology.

Chapter 12 looks for correlations between renal biomarkers and perfusion, as novel markers are
specific to the site of injury, associations may inform the areas of the nephron most affected by
alterations in perfusion and longitudinal data demonstrates differing patterns over time, but the close
association between tubular alterations and hypoperfusion. This chapter also examines the ability for

perfusion assessment to predict severe AKI, demonstrating similar results when compared to novel



biomarkers (AUROC perfusion index 0.84 vs AUROC NGAL*albuminuria 0.78).

Chapter 13 describes longer term data in relation to renal perfusion and whether hypoperfusion is
more likely to result in persistent AKI and disease progression. It finds that hypoperfusion can predict
the time spent on RRT and the development of acute kidney disease (admission mean transit time for

those who spend <7 days on RRT 6.255(4.602-8.2) sec vs more 10.477(7.157-25.387) sec, p<0.05).

Chapter 14 compares alterations between septic shock and another severe infection without the
septic phenotype, COVID-19 associated AKI. This provides a second cohort of critically ill patients to

compare those with sepsis to and demonstrates the utility of DCE-US assessment.

This work describes the development and use of DCE-US as a novel tool, creating a window to assess
renal status in sepsis associated AKI. This technique provides utility beyond that provided by novel
biomarkers. Renal hypoperfusion appears to be fundamental to, and persistent in all patients with
septic shock in combination with downregulation of tubular epithelial cells (TECs) but more so in those
who develop the clinical manifestations of AKI. Patients with renal hypoperfusion have worse renal
outcomes and a greater mortality. DCE-US accurately identifies these patients on admission and this

thesis provides a foundation for future study.
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1 Introduction to themes and review of relevant literature

1.1 Sepsis

Sepsis presents a massive global disease burden. In 2017 there were an estimated 48.9
million cases (95% uncertainty interval 38.9-62.9) and 11.0 million deaths (Ul 10.1 —12.0m).
Although trends are probably reducing worldwide, as better treatment strategies emerge,
it disproportionally effects children and low-income countries, particularly in Africa and
South Asia, where both the incidence and mortality rates are higher and advanced
healthcare is unavailable®. In high-income countries sepsis still presents a major disease
burden. A large point prevalence study demonstrated 51% of ICU patients were classed as

infected and 71% were receiving antibiotics?.

Definitions of sepsis and septic shock have altered over time from an original reliance on
blood pressure, through a focus on overt organ failure requiring organ support, to the status
of identifying circulatory impairment and persistent tissue hypoxia through
hyperlactataemia®*. Changing definitions are beneficial by increasing precision and
geographical comparability but reduces temporal comparisons meaning the incidence of

sepsis and septic shock over time is unclear.

The latest definition of septic shock, SEPSIS-3° requires a persistently elevated blood
lactate, hypotension requiring vasoactive drugs and the presence of infection and has
identified a more specific but sicker cohort of patients than the previous definition. A recent
meta-analysis using sepsis-2 criteria demonstrated that septic shock accounts for

approximately 10% of ICU admissions but by Sepsis-3 criteria 6.5% of ICU admissions have
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septic shock®. In high-income countries the mean ICU mortality using previous definitions

of septic shock is 37.3% but 52% if Sepsis-3 criteria are used °.

1.2  Microcirculation

1.2.1 Overview and Physiology

Abnormal tissue perfusion has been recognised since antiquity; Hippocrates commented:

“First of all the doctor should look at the patient’s face [...], the following are bad signs |[...]
hollow eyes, cold ears, dry skin on the forehead, strange face colour such as green, black,

red or lead””.

In 1740 the first recorded use of shock was made by Henri Francois-LeDran following
haemorrhage®. Choc became gradually accepted in English as shock and refined to describe

an inability to provide sufficient tissue perfusion, with a variety of accepted causes.

1.2.1.1 Regulation of the microcirculation
The microcirculation is the vascular network responsible for substrate exchange, recognised
as vessels under 20um. The microvascular unit comprises the terminal arteriole, 15-20
capillaries and the collecting venule®. The terminal arteriole and collecting venule are
generally between 20-100um and involved in the regulation of flow within the capillaries.
Increased oxygen consumption from cellular work is fed back by the capillary endothelium
and signalling from venule metabolites including changes in oxygen extraction. Additional
feedback is generated by haemodynamic forces exerting transmural pressure on arteriolar
smooth muscle and luminal shear stress on the capillary endothelium. Capillaries regulate

their own supply depending on conditions through the production of vasodilatory substances,
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including NO, prostacyclin and oxygen, whilst vasoconstrictors such as endothelin and platelet
activating factor provide the oppositel®. Diffusion of metabolites from venules lying near
arterioles provide additional vasoactive feedback. These paracrine homeostatic signalling
loops and a local neural network induce changes in the proximal arteriole, maintaining
uninterrupted flow despite alterations in supply and able to respond to changes in demand.
Feedback loops induce vasodilatation of the terminal arterioles until completely vasodilated,
at which point the locus of blood flow control shifts proximally to induce vasodilatation in the
proximal arterioles and arteries'!. Sympathetic fibres also course in the opposite direction,
from the artery to the terminal arteriole and induce vasoconstriction through noradrenaline
release, inhibiting vasodilatation. Regulatory control is therefore provided by multiple levels,

all of which can affect the delivery of oxygen and its extraction.
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1.3 Acute Kidney Injury

1.3.1 Overview and Definitions

Acute kidney injury is an abrupt deterioration in renal function, disrupting metabolic,
electrolyte and fluid homeostasis within hours or days!?. As with sepsis, the defining criteria
of AKI have changed over time, making the understanding of temporal and geographical
trends more difficult. Prior to the early 2000s more than 35 different criteria had been
published and such diversity was unacceptable for investigators!3. The 2004 Acute Dialysis
Quality Initiative’s (ADQI) RIFLE criteria'* and the 2007 updated version published by the
Acute Kidney Injury Network, the AKIN criterial®, represented the first consensus
definitions, becoming widely accepted by the medical community!®. Alongside the new
definition came the term “acute kidney injury” and “acute renal failure” became obsolete.
In 2013 the previous definitions were refined further to form the current Kidney Disease
Improve Global Outcomes KDIGO classification, modifying stage 3 from the AKIN criteria
and allowing a rolling baseline creatinine value!’*8, Limitations remain however, definitions
rely on relative changes in creatinine from a baseline value which may be unknown, whilst
serum creatinine is insensitive and urine output is non-specific. The defining criteria are
based on the recognition of a failure in filtration and novel biomarkers have not been
adopted. Despite its imperfection, the KDIGO classification and its predecessors represent
a monumental step forward in the care and study of AKI, providing a common language and

enabling comparison.

1.3.2 Epidemiology
In low to middle income countries AKl is predominately community-acquired but hospital-

acquired in higher income countries. In Europe community-acquired complicates 8.3% of
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ambulatory patient encounters, whilst hospital-acquired AKI occurs in 20.0-31.7% of
inpatients in one meta-analysis of >3,000,000 patients 129, Risk factors for AKI are multiple
and causes are typically multifactorial. Environmental factors include poor sanitation and
endemic infections whilst patient factors include chronic disease such as heart failure,

existing CKD, volume depletion, hypotension and nephrotoxin exposure amongst others?..

In developed countries AKI is predominately hospital acquired and occurs in 21% of
hospitalised adults and 33% of children, with a decreasing mortality rate and an inverse
relationship between mortality and GDP, according to a systematic review of 49 million
patients?. Despite the revisions to the diagnostic criteria there is good evidence that the
incidence of AKI is increasing over time?%23, In the UK the incidence has been reported as
577 per 100,000 population?*. A large multinational observational study determined the
epidemiological characteristics of severe AKI within the ICU, demonstrating a period
prevalence of 5.7%, of which septic shock caused 50%, crude in-hospital mortality was 60%
and dialysis dependence on discharge 13%2°. Another reported observational data across
17 Finnish ICUs, demonstrating an incidence of 39% for all AKI severity and 14% for severe,
in-hospital mortality for stage 3 was 39% and 11% remained dependent on RRT at day 90%°.
A third study demonstrated similar results, incidence of RRT in ICU admissions was 6.8%
and population-based incidence of severe AKI was 19.2 per 100,000 population?’. A large
international study of 97 centres and 1802 patients reported an incidence of 57% for all-
severity AKI?8. The incidence of ICU AKl is increasing by 2.8% per year, whilst the mortality
is reducing by 3.8% per year??. The aetiology of AKl in developing countries differs from that
of developed, with increased infectious disease, trauma and obstetric complications. As a

result, patients in developing countries are typically younger, present later, occur in rural
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areas and have a greater mortality°.

1.3.2.1 Cost

Renal replacement is amongst the greatest expenditures of intensive care units. Costs vary
depending on geography and modality, but the daily cost of continuous renal replacement
(CRRT) is approximately £1200, being more expensive per day than intermittent (IRRT) 31~
33, There is some evidence to suggest that patients treated with IRRT spend longer on renal

replacement than CRRT but overall the effect is considered negligible343>,

1.4 Sepsis associated AKI

1.4.1 Overview

Sepsis is frequently reported to be one of, if not the most common cause of AKI in the
community, the hospital and the 1ICU?>2835, Sepsis occurs in 15-27% of ICU admissions
although the rate increases to 37% if only emergency admissions are studied3’=3°. Mortality
from septic shock is approximately 30%, increasing to 40%-60% in those with AKIZ>37,
Mortality is consistently greater in patients with septic shock and AKI than those without

AK|28’40.

A group of investigators, all of whom have published widely in sepsis associated AKI
produced a unified theory of the pathogenesis in 20144, They proposed three principles
which underpin the development of sepsis associated AKIl: abnormal inflammation,

alterations of cellular bioenergetics and microcirculatory flow abnormalities. These findings
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have broad support across the literature. They propose that following inflammatory danger
signals, renal cells undergo an adaptive response, favouring cell survival through
maintenance of membrane potentials and cell cycle arrest at the expense of gross renal
functions such as filtration and tubular transport. These three pillars of inflammation,
metabolic adaptation and particularly microcirculatory alterations are discussed in greater

depth in the appropriate sections of this thesis.

1.4.2 Difficulties in studying sepsis associated AKI

There is a paucity of human tissue data from sepsis associated AKI. Performing a biopsy in
critically unwell patients is technically demanding, involving issues with coagulopathy,
positioning and ethical considerations amongst others. Histological data can be gathered
post-mortem but end-stage multiorgan failure, in combination with the dying process and
cold ischaemia may confound the results and limit information on the early pathogenic
mechanisms. A 2008 meta-analysis reported histopathological data from a total of 184
septic patients and only 22% had features of acute tubular injury, once thought the
predominant mechanism. The majority of findings were in fact normal and this finding was
consistent between humans, primates and other large and small animal models*2. A later
rapid post-mortem study of 44 septic patients demonstrated oedematous mitochondria
without mitochondrial membrane disruption. This study reported regions of focal ATl in
78% of patients, particularly at the corticomedullary junction with KIM-1 positivity. The
findings were mild and most renal tubules were normal, leading the investigators to
conclude that the degree of organ dysfunction was not explicable by the tissue findings*3.
A recent study demonstrated a constellation of histopathological features with no one

mechanism predominant, suggesting the occurrence of dysregulated biological processes**.
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Another study of 19 post-mortem septic patients with anuric AKI, of whom 7 had DIC,
reported monocyte infiltration in glomeruli and interstitial capillaries with 3% of tubular
epithelial cells (TECs) being apoptotic®. A meta-analysis of experimental data showed ATI
as a predominant feature in low cardiac output states. Hyperdynamic sepsis experimental
models, a more realistic model of human sepsis demonstrated tubular vacuolisation,
swelling and brush border injury®®. Interestingly Tran and colleagues demonstrated that the
presence of tubular vacuolisation was associated with mitochondrial damage?®’. Other
issues with experimental models include the short lifespan of some animals which does not
mimic the often-protracted course of human septic shock. Large animals are generally
required for the accurate measurement of renal haemodynamics and rodents have a
relative resistance to endotoxin infusion®®. As a results novel methods are required to
investigate these changes in clinical septic shock. Experimental studies have provided a
wealth of data, but inference to humans has limitations and such methods do not lend

themselves to practice. Confirmatory studies are therefore necessary.
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2 Methodology and Critical Appraisal of Applied Techniques

2.1 Imaging in AKI

2.1.1 Overview

Investigating acute kidney injury presents unique challenges. Although often mild and self-
limiting, AKI complicates approximately 25% of acute hospital admissions and only if detected
early would intervention be most effective, reducing severity and long-term morbidity*°.
Imaging in AKl is currently only indicated for the following reasons [1] to exclude obstruction,
although this only accounts for 10-13% of cases®® [2] to identify structural renal abnormalities
[3] to help differentiate AKI from CKD and [4] to assess the vasculature, surrounding tissues

and end organs for the sequalae of renal disease>..

The commonality of AKI and the relatively low incidence of obstructive nephropathy - the
main indication for imaging, dictates that investigations are in the main, relatively simple to
perform, have a cost consideration and no associated harm. Ultrasound has been the
mainstay, able to reliably identify reversible causes, such as obstruction, pyelonephritis and
renovascular disease. It is low cost and simple. In addition it has the advantage of portability,
particularly useful for acutely unwell patients. However, the combination of greyscale
ultrasound and clinical laboratory tests prove insufficient to diagnose most causes of AKI,
often with a delay between injury and investigations. Cross sectional imaging is infrequently
performed in clinical practice; iodinated contrast agents frequently exacerbate renal injury
limiting the role of CT. Perfusion MRI uses gadolinium and due to the occurrence of

nephrogenic systemic fibrosis is contraindicated, which is unfortunate as it has the power to
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reveal precise anatomical and physiological information®2.

As a greater understanding of AKI pathophysiology emerges and the search for potential
treatments continues, new imaging techniques which provide functional data are needed.
Advancements in multiple imaging modalities now provide detailed physiological and
anatomical data, although largely used for research purposes, they hold promise for future
translation. These methods include multi-parametric functional MRI, scintigraphy,
elastography and molecular imaging>® but are largely unsuitable for studying the early
changes of critical illness and the changes of sepsis associated AKI in humans, as they are
often in remote research centres, require patient stability and have a substantial cost

consideration.

2.1.2 Ultrasound Imaging

2.1.2.1 Principles and Physics

Propagation

Ultrasonic piezoelectric crystals act as an interface between electrical and sound energy and
vice versa. Most medical piezoelectric crystals are fabricated from a polycrystalline
ferroelectric ceramic material such as lead zirconate titanate (PZT). Initially the particles are
randomly orientated and PZT is electroplated with sliver or chrome-gold. The composite
material is heated just above its Curie temperature, the temperature at which its magnetic
properties are lost, and cooling occurs slowly whilst exposed to a strong magnetic field
causing alignment of the ferroelectric grains within the PZT. When the electroplated surface
of the crystal is exposed to a voltage it causes the crystal to deform and when the voltage is

removed the crystal returns to its resting form. The kinetic energy produced by the vibration
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of the crystal is emitted as a sound wave and ultrasound imaging utilizes high frequency sound

waves in the region of 1.5-15MHz>*.

Ultrasonic pulses produced by the transducer move through the patient tissues, if the
propagated wave is reflected by a structure, a returning wave contacts the transducer,
inducing vibration within the piezoelectric crystals which in turn creates a voltage and a signal
is detected. The same crystals therefore act to send and receive. Usually only a small
proportion of the wave is reflected, the remaining wave continues along its beam line to
detect deeper structures. More reflective structures appear brighter in brightness mode (B
mode) imaging. A transducer propagates many small coplanar beams, sequentially across the
face of the probe. Each pulse accounts for a small fraction of a frame and multiple beams are
therefore required to produce each frame. The usual frame rate for medical ultrasonography

is 20-40 per second>.

Soft tissues act as a liquid in relation to sound wave propagation, with a speed equal in both
of 1540m/sec, although varies slightly depending on the stiffness of the tissue. Propagation
in air is approximately five times slower and in bone is much faster (4080m/sec)°®. This makes
imaging of all soft tissues possible but other media are outside the detectable range for usual
medical imaging. As the soundwave velocity (v) is a fixed property of the substance through
which it travels, the frequency (f) of the propagated wave is inversely proportional to the

wavelength (A) as described by the universal wave equation:

v=fA

Typical wavelengths range from 0.1 to 0.77mm, shorter wavelengths are more likely to collide
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with a small reflector, hence shorter wavelengths or higher frequencies increase spatial
resolution. The fixed speed of sound in tissue permits the calculation of distance, being
directly proportional to the time between pulse transmission and detection of the reflected
wave. The likelihood of wave reflection depends on the density of the tissue through which it
travels, referred to as the acoustic impedance. Particles oscillate longitudinally in the same
direction as the wave propagation; where two media of different impedance meet, the wave
creates regions of compression and rarefaction which results in a specular reflection; the sum
of the transmitted and reflected pulses equal the energy of the initial pulse, thus energy is
conserved. The greater the difference in acoustic impedance, the greater the reflection,
hence why ultrasound is unable to penetrate a tissue-air interface as it is almost all reflected

and why ultrasound gel is necessary as a bridge between the transducer and the body®>.

The wave loses energy during propagation, this attenuation occurs as reflection, scattering,
beam divergence and friction. This loss is proportional to both the distance travelled and
wavelength, as a certain amount of energy is lost per cycle. Particles close to the transducer
are exposed to more ultrasound energy than distant ones and higher frequencies provide

better spatial resolution at the expense of depth penetration.

Detection

Ultrasound transducers contain multiple crystals, the arrangement of which is dependent on
the transducer (array) type. For example, curvilinear arrays cover a wide field of view, but
phased array cardiac transducers have fewer elements with slight offsets in excitation timing
able to steer the beams at non-perpendicular angles. This allows beams to propagate from a
small transducer footprint, allows a higher frame rate and provides the ability to concentrate
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beams to converge at a particular depth which provides a focal distance.

Echoes detected by the receiving crystals are amplified at several stages, immediately by the
transducer, by gain setting and by software processing known as time-gain compensation
which is amplification dependent on the depth of the echo received, providing a uniform
brightness for the field of view, to compensate for the lower energy delivered to and from
distant structures. Further processing steps act to reduce the ratio of the received signal, thus
removing signal extremes using logarithmic compression. The resulting signal provides the

dynamic range®’.

Another physical property of the propagated wave, particularly pertinent to the research
undertaken for this thesis, is its power, this is a measure of the wave’s strength; how much
energy is contained within the wave and is expressed in watts. The power per unit area is
known as the intensity, which may be expressed as pressure but due to its high variability is
expressed after logarithmic transformation using the decibel scale. The amount of negative
acoustic pressure within an ultrasonic field imparted on the tissues is quantified using
mechanical index (Ml) and aims to describe the biological destructive power of the sound

energy°8:

peak rarefaction pressure

MI
Vcentral wave frequency

Different manufacturers arrive at Ml values via different approaches and generally Ml values
are not interchangeable between machines®. However low Ml modes are typically <0.2 and

even as low as 0.04%°. Normal Ml ranges from 0.2-0.5 and high Ml >1.0. The FDA requires the
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Ml to be always visible on the screen and limits the maximum to 1.9.

2.1.2.2 Advantages of Ultrasound

Ultrasound provides multiple advantages in comparison to other imaging modalities. It is non-
ionizing and presents no significant risk to patients, the risk of heat from vibration of tissues
and cavitation of gas filled structures at the exposed intensities of typical medical usage is
insignificant. The portability of ultrasound makes the study of unstable patients easier than
cross sectional imaging. Imaging occurs in real-time allowing data collection over a period of
time, (eg a number of heart beats or breathing cycles) and also permits repeatability. It
provides structural data but also functional and temporal data and the use of Doppler

ultrasound permits velocity and flow measurements.

2.1.2.3 Doppler-Based Assessments of Renal Perfusion

Measurement of Renal Blood Flow

The combination of time, distance and velocity measurements enables ultrasound to quantify
flow and is used routinely in clinical practice, including cardiac output and cardiac valve area
estimations. It should be seemingly straight forward to use a flow calculation in the renal

artery using the formula below:
Flow = cross sectional area X velocity X time
~ Flow = n(renal artery diameter/2)? x time averaged velocity

In practice this approach is problematic. Multiple assumptions are made including a 50:50 left
to right split of RBF and one renal artery per kidney, although up to one third of patients may

have multiple supplies®’. Any error in the measurement of diameter becomes a square error
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in the above calculation and the diameter of the renal artery may vary in its anatomical course
and with pulsatility; measuring velocity at the same location reduces but does not eliminate
the variability®2. The RA is often not clearly visible with B-mode ultrasound particularly in
patients who are obese or oedematous, sub-optimally positioned due to immobility or from
renal respiratory motion. Colour Doppler enhances the view of the RA but may lead to an
overestimation of its diameter from aliasing outside the vessel wall. Ultrasound contrast,
confined to the intravascular space, may provide a more reliable view of the diameter and is

a promising alternative.

Velocity quantification depends on the flow-type within the vessel. In smaller vessels
parabolic flow may be more likely and time averaged mean velocity (TAMV) quantifies all
velocities within the vessel, slower speeds at the vessel edge and the faster in the centre. In
large vessels such as the left ventricular outflow tract laminar flow is more likely, velocities
throughout the area of the vessel can be treated equally as the effect of the flow reductions
at the vessel edge becomes negligible. The maximum frequency of the Doppler profile can

therefore be used to generate the time averaged peak velocity (TAPV)®2.

Figure 1 demonstrates the differences between TAPV and TAMV. TAPV is comparatively
higher than TAMV and the appropriate use of either depends on the likely flow profile®2. In

arteries such as the RA, early and late components of systolic flow are thought to be parabolic
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and mid- systole predominately laminar®3,

PS 104.07 cmis Laminar Flow
ED 25.12 cm/s TAMAX / TAPV
TAMAX 40.72cmis
TAMEAN 22.67 cm/s
VTl 29.08 cm
1.94

0.76

4.14

84(1) Bpm

3671367

Parabolic Flow
TAMEAN / TAMV

Angle 607

——

Figure 1 Quantification of pulsatile flow within a vessel. TAPV (TAMAX above) measures the area under the peak velocities of
the Doppler profile, appropriate for laminar flow. TAMV (TAMEAN) quantifies the maximum signal intensity of the Doppler

flow profile, appropriate for parabolic flow®62.

Variation between Doppler flow and an invasive gold-standard is therefore likely. In an
experimental study in sheep, Doppler derived parameters of renal blood flow correlated
poorly with those derived by transit-time flow probes and failed to identify changes in RBF
more than 20%°%, whereas a study in dogs demonstrated a good correlation with invasive
measurements®. Quantification of RBF by Doppler assessment is technically difficult and has
multiple potential weaknesses, but in critically ill patients may still be meaningful, particularly

if relative change or between-group differences are measured rather than absolute values.

2.1.2.3.1 Renal Resistive Index (Rl)

Peak Systolic Velocity — End Diastolic Velocity

R [ Resistive Index =
enat neststive fndex Peak Systolic Velocity

Rl is derived from the pulsatility flow velocity waveform within an intrarenal artery, using the

above ratio®. As O’Neill comments in a 2014 editorial, the naming is inaccurate as the index

31



is reflective of pulsatility and has little to do with resistivity, it would be more appropriately
termed an impedance or compliance index®’. Rl is a velocity ratio and has previously been
suggested to be reflective of flow, however the diameter of the vessel may vary and flow and
velocity are not equivalent®®. Being relatively simple to perform it is repeatable, regardless of
the operator’s experience®. The normal range for Rl is 0.55-0.7 and values above this range
are encountered across a range of pathologies, including progressive dysfunction in CKD®°,
prior adverse cardiovascular events, renal graft loss and recipient death in

transplantation’%7%,

Rl demonstrates good predictability for AKI, comparable with plasma NGAL concentrations in
one study and better than Cystatin-C in another 7278, In predicting persistence of AKI, results
of a small study were favourable (AUROC = 0.88), but a follow-up multicentre study
demonstrated very little predictive power (AUROC = 0.58)7%8. A meta-analysis in 2015
reported pooled sensitivity and specificity of 0.83 and 084 respectively but with significant

heterogeneity among the 9 selected studies®?.

RI correlates with blood pressure in some studies’? but not in others’®. Others reported the
correlation only existed in those who went on to develop AKI”>. Some have suggested it could
be used to titrate vasopressor dosage’®. The correlation with vasopressor dosage is however
variable, demonstrating correlation in some studies’® but not others. In the assessment of

renal perfusion Harrois demonstrated superiority of CEUS parameters, probably as they

32



provide a more direct measure of the microcirculation®.

Several authors suggest caution in the interpretation of RI; whilst it has repeatedly
demonstrated predictability for AKI and recovery, the cause of alterations in the systolic and
diastolic velocities are multiple and not always apparent’®. Changes in vascular compliance
may either reflect long standing vascular stiffness, as occurs with differences in age and
gender or in the presence of arterial disease, diabetes or hypertension. Otherwise variation
in these parameters may represent subcapsular pressure from venous congestion, interstitial
oedema, volume overload or hydronephrosis®~28¢. Variation in RI may therefore just reflect

this rather than identifying a causal linkage between arterial velocity and renal injury.

2.1.3 Contrast Ultrasound

2.1.3.1 Principles of contrast enhanced ultrasound

Gramiak described the first use of contrast for ultrasonography in 1969 using a rapid
intracardiac injection of multiple substances and noted “echoes at the site of injection and
downstream [..] permitting identification of the cardiac chambers”®. The rheological
properties of small bubbles have since been shown to mimic the behaviour of red blood cells

and can be used as a reliable tracer for blood flow and blood pool imaging®®.

Although small air bubbles were initially used for ultrasound contrast, Lindner theorised that
microbubbles with a lower solubility would have a longer lifespan and demonstrated this with
microbubbles of perfluorocarbon gas®. This study was the first to demonstrate that
microbubbles larger than 5um did not distribute freely, becoming lodged in the

microvasculature. Smaller bubbles are more likely to collapse however, according to Laplace’s
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law of surface tension, where internal bubble pressure (p) is inversely proportional to the

bubble radius (r) and o represents the surface tension®:

P=7

As the maximum bubble size must remain less than 5um, investigators wishing to prolong
bubble half-life had to reduce the bubble surface tension to prevent collapse. Multiple
attempts led to thick albumin shells to enclose air, although these did not deform under
ultrasound and produced little backscatter®. The second approach was to fill microbubbles
with a poorly-soluble gas such as sodium hexafluoride or perfluorocarbons which reduces the
diffusion out of the bubble shell and found this technique successful, these agents make up

the current commercially available products, a typical microbubble is presented in Figure 2°2.

Phospholipid shell

sulphahexafluoride gas
core

2.5 um average bubble size

Figure 2 Stylised SonoVue microbubble, comprising a phospholipid (Dipalmitoylphosphatidylglycerol) shell, approximately
2nm thickness and a sulphahexafluoride (SF6) gas core. Average bubble size 2.5um (90% <6um, 99%<11um)%.1ml SonoVue

contains 4x107 microbubbles and 1.5ul of SF6 3.

Pure low solubility gas cores provide an additional theoretical hurdle, having the potential to

equilibrate dissolved ambient gases from the blood, particularly nitrogen and oxygen with the
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potential of bubble expansion within the vasculature. Currently available solutions overcome
this by preparation under a head of low solubility gas with a small amount of air included, the
air reducing the in-vivo gas partial pressure difference. The vial spike also contains a 5um filter
to provide a suspension of bubbles below the maximum safe size. Theoretically patients
breathing oxygen will have a lower partial pressure of dissolved nitrogen, as a result the
nitrogen within the bubble will be lost more rapidly into solution, causing a reduction in
bubble size and a recommendation that experimental studies utilize a standardized inhaled
gas mixture, this has not been demonstrated to be significant in clinical studies however®*,
Over time gas is lost from the bubble causing its shell to contract and eventually the external
compression overcomes the internal pressure maintaining bubble integrity and it collapses,
the gas is free within the blood to be exhaled and the lipid shell is metabolised. 80-90% of
sulphur hexafluoride from SonoVue is detectable outside the body within 11 minutes and the

half-life is not dose dependent®.

Microbubble destruction occurs continually though both dissolution and cavitation from
ultrasound energy. The proportion of bubbles destroyed by ultrasound is subject to the
acoustic energy imparted in them; once a threshold is reached bubble integrity is lost causing
rapid fragmentation. Whilst seemingly detrimental, this permits microbubble behaviour to be
controlled and bubble fragmentation utilised for the assessment of tissue perfusion, holding
potential for the use of bubbles as a vehicle for targeted drug delivery®® which has previously
been demonstrated using microbubble cavitation to open the endothelial component of the

blood-brain barrier and in the same process, release nanoparticles to reach the target site®®’.

Like red cells, microbubbles demonstrate slower flow along the vessel periphery and faster
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central flow, this slower peripheral flow provides the possibility of further applications of
microbubbles such as molecular targeting with bubble-ligand complexes, binding endothelial
receptors. The formation of ligand-receptor bonds can anchor the microbubble, allowing real-
time identification of molecular expression and provide a potential bedside molecular

imaging technique®®.

Standard B-mode ultrasound has several drawbacks when imaging contrast agents, the wave
power may cause bubble destruction, particularly at lower frequencies, according to the
mechanical index equation above. In addition, tissues are highly echogenic, making contrast
difficult to differentiate from background signal. Fortunately the acoustic properties of
bubbles are quite different to tissues and have enabled equipment manufacturers to
preferentially identify them. At low power non-linear oscillations occur in microbubbles
where rarefaction is greater than compression due to the highly compliant shells of modern
agents. Strong signal harmonics are produced when insonated, even at low-power and they
can produce high signals at the second and third harmonic frequencies. Equipment
manufacturers can both filter out the fundamental frequency and make use of low-power
ultrasound where insonation of tissues produces little signal®?. These techniques provide a
specific Contrast Mode, which at baseline is predominately black, with little background noise
but displays signal from bubble insonation on delivery of contrast. Newer scanners can send
alternating low-Ml, and normal-MI pulses, dividing the frame rate by two, to create two side-
by-side images, one contrast specific and one standard B mode. This allows contrast data to
be displayed alongside anatomical B-mode data but at powers less than the threshold for
bubble destruction® An example of this side-by-side imaging is presented in Figure 3.

Oscillatory frequencies and bubble destruction thresholds are agent specific and therefore
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mechanical indices will vary slightly.

Abd Gen TIS0.0 MI0.06 L
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Figure 3 Ultrasound dual-mode mode image of a kidney. Contrast mode is displayed on the left with microbubble specific

signal preferentially filtered and B-mode is displayed on the right

2.1.3.2 Contrast Agents

Agents and Preparation

A summary of the available contrast agents is presented in Table 1. Sonovue contrast (Bracco,
Milan, Italy) was utilized as the contrast agent for the research presented in this thesis. It has
similar characteristics to other ultrasound contrast agents (UCAs) and is possibly the most
used agent for renal imaging. It is also commonly used by our collaborating radiology
department. SonoVue is sold as a kit as shown in Figure 4, containing a vial with phospholipid
lyophilisate in a sulphur hexafluoride (SFs) atmosphere, a prefilled syringe with 4.8ml of 0.9%

saline and a minispike transfer system®3. Preparation is straight forward and involves
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attachment of a plunger to the saline syringe, connecting this to one end of the minispike
transfer system and attaching the phospholipid vial to the other. The saline injected and
mixed with the phospholipid lyophilisate by vigorous shaking within the SFs atmosphere and
the microbubble solution produced is drawn back into the syringe suitable for injection or
infusion. Each millilitre of the 4.8ml pharmacologically inert substance contains
approximately 2x10% microbubbles and 8ul of SFs. The mean bubble diameter is 2.5um and

99% of microbubbles are <10um. The solution remains stable for administration for 6 hours®3,

Agent Shell Gas Core Bolus Elimination Manufacturer Notes
dose half life
SonoVue Lipid Sulphur 1.2- 12 min Bracco, Milan, Marketed
hexafluoride 2.4ml Italy as
(SFe) Lumason
in the USA
Optison Albumin Perflutren 0.5ml 1.3min GE Healthcare,
(CsFs) Milwaukee, USA
Luminity lipid Perflutren 0.2- 1.3min Lantheus Marketed
(CsFs) 0.3ml Medical Imaging, as Definity
N. Billerica, USA  in the USA
Sonazoid egg Perflurobutane 0.5- 30-45min GE Healthcare, Currently
phosphatidyl = (CsF10) 1.0ml Milwaukee, USA  only
serine available
in Asia

Table 1 Commercially available contrast agents
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Figure 4 The contents of the SonoVue contrast kit. From left to right: Minispike transfer system, phospholipid lyophilisate in
a sulphur hexafluride atmosphere, prefilled saline syringe (plunger attached)

Safety Profile

Sonovue is a widely used, licensed pharmaceutical agent with 2.5 million doses administered
by 2013 (manufacturer sales data). Reported adverse events following UCAs are rare and
mostly mild, with headache and nausea most common but in less than 1% of patients. Serious
adverse events occur at a rate of 0.03% and anaphylactoid reactions between 0.004 and
0.009%. Such events are typically not IgE mediated and therefore no prior exposure is
required?®. Product labelling for UCAs continue to warn against their administration in
pulmonary hypertension, however several prospective studies have examined this, of which
two were in conjunction with the Federal Drugs Administration. A number of these studies
were performed with concurrent right heart catheterisation and all studies have
demonstrated stable haemodynamics and no safety concerns'®1% As a result many
investigators administer UCAs to patients with pulmonary hypertension, as currently no
evidence exists to the contrary, despite the product warning'®. The warning also covers UCA
use in acute respiratory distress syndrome. UCAs have seen limited use in paediatric

populations and the safety profile is unknown. The same is true of pregnancy and UCAs are
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not routinely administered in either group'®. Being of similar dimensions to a red cell, UCAs
are blood pool contrast agents and are not filtered across the glomerular basement
membrane and are not secreted by the tubules. They have no known renal interactions and
are not nephrotoxic; a distinct advantage for the study of renal disease over intravenous

contrast agents of other imaging modalities'®.

Administration

The principal use of UCAs are to provide anatomical detail of the vasculature, referred to as
contrast enhanced ultrasound (CEUS). UCAs can be administered to model perfusion kinetics,
referred to as dynamic contrast enhanced ultrasound (DCE-US), both terms are used
interchangeably in the literature which can be confusing®. For the purposes of this thesis
CEUS is used as an overall term whilst DCE-US specifically applies to perfusion kinetics. UCAs
may be administered either by bolus intravenous injection or by infusion and has been
demonstrated to closely correlate with invasive measures of tissue perfusion®’. For renal
imaging a good view of the kidney is needed with ultrasound in B-mode prior to enabling
contrast mode, preferably displaying B-mode and contrast-mode side by side, which aids in
detecting movement of the transducer and finalising the view before administration®°.
Maintaining a B-mode image alongside provides a continual image, as prior to UCA
administration contrast-mode imaging is dark and lacks detail. For bolus administration a
standard volume (typically 1.2 to 2.4ml of Sonovue) is given either centrally or peripherally
followed by a 10ml saline flush and a recording is taken from start to finish>. The contrast

image enhances as the microbubbles arrive within the insonated region providing an arterial
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wash-in phase, a microvascular perfusion phase and a venous wash-out phase.

When given by infusion, typically Iml/min of neat Sonovue is infused. A slower wash-in phase
occurs due to the slower rate of injection, until a plateau and steady-state is achieved. The
field of view is then pulsed with a high mechanical index pulse which causes mass
fragmentation of microbubbles and the field of view darkens until it is re-perfused, from
which time-intensity curves (TICs) can be created. The faster and brighter the signal returns,
the better the perfusion. Previous investigators have diluted the UCA infusion with saline with
no detrimental effects observed from a 1:20 dilution%®, Neat contrast was diluted 1:4 in this

thesis.

2.1.3.3 Analysis of ultrasound contrast kinetics
Off-line processing of CEUS imagery is performed by dedicated software. Several proprietary

platforms are available as are bespoke programmes written for a specific research purpose!%-

111

VueBox (Bracco, Geneva, Switzerland) is a commonly used analysis system for perfusion
guantification and the platform used by our institution and in this thesis. Other available
software includes MATLAB (The MathWorks, Natick, MA, USA) and QLAB (Advanced
Technology Laboratories, Philips, NY USA). Several ultrasound manufacturers have added
contrast analysis software to their carts, including the GE TIC Analysis module and Seimens
CDx analysis module!'2, Many of these systems use black-box modelling algorithms, each

producing reassuring accuracy figures but at the expense of reproducibility with different
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platforms. In VueBox, files are imported from the ultrasound machine in digital imaging and
communications in medicine (DICOM) format. These files are imaging-converted video data,
log-compressed and palletised as grey-scale or colour-coded 8-bit data'!®. Once imported
linearisation occurs, the process of converting the log-compressed DICOM files back to linear
signal for analysis. After the file is loaded an overall region of delimitation is selected and
motion compensation applied. If motion occurs within a clip it is usually the result of
respiratory motion (a frequent issue in renal imaging) or probe movements. Automatic
motion correction corrects in plane motion by spatially realigning anatomical structures in a
user-selected reference image!'®. If uncorrected, motion can prevent analysis in 30% of
data!!®, Regions of interest (ROIs) are selected and time-intensity curves created to generate
a line of best fit according to a mathematical model; the shape of the TIC and variables
produced are software specific due to the individual algorithms within the programs and also

dependent on whether UCAs are administered by bolus or infusion.

A constant UCA infusion is required to produce destruction-replenishment kinetics and this is
the method used in this thesis. In renal imaging steady state is achieved in one to two minutes,
with signal intensity proportional to the relative blood volume. Large vessels produce the
greatest signal and cortical signal is uniform in health, although may be attenuated towards
the poles and nearer the pelvis as signal is scattered by other bubbles!*®. Provided regions of
interest are within well-visualised parenchymal tissue, the exact shape, size or location of the
ROI makes little difference to the reproducibility of the results!'’!18 This makes the

examination of renal perfusion by DCE-US in longitudinal clinical studies more of a possibility.

Medullary signal is heterogenous, calyces produce no signal as UCAs are not filtered, however
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vascular regions have high signal. Medullary parenchymal tissue receives approximately one
tenth of cortical blood flow and enhances more slowly!!®. The complex arrangement of the
vasculature within the renal medulla and the associated anisotropy makes clinical
guantification of perfusion challenging regardless of the imaging method including fMRI.
Quantification of medullary perfusion by DCE-US is therefore challenging and further work is

needed to determine if it can be done reliably.

Once steady state is achieved a high mechanical index pulse (>1.0) can be delivered by the
operator, with mass bubble destruction and replenishment. TICs are generated off-line and
the steeper the replenishment gradient and more intense the signal, the greater the
perfusion. ROIs are plotted and the variables created by VueBox for both destruction-
replenishment and bolus-transit kinetics are demonstrated in Figure 5. Bolus kinetic variables
are provided in the figure legend for interest but are otherwise not used in this thesis.
Destruction-replenishment kinetics include the wash-in rate (WiR) which is the initial gradient
and the mean transit time (mTT) which describes half the time to signal plateau, both
variables are thought representative of blood velocity / flow. Relative blood volume (RBV)
describes signal intensity and is calculated from plateau signal minus background signal;
perfusion index (Pl), a composite variable is a computed by the division of RBV by mTT and
aims to provide a single number representing tissue perfusion??. According to the central

volume theory (see reference) the perfusion of a tissue can be calculated by this ratio,

43



although is measured in arbitrary units, 2D ultrasound being unable to quantify volume!®3,
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Figure 5: (A) Bolus-transit kinetics. Assessed values: (1) Maximum wash-in rate (WiR) and (2) maximum wash-out rate (WiR)
are measured using the maximal slope and both the gradients and x-axis intercepts are used to the quantification. Tl= Time
In, defined as maximum wash-in rate x-axis intercept; TO= Time Out defined as maximum wash-out rate x-axis intercept. (3)
Mean Transit Time (mTT)= wash-in rate x-axis intercept to mid-point wash-out rate. (4) Wash-in Area Under the Curve
(WIAUC) = AUC (TI: peak enhancement time). (5) Wash-out Area Under the Curve (WoAUC) = AUC(peak enhancement time:

TO). (6) Rise Time= peak enhancement time — Tl. (7) Fall Time= TO- peak enhancement time. (8) Wash-in Perfusion Index =

WIAUC/Rise Time

(B) destruction-replenishment kinetics. Assessed values: (1) Relative Blood Volume (rBV) =maximum signal — minimum signal.
(2) Wash-in Rate (WIiR) = gradient of maximum slope. (3) Mean Transit Time (mTT) = time to half maximum signal. (4)

Perfusion Index (PI) = rBV / mTT

2.1.3.3.1 Mathematical Modelling of CEUS Data

The sigmoidal mathematical model adopted for perfusion quantification by destruction-
replenishment was initially described by Lucidarme et al'?l. Earlier empirical negative-
exponent models failed to fully reflect perfusion measurements during Wei’s series of
invasive experimental studies??!?3, Krix adapted a similar mathematical description after
taking experimental measurements from tumours and was able to demonstrate equivalent,

if not better results to the initial Wei mono-exponent model'?*. The sigmoidal model was
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subsequently developed by Arditi'*> and further refined by Hudson'?®. This model assumes a
multiple-vessel vascular network may be simplified with fractal branching geometry of the
vascular tree, whose distribution of vessel sizes and associated flow rates is given by a
lognormal velocity distribution, please see referenced texts for greater detail?’. The Arditi-
Hudson lognormal model improves on previous models in several ways. It explicitly considers
the velocity distribution within the regions of interest rather than assuming homogenous flow
profiles, more reflective of in vivo perfusion than a pre-mixed volume model. It accounts for
the character of the ultrasound beam which affects the shape of the TIC. It models different
components of the region of interest separately such as larger vessels and this realistic
microvascular geometry permits more accurate perfusion quantification?®. Hudson
demonstrated better correlation with implanted flow meter measurements, in comparison
with the previous mono-exponential models described'?®. In a further study, the group
demonstrated the new model had greater test-retest reliability using different planes and

different operators'?°.

2.1.3.4 Limitations of contrast ultrasound

Many authors have identified the reproducibility of CEUS as a potential issue with both bolus
and infusion methods, particularly the quantification of signal intensity!!&130-132 potential
sources of error have been well described in previous reviews and may be broadly subdivided
into issues with microbubbles, ultrasound scanner settings and patient characteristics'33: A

summary of the sources of error is given below:

1. Contrast mixing within the syringe: Bubble separation occurs after a period of stasis.
To counter this dedicated oscillatory infusion pumps are available for prolonged
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periods of imaging.

Uniform mixing of contrast with blood within the cardiac chambers, a potential issue

for bolus infusion but unimportant with steady-state infusions!3*,

Patient blood volume: A standard rate of UCA is administered regardless of the size,
gender, age or fluid balance of the patient, where blood volume may vary by a
significant degree, leading to variation in the bubble : blood dilution ratio3°. This is

likely to be more of an issue for intensity-based variables than time-based.

Respiratory motion and transducer movement: May alter the stability of the ROIs if
not carefully accounted for. In healthy volunteers and able patients, breath holding
can be utilized!?® or in-plane motion correction software. The dual-screen B-mode and
contrast-mode display allows the operator to visualise anatomical landmarks
providing a visual reference and more able to keep a still image>>2°, Averkiou et al
have also described a respiratory-gated ultrasound technique for the evaluation of

liver metastases?3®.

Field of view and organ depth: A reliable, unobstructed view of the kidney is required
for accurate quantification, rib shadows are commonly encountered. Other acoustic
shadows are more problematic at low MI and should be carefully assessed.
Microbubbles can be imaged up to 15cm from the transducer, more distant images
require lower frequency insonation or higher mechanical indexes, both of which may
increase bubble destruction in the near-field >°. Organ depth may affect the reliability
of measurements, particularly those dependent on signal intensity. Ignee et al
recommends not undertaking DCE-US examinations at all at less than 4cm and not

measuring intensity variables at greater than 6cm due to unacceptable variation!, in
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clinical renal studies this will affect TICs in obese populations.

Ultrasound Settings: Settings including depth, gain, frame rate, frequency, dynamic range
and focus have all been shown to alter the shape of TICs. The focal point should be
positioned just beyond the target organ, producing a more uniform acoustic field within
the ROI and reducing bubble destruction?®®. Gain should be set to provide slight
background signal before contrast administration, with adequate visualisation of bubbles
in both the macro- and microvasculature. Figure 6 demonstrates how under or over-
gained images result in clipping of the signal and loss in data. The dynamic range settings
should provide contrast between the micro and macrocirculation. For perfusion
quantification a wide dynamic range is preferred to avoid signal saturation®®. The frame
rate should be >10Hz to achieve sufficient data points to plot replenishment kinetics from

highly vascular regions, which may have returned to steady state within a few seconds
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after destruction.

Figure 6: Reproduced from reference *°. Top image: gain setting too low results in an underestimation of the microbubble
concentration within the microcirculation, only flow in the large vessels is quantified. Middle image: Appropriate gain settings
to achieve detail from both micro- and microcirculatory flow. Bottom image: gain too bright making macro- / microcirculation

differentiation difficult.

6. Data export: The process of image transfer by DICOM format creates an issue with
data loss both in compression by different ultrasound machines and decompression
(linearisation) by different processing software. DICOM files are log-compressed raw
(linear) data imaging files used as a standard filetype for medical imaging. However
different developers linearise DICOM files using different methods, which has led to
calls for an industry-wide standard from the Quantitative Imaging Biomarker Alliance
(QIBA) of the Radiological Society of North America'!?. Linearisation, the process of
removing the logarithmic compression, is thought to be accurate provided the

dynamic range and gain settings were optimised in the original capture®’. This issue
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is akin to other compression-decompression processes such as RAW to jpeg for
photography, where jpeg formats make adequate photographs but much of the
embedded modifiable data has been removed in the process, making off-line
manipulation limited. Other authors have exported raw data, negating the need for
compression and subsequent data loss*38. Ultrasound developers such as Seimens and
GE have embedded analysis software within the machine, again avoiding the issue.
This issue hampers multicentre trials where different equipment may be used by
different centres!3®. Peronneau compared raw and compressed DICOM data and
found time dependent variables to be equivalent, but intensity variables

demonstrated significant variability between the two file formats 132,

Mathematical modelling: Different software manufacturers have different algorithms
to fit the sum of least squares from the data to the Arditi-Hudson lognormal model,
creating a more representative line of perfusion. Proprietary software is often a black-
box and differs between platforms, creating an issue of reproducibility and
comparison between sites in multicentre studies, particularly values of intensity,

measured in arbitrary units!3®.

2.1.3.5 Reliability

Hudson demonstrated CEUS to be reliable when using the same ultrasound machine in an in

vitro model; coefficient of variation of 13%%%®. A North American QIBA CEUS Biomarker

Committee supported a body of work in 2020 describing an imaging and quantification

protocol to promote standardisation across machines and analysis platforms. They also

demonstrated similar reproducibility to Hudson in vivo but found time dependent variables

to be more reliable than intensity based variables, commenting that intensity based variables
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could not currently be compared between different systems without standardisation'?. The
main findings of Averkiou’s study are presented in Figure 7 noting that this study is in bolus
kinetics and the variables are not those used in this thesis. It does however demonstrate time
dependent variables being more reliable, a finding which is replicated throughout the existing
literature and in the group’s previous work!3®. This variability is also recognised by the
European Committee in contrast ultrasound, EFSUMB!?. Intensity parameters vary even
when imaged and analysed using the same platform, as both signal saturation from dynamic
range settings, microbubble concentration, depth and acoustic shadowing from both

microbubbles and native structures can alter them?18.

60 -

@ Single scanner/single software

| B Same scanner/different software
B Different scanner/same software
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Figure 7: Reproduced from reference'’2. Graph demonstrating maximum coefficient of variation. Variables are from bolus
kinetics which are not used in this thesis but demonstrate the principle of reduced reliability of intensity variables when
compared with time-based. Rise time (RT) and mean Transit Time (mTT) are time-based variables. Peak Intensity (Pl) and
Area Under the Curve (AUC) are perfusion-based. Comparisons are annotated within the graphic. Due to alterations in

intensity units between platforms, intensity variables cannot be compared between systems.

2.1.3.6  Summary of technical application

Time-intensity curve analysis is user dependent and requires dedicated software.
Reproducibility may be problematic, particularly for variables which reflect blood volume and
are intensity-based; quantification of flow by time-based variables are more robust, despite
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this, expert committees recommend reporting both types'!?. Measured variables differ
depending on the analysis platform and the method of contrast delivery. In this thesis
destruction-reperfusion kinetics were measured on the Vuebox system, where mean transit
time is truly time dependent and relative blood volume is purely intensity-based. Wash-in
rate is dependent on the reperfusion gradient and therefore partly influenced by intensity as

is the perfusion index.

2.1.3.7 Clinical Applications in Renal Imaging

Despite its limitations, contrast ultrasound has found an expanding role in modern imaging.
Qualitative CEUS and the quantifiable DCE-US (particularly the bolus-transit method) have a
wide body of literature supporting their use in oncological imaging to differentiate tumour
types. Several articles have shown greater sensitivity by CEUS in identifying early vascular
changes in tumours in comparison to CT using the Response Evaluation Criteria in Solid
Tumours (RECIST). CEUS is frequently used in the evaluation of modern cytostatic

chemotherapy agents and other oncological applications!!6:120,140-142,

In renal imaging CEUS is recommended by the European Federation of Societies for
Ultrasound in Medicine and Biology (EFSUMB) to characterise ischaemic disorders, tumours
from pseudo-tumours, complex cysts, indeterminate lesions, abscesses in pyelonephritis and

used for follow-up of non-operable masses'?®.

For DCE-US, oncological applications
predominately use bolus-transit kinetics and perfusion quantification is predominately

imaged by infusion and destruction-replenishment.

Clinical development of CEUS has occurred in several renal conditions. These include diabetic

51



nephropathy, able to identify both early and late microvascular changes with reduced
intensity, wash in rate and AUC in diseased kidneys'#* and a correlation between diabetic
nephropathy histology and CEUS findings in rats!#4. Acute renal transplant rejection can be
identified and pancreatic transplants demonstrate normalisation of CEUS values after
successful treatment of rejection!!%!4>, |t has demonstrated an ability to identify transplant
vascular issues in comparison to gold standards!*®'4” and is predictive of graft function at 12
months’!. Other investigators have compared DCE-US values between stages of CKD and
healthy volunteers, showing a reduction in both time and intensity variables#®, The reduction
in cortical perfusion measured by DCE-US in CKD correlates with a clinical gold standard, ASL-

MRI49,

DCE-US assessed perfusion has an R value >0.9 when compared with flow probes in rat
kidneys'®°. In humans the gold standard for measuring renal plasma flow (RPF) is para-
aminohippuric-acid (PAH), but this method is only reliable with stable renal function and does
not lend itself to acute kidney injury, oliguria or critically ill patients'>!. Healthy volunteer
studies have assessed pharmacological manipulation of renal blood flow using exenatide, a
GLP-1 receptor agonist, comparing RPF and cortical perfusion by DCE-US analysis in healthy
males, demonstrating a moderate correlation (R=0.533). This finding was echoed in another
healthy volunteer study, comparing radionucleotide measurements and PAH with DCE-US >2,
A greater correlation may not be expected however as RPF provides a measure of blood flow
at the organ level, but CEUS provides detail of the microcirculation®3. This point is pertinent
to the data presented in this thesis as there is a dissociation between the two. The macro and

micro haemodynamic relationship is complex, where gross renal blood flow is not fully

52



reflective of perfusion.

Reduced time-based variables from improved perfusion has been demonstrated with

154 155

dopamine infusion'>4, valsartan administration®>> and a high protein meal>® and two of these
studies used concurrent assessment with PAH to show a significant correlation, however all
three studies demonstrated no significant change in intensity-based variables. A series of
publications by Schneider and colleagues showed that pharmacological manipulation of
cortical perfusion decreased with angiotensin-2 and increased with captopril®>’, however
their experimental study in sheep produced unconvincing results; both time and intensity-
based variables correlated poorly with invasive measurements but much of the data was
compromised by respiratory motion and stomach gas®8. The same group demonstrated an
improvement in cortical perfusion following terlipressin administration in patients with
hepatorenal syndrome. Although only 4 patients, CEUS was able to predict the two whose
renal function improved®>®°. Taken together these studies suggest that manipulating cortical
perfusion is possible and importantly it can be monitored with a portable, repeatable imaging
modality. When applied to critically ill patients it provides several possibilities. Poor cortical
perfusion may identify the early development of AKI and therapeutic interventions to
improve hypoperfusion can be monitored. If so, potential targets for renal resuscitation
become a possibility*®°. Schneider attempted to manipulate cortical perfusion in critically ill
patients with noradrenaline, although severe AKI was excluded from the study. A mean blood
pressure of 60mmHg was compared with 80mmHg in a mixed group of 12 patients, all within
48hrs of ICU admission. Changes in cortical perfusion were variable, some increased by 25%

161

whilst others decreased by similar®!, which is in keeping with assessment by other
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methods'®? and DCE-US was both feasible and able to identify changes?®®.

2.1.3.8 Imaging of Sepsis Associated AKI

Renal perfusion in sepsis associated AKI has been assessed with DCE-US in a small number of
studies. Harrois conducted a prospective, longitudinal study comparing 20 patients with
septic shock and AKI, patients with septic shock without AKI and ICU patients with neither.
Both intensity and time-based measures were abnormal, but intensity variables had greater
variability. Mean transit time could identify differences poor perfusion in the AKI group which
improved over time but not in the non-AKI group®. A larger study by Wang reported bolus-
transit kinetics in 90 patients with sepsis!®3. This study had methodological limitations; bolus-
transit kinetics are mostly used in oncological imaging where two tissue types can be
compared. The measurement of tissue perfusion in this setting lacks a comparator tissue. It
therefore produce TICs which are principally indicator-dilution curves and likely to be
confounded by cardiac output. The AKI group in Wang’s study had a mean serum creatinine
of 141 ummol/l and >21/24hr urine output, and unusual exclusion criteria such as “patient
gave up treatment halfway through”. Despite these limitations they identified reduced

velocity in the AKI group against comparators.
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2.2 Renal Biomarkers
2.2.1 Conventional biomarkers

2.2.1.1 Creatinine

Creatinine, the long-established reference for renal function is easy to measure, cheap and
ubiquitous. It is released by the body at a constant rate, freely filtered by glomeruli and
secreted by tubules. It also undergoes extrarenal secretion by the intestine®®. Its serum
concentration is influenced by muscle mass, age, sex, race, diet and medications and is an
imperfect marker of filtration with a large number of determinants; for example a creatinine
of 132 ummol/I could correspond with a glomerular filtration rate (GFR) between 20 and 90
ml/min/1.73m? ¢4, The computation of GFR is achieved using one of several formulae, which
are reasonably robust if GFR is stable but of limited use in AKI, as the lag between renal insult

and creatinine accumulation will initially mask the severity of the injury?®°,

As an indicator of tubular function it lacks sensitivity, indeed both chronic and acute tubular
injury may occur without elevated plasma creatinine elevation and conversely drugs may

block tubular secretion, increasing plasma concentration, but without renal injury.

2.2.1.2 Urine Output

Urine output changes more rapidly than creatinine and is a cheap and effective marker of
renal injury and easy to measure, although unreliably measured in practice. Alongside
creatinine it has been adopted as a diagnostic component of the KDIGO staging system for

AKI, as a sustained reduction for >6 hours is associated with renal injury and urine output
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changes occur before alterations in creatinine'®’.

Urine output is a by-product of haemostatic volume control, rather than the body’s indicator
of renal health. As a result the two do not demonstrate perfect harmony, physiological
adaptation to hypovolaemia alters sodium and water handling under the influence of
antidiuretic hormone and the renin-angiotensin-aldosterone pathways. A reduction in urine
output is therefore not specific for AKI, whilst normal or increased urine output does not
necessarily indicate normal function as reduced GFR in the presence of tubular injury may
occur without oligurial®. In the assessment of critically ill patients, multiple causes may
reduce the predictive power of urine output, including volume status, intrinsic antidiuretic
hormone levels, obstruction and diuretics!®®. Outside of the ICU measurements of urine
output are often unreliable, catheters are needed for hourly assessment and clinical workload

often prevents its timely recording.

2.2.2 The Search for Novel Biomarkers

The use of creatinine as a gold standard impedes advancement in AKI research, however no
other single marker of renal injury can bridge these gaps and a histological diagnosis is usually
time consuming and inappropriate. A search for new markers aims to improve on the
limitations of creatinine and provide further mechanistic insight, however the assessment of
such biomarkers is difficult as creatinine, the “gold standard” comparator is flawed. For
example, assuming creatinine has a sensitivity of 80%, specificity of 90% and a disease
prevalence of 10% the new marker with a true sensitivity of 100% may only have 47%
sensitivity when compared with creatinine®®. False positives may represent subclinical injury
not identified with creatinine detection due to recruitment of renal reserve, whilst false
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negatives may reflect haemodynamic (pre-renal) elevations in creatinine, without kidney
damagel’?. An experimental study demonstrated better performance of biomarkers than
creatinine at diagnosing renal injury when a tissue standard was used!’’. New markers
therefore need to be carefully considered before adoption or abandonment and through

means other than comparison against creatinine.

Further issues also lie in the study of new biomarkers beyond the limitations of creatinine;
the syndrome in question also provides difficulty. AKl is a diverse group of conditions (sepsis,
drug-induced, pre-renal) all grouped together and the cause of AKl in any particular patient is
often multifactorial. Therefore the search for markers which are sensitive enough to include
all true cases, but specific enough to exclude non-renal causes is challenging?>. The variation
in biomarker levels over time following an injury may also alter the perceived sensitivity of
the test, especially when the time of injury is unknown. As demonstrated in Figure 8, taken
from Malyszko et al'’?, markers which rise and fall within a few hours will not be detectable
several days afterwards once creatinine has peaked, further complicating the study of
potential candidate molecules. Malyszko makes the point that if timing of injury and baseline

renal function are accounted for AUROC can increase from 0.59-0.67 to 0.85-0.94.
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AKI BIOMARKERS CONCENTRATION

Figure 8 graph demonstrating the time course of novel urinary biomarkers73

2.2.3 Predictive Ability of Biomarkers
Both renal injury from AKI and functional change without renal injury, such as pre-renal
azotaemia may elevate creatinine, but biomarkers are hoped to increase specificity and assist

174

this distinction Biomarkers have demonstrated a moderate to excellent ability to

discriminate between pre-renal, intrinsic AKI, CKD and normal function, depending on the
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marker in question'’>. Elevated biomarkers in the presence of normal creatinine also

increases the risk of adverse outcomes, by potentially identifying occult renal injury.

Despite the number of candidate markers, no one marker is perfect. The ideal biomarker
should accurately diagnose tubular injury, the most common form of AKI in the hospital

setting, aid with risk stratification by predicting the need for RRT, as well as the duration of
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AKI and renal recovery’®. In reality the cause of AKI is often complex and multifactorial;
despite its unifying designation as acute kidney injury, it is not a single entity unlike its
frequently used comparator, acute coronary syndrome. Different regions of the nephron are
affected by different injuries. The interpretation of multiple biomarker profiles may prove to

Ill

be a more powerful tool in the assessment of AKI, rather than one renal “troponin”. As
demonstrated in Figure 9 also taken from Malyszko et al'’3, biomarker levels provide not only

the severity of injury but functional data regarding the location.
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Figure 9: Site of injury leading to alterations in novel biomarkers73,

In addition to multiple biomarker profiling, recent studies have demonstrated an increase in
the predictive power of biomarkers if predictive models incorporate clinical factors. The renal
angina index (RAI) is a composite score of an individual’s AKI risk and the early signs of injury,
it aims to risk stratify patients in whom biomarker measurement would be beneficial and
informing the pre-test probability of biomarkers. The inclusion of the RAIl with multiple

biomarker profiles increases the power of the model (RAI AUROC 0.8 vs RAI and biomarker
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AUROC 0.84-0.88).

Despite the limitations of current biomarkers, research into biomarkers is prolific with over

1700 publications in the past 5 years alonel”?

and has led ADQI to provide a consensus
statement on the clinical use of biomarkers!’”’. A summary of relevant studies is presented

below, whilst not all-encompassing or systematic, it aims to provide a general description

from the current evidence for the markers measured in this thesis.

2.2.4 Biomarkers used in this thesis
2.2.4.1 Neutrophil Gelatinase-Associated Lipocalin (NGAL)

Overview

In 2003 a transcriptome-wide interrogation strategy was undertaken to identify genes
induced by renal ischaemia. Seven were identified of which one was a short peptide resistant
to proteases which increases sample stability and makes potential identification easier. The
concentration of neutrophil gelatinase-associated lipocalin (NGAL) was also found to be
proportional to the degree of renal ischaemia and it became a promising candidate
biomarker’®, Since its description it has shown moderate predictive ability for AKI in both
blood (pNGAL) and urine (UNGAL). A meta-analysis published in 2018 considered 12 studies
of uUNGAL and 22 studies of pNGAL with a pooled AUROC of 0.72 and 0.755 respectively. The

AUROC improved to 0.76 once the urinary levels were normalized to creatinine concentration.

Characteristics

NGAL was first identified as a bacteriostatic agent in neutrophil function in the 1990s, binding
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siderophores, small iron-binding molecules present on prokaryotes'’®. It is usually expressed
at very low levels but is rapidly induced by epithelial injury after NF-kB binding the promotor
region®®, It functions as an acute phase protein and is secreted in the ascending limb of the
loop of Henle and tubular cells8. It rises within 2 hours and peaks about 10 hours after injury
and is easily measured either by ELISA or with commercial immunoassay'’3. It has the
advantage of being detectable in both the urine and plasma and has been extensively
validated as a marker of tubular injury in cardiac surgery!®, critical illness'®3, contrast induced
nephropathy*®, delayed graft function'®> and it has demonstrated an ability to differentiate
pre-renal azotaemia from tubular injury!®; arguably it has the greatest evidence base of any

novel biomarker.

Performance

Plasma NGAL can be influenced by coexisting variables such as CKD and hypertension, it also
increases to a lesser extent in other conditions such as lupus nephritis and IgA nephropathy*8?,
The interpretation of NGAL in acutely unwell patients is complicated by its concurrent
increase in sepsis; a 2016 meta-analysis reviewed 15 studies of sepsis associated AKI and
demonstrated pooled sensitivities of 0.83 (95% Cl: 0.77-0.88) for pNGAL and 0.80 (95% ClI:
0.77-0.83) for uNGAL but a specificity of 0.57(0.54-0.61) and 0.8(0.7-0.86) respectively®’. A
multinational collaborative group undertook a series of studies to better describe the role of
biomarkers. The TRIBE-AKI consortium investigated the predictive ability of pNGAL and
uNGAL to identify AKIl in 1219 post-operative patients. The study demonstrated a moderate
predictive power to identify AKI, with an AUROC between 0.67 and 0.74 but with only modest
improvement over creatinine'®8. Another study in ICU admissions demonstrated both uNGAL

and pNGAL were good predictors of AKI development in 632 patients with an AUROC between
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0.77+0.05 and 0.88+0.04 depending on the severity of renal injury!®, but such promising
results have not always been repeatable, a subsequent study of 451 patients demonstrated a
slightly worse predictive ability of uNGAL to identify AKI development on ICU admission (AUC

ROC of 0.71 (95% Cl: 0.63-0.78))1%.

Despite initial promise and a comprehensive body of investigation, NGAL is yet to find
widespread clinical use in AKI identification or prediction, or in the initiation or cessation of
RRT. Common to all novel biomarkers, the strengths may lie in the interpretation of multiple

markers to gain a deeper understanding of the injury and phenotypel’4.

2.2.4.2 Tissue Inhibitor of Metalloproteinases-2 (TIMP2) and Insulin-Like Growth Factor-
Binding Protein 7 (IGFBP7)

Overview

In 2013 a collaborative group of investigators in North America performed two observational
studies across 35 sites to identify potential biomarkers. The discovery component identified
340 molecules from the existing literature known to be expressed in renal injury and
examined the predictive power of these markers in 522 acutely unwell patients. The second
component of the study, the Sapphire validation study enrolled 744 acute patients and
examined the two best performing biomarkers from the discovery study. This process
identified two cell-cycle arrest biomarkers detectable in urine, tissue inhibitor of
metalloproteinases-2 (TIMP2) and insulin-like growth factor-binding protein 7 (IGFBP7). The
combination of the two (IGFBP7*TIMP2) demonstrated superior sensitivity to all previous AKI
biomarkers (AUROC 0.80, p<0.002)*°. The combination of IGFBP7 and TIMP2 was validated

by the same group and demonstrated that a level of >0.3(ng/ml)2/1000 was most able to
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identify critically ill patients at imminent risk of severe AKI. When included in a model with
clinical variables the AUROC increased from 0.7 for clinical variables alone to 0.86, the
negative predictive value ranged from 88 to 96%'%1. The results of these studies led to FDA
approval for the biomarker combination to be used clinically as a predictive tool to identify

ICU patients at risk of AKI*7®,

Characteristics

IGFBP7*TIMP2 levels can be assessed by ELISA or using the Nephrocheck system (Astute
Medical, San Diego, CA — now part of BioMérieux, Inc., Lyon), a point of care test licensed for
the early detection of AKI in hospitalised patients. Being the product of IGFBP7 and TIMP2
levels are reported as ng/ml?> and then divided by 1000. A high sensitivity threshold of
0.3(ng/ml)?/1000 and a high specificity threshold 2.0(ng/ml)?/1000 have been advocated in
early studies. Use of IGFBP7*TIMP2 has been reviewed by both the National Institute for
Health and Care Excellence and the American Association for Clinical Chemistry’s academy
but neither have recommended its use, as no improvement in clinical outcome has been

demonstrated 1°2.

Performance
In contrast to the original Sapphire study, an external validation study by Bell et al was unable
to demonstrate any predictive power of IGFBP7*TIMP2, NGAL or Cys-C for AKI development

in ICU admissions. This study had a low number of AKI cases, of the 94 enrolled, AKl developed
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in 19 patients, 15% of the population had sepsis and 47% trauma?®3.

The normal range of IGFBP7*TIMP2 in healthy volunteers is 0.04 to 2.25(ng/ml)?/1000 4,
The high sensitivity marker of 0.3(ng/ml)?/1000 falls in the middle of this range and therefore
a number of healthy patients will be identified as positive if used in a binary fashion. Studies
with a low proportion of true AKI cases will demonstrate poor performance because of false
positives®? and why Sapphire authors recommend its use only once a reduction in GFR is

detected, although to do this would restrict its utility*®>.

Discriminatory power to predict RRT following AKI demonstrated a pooled AUROC of 0.857 in
a relatively small meta-analysis of 4 studies and 280 patients'®®. The meta-analysis also
commented on slightly better performance of TIMP2 to predict sepsis associated AKI and
IGFBP7 to predict postoperative AKI, currently the two biomarkers are not used
independently. The ability for IGFBP7*TIMP2 to predict renal recovery has been recently
investigated in a single centre study; higher levels were associated with a longer time spent
on RRT, with 2(ng/ml)?2/1000 defining a level of increased risk. Patients with a level
<2(ng/ml)?/1000 on admission or in whom levels had become undetectable were able to
successfully discontinue RRT. Discontinuation of therapy with persistently positive

biomarkers was associated with a 5 times greater risk of failure®®’.

An independent study in septic patients examined the ability of biomarkers to predict
persistent AKlI beyond 7 days and found no biomarkers measured on admission to be

predictive. NGAL and IGFBP7*TIMP2 had limited predictive ability 6 hours after admission
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(AUROC 0.63 and 0.63) %8, it may be optimistic for admission bloods to accurately predict the
clinical status of the patient 7 days later particularly as the use of RRT as an indicator for
severe AKl is not perfect. A study by the Sapphire investigators described the predictive ability
of IGFBP7*TIMP2 to determine long-term renal outcomes after AKI in critically ill patients. A
level of <0.3(ng/ml)?/1000 had a 30% risk of death or dialysis at 9 months, whilst levels
>2.0(ng/ml)?/1000 increased the risk to 60%. In the absence of any change in creatinine based
GFR the biomarkers levels were unhelpful’®®. Indeed, the incorporation of clinical risk factors

with IGFBP7*TIMP2 into a predictive model increased prediction from AUROC 0.66 to 0.75%%°,

IGFBP7*TIMP2 is very promising, able to provide insight into severity and duration, when used
in isolation it has limitations but the same is true of any test. The incorporation of clinical risk

factors improves the pre-test probability and strengthen specificity.

2.2.4.3 Proenkephalin A (PENK)

Cleavage of pre-proenkephalin A yields proenkephalin A and several enkephalins:
endogenous opioids, acting primarily on delta opioid receptors. The greatest concentration
of delta receptors outside of the central nervous system are within the kidney and appear to
have a regulatory role in diuresis and natriuresis, although the full mechanism is not fully
elucidated?®°, PENK is stable with a long in vivo half-life and is not affected by age or sex?°. It
is entirely filtered by the glomerulus, not reabsorbed and plasma levels have been shown in
several studies to correlate closely with measured GFR by inulin or iohexol clearance at steady
state?l. Enkephalins may also be induced by AKI, in turn increasing PENK production and
provide a dual cause of elevation??. In non-steady-state settings such as sepsis, PENK
correlated more closely with measured GFR than eGFR MDRD estimates (R>=0.9 vs 0.82)2%3,
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As a specific marker of filtration, levels correlate closely with renal blood flow and GFR and
alter faster than creatinine. There is no tubular handling of PENK, levels do not reflect tubular
function and are not associated with tubular biomarkers, this finding adds to its specificity
and suggests its potential role amongst other biomarkers is to provide assessment of

filtration204,

As a marker of AKl in ICU admissions, PENK performs similarly to other novel biomarkers with
an AUROC of approximately 0.829%, PENK provides prognostic information in addition; of 956
patients with sepsis admitted to ICU, PENK demonstrated a close correlation with AKI
prediction, improvement, RRT requirement and 90-day mortality?°®. A head-to-head study
demonstrated superiority of PENK against IGFBP7*TIMP2 in predicting AKI in 200 ICU
admissions, AUROC 0.91 vs 0.66 and in the need for RRT 0.78 vs 0.682%7. It may be expected
that a marker of filtration correlates better with the diagnosis of AKI as creatinine is a
fundamental component of staging. Tubular markers inform the degree of tubular damage
and likely the combination of both marker types provide greatest insight into the mechanisms

of injury.

2.2.4.4 C-C motif chemokine ligand 14 (CCL14)

AKI recovery may occur as distinct phenotypes, early recovery, delayed recovery, relapsing
and non-recovery; with the associated 1-year mortality ranging from <10% for early recovery
but >60% for non-recovery?®®. Predicting AKI recovery is problematic and current methods
rely on the monitoring of urine output and creatinine. No diagnostics reliably provide
information regarding recovery and decisions on RRT initiation and cessation are based on
creatinine trajectory and clinical opinion. The availability of biomarkers to predict either
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recovery or persistence would enable clinicians to time therapy decisions and provide greater
input to higher risk phenotypes such as those with persistent AKI and acute kidney disease
(AKD), who are at greatest risk of progression??®. The RUBY study published in 2020
investigated multiple potential biomarkers for their performance at predicting persistent AKI,
with a similar design to the SAPPHIRE study and from a similar group of investigators. The
RUBY study recruited ICU patients with stage 2 or 3 AKI with the primary endpoint being
persistent AKI, that is AKI persisting beyond 72 hours. Levels of candidate molecules with
known involvement in apoptosis, endothelial injury or other inflammatory pathways were
measured in plasma or urine. A protein not previously identified as a marker for AKI, CCL14,
demonstrated the greatest prediction for persistent AKI, AUROC 0.832%0. A further study
demonstrated an AUROC of 0.81 for predicting persistent AKI in a secondary analysis of the
SAPPHIRE dataset although persistent AKl only occurred in 28 patients, duration of

persistence was proportional to CCL14 levels?!?,

A recently published prospective study
measured CCL14 levels in 100 patients pre and post cardiac surgery demonstrating an AUROC

of 0.92 for predicting persistence?!2. At the time of writing the only three studies available

are from the SAPPHIRE/ RUBY investigators.

It is measured in urine by conventional ELISA.

2.2.4.5 Urinary albumin quantification

A simple and cheap test and an independent indicator of RRT risk and death following ICU
admission?'3214, The DAMAGE study followed 257 ICU admissions and demonstrated that a

clinical risk prediction model with the combination of urinary NGAL and albumin had the
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greatest predictive power of all markers in the study (0.87 AUROC for stage 3 AKI). Like suPAR
and DKK321>2%6 pre-insult levels inform the likely severity of injury. The TRIBE-AKI consortium
demonstrated preoperative proteinuria provided a graded risk following cardiac surgery with
an increased risk of death post-operatively (adjusted hazard ratio 2.85), another study
demonstrated patients with elevated urinary albumin were more likely to suffer post-
operative AKI and require RRT?Y":28 |t does not stand out alone as a biomarker for AKI but in
combination with NGAL it does?’4, plus it indicates at risk patients prior to insult and informs

long-term risk if alouminuria persists after injury.

Normalisation to creatinine

The urinary levels of a biomarker will depend on the rate of release into the urine and the
urinary flow rate. In chronic disease states where GFR is stable biomarker quantification such
as calciuria and albuminuria are referenced to urinary creatinine as the concentration will
depend on both the severity of the disease and the concentration of the urine?'®. However,
in AKI GFR is in a state of flux, altering creatinine clearance. Urinary biomarkers for AKI,
particularly tubular damage markers are released from a different site of the nephron and
therefore the normalisation of biomarkers is controversial. Existing literature is variable but
generally publishes crude and normalized values together. The case has been made in a
simulation study of creatinine kinetics for using timed values instead, although this approach
would only be possible if the timing of renal injury is known, such as transplantation or
surgery??, Despite the suggested drawbacks, normalising appears to demonstrate superior

predictive power to crude values. Both crude and normalised values are presented in this
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thesis.

2.3 Endothelial Biomarkers
The following biomarkers are used in this thesis to inform endothelial and inflammatory

processes:

2.3.1.1 Syndecan-1

As shown in Figure 10, syndecans are transmembrane anchor proteins, covalently attached
to proteoglycans and heparan sulphate and at its core is a central protein with
glycosaminoglycan side branches. Heparan sulphates have a multitude of roles in
inflammatory processes and syndecans function as integral membrane proteins involved in
cell proliferation, cell matrix interactions, cell migration and act as sponges for chemokines
and growth factors?21222, Syndecan-1 is the most ubiquitous syndecan, expressed at a level of
10° per epithelial cell forming a major component of the epithelial glycocalyx??3. As a result of
inflammation, syndecans, heparan sulphate and other components of the glycocalyx are shed
and detectable in plasma. Syndecans are excellent markers of this process being stable ex-
vivo and reliably detected by ELISA%?4, Syndecan-1 serves as a marker of endothelial injury in
multiple research fields including COVID-1922>, CKD??¢, diabetes??’, critical illness??822° and
sepsis?3023L Levels correlate with the severity of organ injury and can be used to predict
prognosis and mortality in septic shock, increasing up to 9000-fold with severe glycocalyx
disruption?32. Levels are independently associated with acute kidney injury, with moderate
predictability of stage 3 AKI after paediatric cardiac surgery?3® and is used in some models to

distinguish AKI subphenotypes?3*. Its predominant role is a detectable sheddase for
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endothelial and glyocalyx injury.
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Figure 10 taken from reference 235. Schematic drawing of the molecular ultrastructure of the endothelial glycocalyx layer

2.3.1.2 Angiopoietin 1 and Angiopoietin 2

Amongst others, angiopoietin-1 and -2 (Angl and Ang2) are important growth factors for
embryonic vascular neogenesis, Angl is responsible for stabilisation of the endothelial barrier
and Ang2 destabilises epithelial junctions. The constant assembly-disassembly cycle of the
embryonic endothelium incorporates new vessels and enables the construction of a vascular
network?3®. These growth factors are also responsible for vascular repair mechanisms in
adults. Intuitively elevated Ang2 would be expected with inflammation and vascular damage
whilst Ang1 is anti-inflammatory and associated with repair. This association is borne out in
studies of critically ill patients with vascular injury, morbidity and mortality associated with
an elevated Ang2:Angl ratio?3”238, The agonist/antagonist pair bind to the Tie-2 receptor
tyrosine kinase of epithelial cells, with elevated Ang2 and suppressed Angl profiles within the

septic milieu. Serum from patients with high Ang2 levels disrupts endothelial architecture ex-
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vivo and excess Ang2 in mice induces pulmonary leak and the development of ARDS?3,

2.3.1.3 SsTNFR1

Tumour necrosis factor alpha (TNFa) is a key inflammatory mediator, functioning through two
receptors TNFR1 and TNFR2, expressed on all nucleated cells but predominately epithelial
cells and leukocytes??. Binding of TNFa to TNFR1 leads to intracellular caspase activation,
cellular apoptosis and immune activation mediated via NF-kB2?*°, Shedding of the receptor as
the soluble form (sTNFR1) occurs via cleavage at the cell surface or through release of a vesicle
which includes the receptor. Elevated levels of sTNFR1 are interpreted as a marker of TNFa
activation?*!, Levels of sSTNFR1 have been shown to correlate closely with conditions including
arthritis activity?*2, CKD progression?*?, diabetic nephropathy progression?*3, sepsis
severity?** and as a predictor of AKI in septic shock?*®. sTNFR1 was used by Bhatraju and
colleagues in defining AKI subphenotypes, with higher levels present in the inflammatory /
endotheliopathy group?3*. Multiple studies have also demonstrated sTNFR1 to be an
independent predictor for severe AKI in critically ill adults?41246247 In the kidney TNFR1 is

predominately expressed in glomerular and peritubular capillaries?4,

2.3.1.4 Interleukin-8 (IL8)

Activated neutrophils are implicated in the development of AKI and interleukin-8 (IL8) is the
endothelially derived chemokine responsible for their recruitment to injured tissue. IL8 also
triggers several neutrophil behaviours including degranulation, chemotaxis and respiratory
burst?4°, IL8 is independently associated with AKI development after adjustment for clinical
factors but is less predictive than the aforementioned biomarkers?#°. Elevated levels correlate
with ischaemia-reperfusion injury of allografts®>®, prediction of AKI in sepsis®®! and
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demonstrate higher levels in non-survivors of septic shock?>?. Levels of IL8 are used by
Bhatraju and colleagues to identify the inflammatory / endotheliopathy subphenotype of

AKIZ4,
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2.4 Methods of examining tissue perfusion and microcirculatory flow
Overview

Perfusion and microcirculatory flow are terms often used interchangeably in the literature,
strictly microcirculatory flow specifies the movement of blood cells within the capillary
network alone, whereas perfusion may include flow within arterioles, venules and the

microcirculation.

A wide number of techniques assessing perfusion are described, which generally either
provide an average estimate of global perfusion or rely on a specific region or window to
reflect the global state — such as the skin, but variability within different tissue beds is
common. Any such technique therefore has the potential to under- or over-estimate global

perfusion, but provided errors are constant often reliable correlations with outcome exists.

2.4.1 Biochemical assessment

2.4.1.1 Lactate

The supply dependency of oxygen consumption on oxygen delivery is a fundamental
concept of shock and its resuscitation. However normalising or supra-normalising systemic
oxygen supply through early goal-directed therapy is ineffective and direct observation of
the microcirculation confirms that blood lactate levels lag observable changes in tissue

perfusion.

The critical supply or DO; threshold is the value below which delivery fails to satisfy the
metabolic demand for oxygen and is suggested to be altered in sepsis, making septic

patients more at risk of tissue hypoxia and the onset of anaerobic metabolism. Nelson et al
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identified such an inflection point of oxygen consumption (VO;) and lactate production

through the incremental reduction in supply (DO.) in a large-animal septic shock model?>3.

Widely considered the product of anaerobic metabolism, where oxygen delivery is
inadequate for consumption, investigations to identify anaerobic metabolism in patients
with septic shock have produced unexpected results. In 1993 Ronco et al attempted to
identify the critical supply threshold in critically illness by observing patients after the
withdrawal of organ support, a situation where cardiorespiratory function would
expectedly fail to meet metabolic demand. Whilst able to demonstrate the critical supply
threshold they found no difference in either the threshold or oxygen extraction ratios of
patients with septic shock in comparison to critically ill controls and there was no

correlation between lactate level and critical DO, threshold?>4.

Despite this evidence, proponents of the critical supply threshold argue for the presence of
occult hypoperfusion in solid organs otherwise unidentified. If solid organ hypoperfusion

existed within the kidney, an association with renal perfusion imaging would be expected.

2.4.1.2 Venous oxygen saturations

Overview

Increased oxygen demand will initially increase extraction from the arriving RBCs and is then
sensed by multiple pathways and balanced by increasing supply. Beyond the limit of supply,
extraction increases more rapidly to compensate until exhausted, at which point the critical
supply threshold is reached where consumption becomes supply dependent and

hypoperfusion occurs as demonstrated in Figure 11. This forms the basis of measuring
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venous oxygen saturations to detect tissue hypoxia, in effect, to identify shock.

vo2 Sv02

Independency
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>

D02
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Figure 11 simplified graph of the relationship between oxygen extraction and venous oxygen saturations. As delivery (DO2)
reduces for any given consumption (V0O2), oxygen extraction (blue line) will increase and venous oxygen saturations (red line)
will fall to reflect this. Once the critical supply threshold is passed oxygen extraction is exhausted and tissue hypoxia occurs,

with consumption becoming supply dependent. Adapted from 255256

Expectedly, lower ScvO2 in sepsis particularly below 60% predicts a worse outcome?®” and
generally levels persistently below this are incompatible with life after several hours?>#2%8,
Much controversy surrounds the significant improvement in mortality demonstrated with
EGDT by Rivers et al. in 20012°7, which failed to be reproduced in three large interventional
studies thereafter. Whilst the reasons for this may be multiple, Gutierrez makes the point
that the admission venous oxygen saturations were much lower in the Rivers study which

may reflect a point beyond the critical supply threshold®>°, whereas those in the ARISE,
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ProCESS and ProMISe study were near normal as depicted in Figure 12260-262,

Rivers et al
49 + 1% 7o

ARISE 73+ 11%

ProCESS 71 + 13%

ProMiSe 65 +20%

Percent Patients in Study
N

Initial Central Venous O, Saturation

Figure 12 from reference 2°°. The study populations above represents the differences between admission ScvO2 in the EGDT

studies assuming normal distributions in the samples.

Measurement of venous saturations has a role in identifying at risk groups, as
measurements outside the normal range indicate a worse outcome?>7263264 hyt they are
still poorly predictive of 28-day mortality, with area under the ROC of 0.53 in one study?®°.
More recent data suggest the relationship between venous saturations and mortality is U-
shaped, values greater than 77% indicating a failure of extraction from microcirculatory
shunting, clinical evidence has demonstrated a reduction in mitochondrial activity and

mitochondrial distress at values >80% 264266-268

The use of venous saturations to assess perfusion assumes homogeneity throughout the
body; one value to reflect impaired delivery. Whilst hypoperfusion may be a global

phenomenon, organ or regional hypoperfusion is frequently seen in critical illness, or
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indeed heterogeneous perfusion within the same tissue bed or even adjacent capillary
segments. ScvO; may be low, normal or high despite the presence of tissue hypoperfusion
as outlined in a recent systematic review?®°. Venous saturations are therefore inadequate

in isolation and other guides are needed to assess perfusion.

2.4.1.3 Carbon dioxide gap

Overview

As a normalising ScvO> can be falsely reassuring in shock resuscitation, elevation of other
markers such as blood lactate or pCO2 gap help improve sensitivity?’?. The latter has been
suggested as a tool to better characterize a failure of supply, demonstrating closer

correlation with cardiac output in several studies?’127>,

Calculation

Carbon dioxide is produced from aerobic metabolism, specifically the oxidative processes
of the Krebs cycle. The main determinants of production being the rate of oxidative
metabolism (VO2) and the metabolic fuel source, notated by the respiratory quotient R?7°.
Under anaerobic conditions CO; is also generated, but to a lesser degree than aerobic
production. Bicarbonate accounts for most of the anaerobic production, being released
from proton buffering and lactic acid production. Decarboxylation of ketoacids provides a
minor contribution to CO» production?”’. Figure 13 provides a graphical reference
demonstrating how haemoglobin binding to CO; occurs preferentially in the deoxygenated
state; this Haldane effect accounts for the preferential loading of oxygen in the lungs and
its offloading in the tissues, with the reciprocal exchange of CO,278. Unlike oxygen, carbon

dioxide total carriage and the partial pressure of CO; in solution demonstrate a near-linear
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relationship, allowing pCO; to act as a surrogate for carriage in most circumstances?’®. The
relationship is not perfect however and is affected by factors which alter in critical illness

including haematocrit, acidaemia and oxygen saturations.

55
A Deoxygenated Blood
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Figure 13, The carbon dioxide dissociation curve, the relationship between CO, content and tension. The relationship is
curvilinear and determined by acidaemia and the oxidative state of haemoglobin. The dashed line represents the increased

affinity for CO; binding be deoxygenated haemoglobin

Performance of carbon dioxide gap to identify shock

The normal range for ApCO; is between 0.27 and 0.67 kPa?’°. As VCO; (carbon dioxide
production) remains constant at steady state, the change in pCO; can reflect alterations in
cardiac output. Put another way CO; is constantly released into the circulation by cellular
metabolism but in circulatory stagnation from low cardiac output, CO; accumulates
increasing venous pvCO,. Once the higher CO; tension is removed by pulmonary washout
paCO; returns to normal, resulting in an increased ApCO,. Multiple experimental and

clinical studies have confirmed the association between cardiac output and ApCO; whilst
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highlighting the lack of association between cardiac output and venous oximetry?71-273,280-

282

The assessment of ApCO: in isolation is not entirely specific for cardiac output assessment
however and has led some authors to suggest interpreting elevations in ApCO; in
conjunction with lactate. Elevations in both would indicate insufficient cardiac output,
whereas increase in ApCO; alone may indicate increased oxygen demand alone?’6283 As g
means of determining cardiac output by metabolic assessment certainly ApCO; is more
predictive than Scv02%7>. It has also been shown as more predictive in the assessment of
fluid responsiveness?®* and post-operative complications in some?®>28 but not all

studies?®’.

Limitations

Limitations include the accuracy of measurement, small differences in pCO2 need to be
detected and the accuracy of blood gas analysis should be considered, particularly when
the difference between the normal range and the critical threshold could be as little as 0.3-
0.6kPa?”°. Central venous CO3 tension is a surrogate for mixed CO; and excellent correlation
was demonstrated in a mixed critically ill population, although a further study reported 95%
limits of agreement between -0.62 and 0.58kPa, which is high considering the normal range

lies within this282.288,

2.4.1.4 A combined approach to assess tissue hypoxia

Neither ScvO, or ApCO; are sufficient to detect tissue hypoxia in isolation and lactate

79



kinetics may be biphasic and non-specific. ApCO; is inversely proportional to cardiac output,
whereas ScvO; detects an oxygen supply and demand imbalance, but not the direction of
the imbalance. It has therefore been suggested that the combination of these variables may
be more able to identify an oxygen demand issue, detect supply dependency, tissue hypoxia
and the potential for further resuscitation. As demand outstrips supply, or supply reduces
below demand, anaerobic metabolism commences which utilizes no oxygen and VO3 rises
no further. VCO; will rise under anaerobic conditions but more gradually from the
contributions of bicarbonate buffering and ketoacid metabolism. Therefore, a ratio of the
change in venous to arterial CO; carriage (C\-aCO2) to the change in arterial to venous O,
carriage (Ca-vO2) may identify tissue hypoxia. Substituting C,-aCO2 for ApCO; allows this to
used clinically as ApCOz/ CavO2. As reproduced in Figure 14, Mekontso-Dessap
demonstrated how this method performed well at predicting arterial lactate levels

>2mmol/L, with an area under the ROC of 0.85+0.0328%,

1.00
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Figure 14 Adapted from 28°. Receiver operating characteristic curves of 02 and CO2 derived parameters for the prediction

of hyperlactataemia

The Mekontso-Dessap study used mixed venous values obtained from pulmonary artery
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catheterisation. In 2015 Mesquida and colleagues used central ApCO2/ CayO; in paired
samples to predict future lactate clearance and identified a similar correlation, with an
AUROC of 0.82(95% Cl 0.73-0.92). Multiple studies have now demonstrated how the
admission ApCO/ C,O2 ratio predicts subsequent organ failure and mortality in septic
shock??%2%1 and post-operative complications?®>. A recent post-hoc analysis of the
ANDROMEDA SHOCK study demonstrated ApCO,/ C,O2 reduced in line with other
perfusion indices®®>. No study has compared the ApCO,/ C,.,O: ratio with direct

observations of the microcirculation.

2.4.2 Handheld Video Microscopy (HVM)

2.4.2.1 Overview

Microcirculatory parameters are reduced in septic shock?**3%2, cardiogenic shock393-3%,
haemorrhagic shock 396397, patients on ECMO3%-310 after major surgery3!! and in general
critical illness3°*312, Perfusion parameters also reduce physiologically in the elderly33.
Perfusion impairment has been demonstrated in the sublingual circulation, in other

314

accessible tissue beds such as stomas®'* and non-accessible regions during surgery,

316 peritoneum3'” and liver3'8, Preclinical studies have

including the brain3%®, serosa
searched for a correlation between sublingual perfusion and clinically relevant tissue beds,
to determine if sublingual observations truly reflect global perfusion. In shock models
abnormalities can be identified in both beds, but the degree of correlation is limited.

Changes in gut perfusion reflected sublingual measurements in two studies3'®32° but not in

another32}; whereas renal and sublingual perfusion barely correlated in one study3?? but did
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in another3%3,

A reduction in microcirculatory variables is common early in the admission of a shocked
patient, with the degree of shock correlating with the severity of the reduction. Generally,
impaired tissue perfusion early in the admission highlights the presence of shock but it is
the persisting impairment following initial resuscitation efforts that portends surgical
complications, morbidity and death, as evidenced in multiple longitudinal
studies?98302307311 = \Whilst improvement in sublingual microcirculatory parameters

precedes clinical improvement in a variety of conditions2%>310,

The microcirculation can be directly imaged using a video microscope. To have clinical
application emitted light must be reflected, rather than transilluminated. Incident Dark
Field Microscopes (IDF) use polarised light with a wavelength of 530nm, in the green band
of the visible spectrum. Light which is reflected but does not pass through an RBC remains
polarised and is removed by a polarised filter, Figure 15 illustrates the various types of
camera available. IDF devices have the light source positioned next to the lens and
synchronised to rapidly cycle between emitting and receiving, the returning beams are

directed onto a computer-controlled sensor resulting in superior contrast and
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Figure 15 Schematic of handheld video microscopy. A) orthogonal polarisation spectroscopy (OPS): green light is emitted,
polarised and reflected to pass through the tissue bed, light which remains polarised is stopped by a filter, whilst scattered
light, depolarised as it passes through RBCs may pass through into the detector. B) Sidestream dark field (SDF) microscopy
emits green light in close proximity to the camera. Only incident light from sufficient depth passes through the lenses for
detection.

The emitted light with a wavelength of 530nm is absorbed and depolarised by both
deoxygenated and oxygenated haemoglobin but only a few other significant chromophores,
enabling selective imaging of red blood cells. However, selectively imaging haemoglobin
makes the vessel edges imperceptible and empty vessels invisible. In addition, free
haemoglobin and red cells are visible and bleeding mucosa may obstruct the field of view,
a common problem when repeatedly imaging friable membranes in shocked patients. HYM
cameras are poorly penetrant of adult skin and are only capable of imaging areas covered
in a thin epithelium such as mucus membranes. The sublingual membrane has been
selected for study in the majority of HVM literature; it is readily accessible and considered
a central circulatory bed, less complicated by changes in temperature and vasoactive
agents. The microcirculation is imaged directly and the site of substrate exchange (vessels

<20um) can be specified, an advantage over other methods of microcirculatory analysis.
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Assessed variables relate to the number, density and velocity of RBCs within the

microcirculation.

2.4.2.2 Image Acquisition

The CytoCam (Braedius Medical, The Netherlands) is the most recently developed device
and is the only device to use IDF technology, it is the device used in this thesis. 12 short-
pulsed LEDs illuminate the subject area and are coupled to a short-pulsed, high-pixel density
image sensor. The light source and sensor alternate in a synchronized fashion in 2msec
cycles, producing uncompressed image sequences. Output is via high-definition multimedia
interface (HMDI) to the PC interface. Focus is achieved by an in-built stepper-motor.
CytoCam Tools is the associated software package which controls all the features of the
camera, with no direct controls on the device. Video can be assessed using CytoCam Tools,
but typically is exported to the industry standard software AVA 3.1(Automated Vascular
Analysis, Microvision Medical, The Netherlands). Despite the wider field of view, files
exported to AVA 3.1 are cropped by approximately one third and the additional data is lost.
Comparative studies have shown greater capillary detection, contrast and focus of the
CytoCam IDF camera in comparison to older devices3?43%26:327 AVA 3.1 is used as the

reference method of analysing HVM in this thesis.

Acquiring an image

Following suctioning of the oropharynx, a gauze swab or further gentle suctioning is applied

to gently remove saliva from the mucosal surface. The camera probe is placed on the
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sublingual area and care taken to exclude areas of the buccal microcirculation with large
numbers of looped vessels. Focus is adjusted until individual erythrocytes and plasma gaps
are visualized within capillaries and brightness and contrast are adjusted until acceptable.
Pressure artefact needs to be scrupulously avoided by applying only the minimal amount of
pressure necessary to obtain an image. Three to five video images of the sublingual
microcirculation are taken from different regions of the sublingual capillary bed and each

clip should consist of at least 100 video frames at a frame rate of 20 per second3?%.

To improve comparison, consistency and promote high quality data acquisition and
analysis, two round-table summits have provided standardization for HYM. A summary of

the key points from the most recent conference is given below 3283%°;

Vessels of <20um form the microcirculation and only these should be analysed.

Only vessels where individual RBCs are clearly seen should be assessed.

Vessels should be evenly illuminated, with good contrast and free of pressure artefact. To
this end, an image quality score should be reported.

The minimum capture duration of motion-free imaging should be 4 seconds and 2100
frames.

3-5 sampling regions should be sought with >4 individual videos.

Hyperdynamic flow should not be routinely reported.

Looped capillary segments should be avoided. Areas studied should be selected based on a
good distribution of both large and small vessels and have less than 30% looped capillaries.

The capillary bed is a three-dimensional structure and imaging methods with a greater
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depth of focus generally produce higher density scores. Differences of vessel density may
be up to 30% depending on the imaging system and this should be reported in the study.
Analysis may be by real-time visual estimation, off-line manual or software enabled analysis
or fully automated analysis. The chosen method should be stated.

Reported variables should include measures of capillary density, RBC flow and
heterogeneity.

Visual estimation may be done by grid or “eyeballing” methods.

User training should be reported with the results.

Limitations

Limitations of acquisition

Stability

The view of the capillary bed needs to be motion free for the duration of the imaging clip
and microscopy in sedated patients can be hampered by movement. Instability may be due
to user movement but from experience, is more frequently due to the stimulation of the
patient’s tongue by the probe. Interacting with the probe is less problematic with patients
who are either deeply sedated or fully compliant. Lesser sedated patients frequently move
in response to the probe or have limited mouth opening which cannot be overcome with
gentle pressure on the chin and sedation boluses may alter haemodynamics and
microcirculatory flow confounding measurements. Analysis software provides motion
correction for lateral movement but certain movements distorting the three-dimensional
structure of the tissue planes are not correctable. Software motion-stabilisation is achieved

by tracking capillaries across the screen during the clip and cropping the final video to those
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visible throughout, removing data in the process, therefore stable video clips are highly

desirable.

Pressure

In health standardised capillary pressures range from 10-22mmHg 33°. External pressure
from the camera, perpendicular to the driving flow will impede flow within the microvessels
and if great enough will cause occlusion. The CytoCam has a probe tip diameter of
approximately 10mm, an area of 80mm?, a weight of 120g will exert a pressure by gravity
alone of 110mmHg. A tilted probe exerts a pressure over one edge and therefore the edges
of images are at increased risk of pressure artefact, however the entire image must be
analysed and edges cannot be excluded. In shock, capillary pressure is likely to be less than
in the example above and the potential for pressure artefact increases, which is unfortunate
as it is shocked patients where microcirculatory analysis is informative. Patients who are
severely shocked are likely to be identifiable with clinical measures and HVM will be of
limited additional benefit. The middle group of patients, with lesser degrees of shock may
be where HVM is most beneficial, but pressure artefact may alter subtle findings. Excessive
pressure can be identified by assessing the larger vessels in the image as vessels >20um
usually maintain continual forward flow even in the presence of profound microcirculatory
dysfunction 328, If larger vessels demonstrate flow abnormalities then significant pressure
artefact is likely to be present; flow reversal is pathognomic of pressure artefact. Large
vessels maintain flow more readily than capillaries and therefore lesser degrees of pressure
may still be present but undetectable. Pressure artefact may be reduced by operator
training, but no technological solution such as an integrated pressure monitor is available.

Such a device could also be used to measure the microcirculatory occlusion pressure and
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form the basis of further research.

Image selection

The buccal circulation lies near the sublingual circulation but is tightly looped and has
historically been excluded, deemed to be of lower quality, lying outside of the sublingual
bed and with less evidence supporting its analysis. The buccal circulation but may be the
preponderant circulation beneath the tongue however and requires careful avoidance by

the operator. The image can also be spoiled by overlying debris including mucus and blood.

2.4.2.3 Handheld Video Microscopy Analysis

In this thesis HVYM was analysed by visual estimation, manual and semi-automated analysis.
Manual analysis is accurate but is off-line, slow and unsuitable for clinical application.
Automated techniques are unreliable although recent improvements in software are

promising.

Quadrant Microcirculatory Flow Index Score (MFlq)

Confusingly two variations of MFI exist, the quadrant MFI score (MFlq) and MFI vessel-by-
vessel (MFIv) calculated using manual analysis, described below. MFlq, the score which
features most in the literature, uses a grid system to divide the image into quadrants. Each
guadrant is given a predominate flow score (0, no flow; 1, intermittent flow; 2, sluggish flow
and 3, normal) and the MFlq is the mean value of the quadrant scores, Figure 16 provides
an example. MFIq describes flow. It has been validated in clinical studies showing good intra
and inter-user reliability331332, Studies investigating the precision of MFlq have been mixed,
Arnold reported good agreement with quantitative assessment by Bland Altmann analysis
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(mean difference of -0.031, SD = 0.198)3%, but Pozo showed limited correlation with

quantitative RBC velocity (RBCv) (R?>=0.54), although RBCv is not a routinely reported

variable333,

Figure 16 Determination of Microvascular Flow Index quadrant score. The image is divided into four quadrants and the
predominant flow type for each quadrant is given a value between 0 for no flow and 3 for normal flow. MFlv is the mean

value of the quadrant scores

Semi-automated analysis and manual analysis

Semi-automated and manual analyses are similar, only differing with the mechanism used
to identify blood vessels; the reported variables are the same. Once exported to AVA 3.1
motion-stabilisation and vessel identification are undertaken. For manual analysis the

centrelines of vessels <20um are traced by the operator, Figure 17B refers. Semi-

89



automation relies on the computer selecting the vessel segments and the operator editing
the selection until reflective of the capillary bed. Figure 17C demonstrates the issue of
automated identification, multiple short snippets of vessels are identified instead of
continues lengths. After manual vessel identification, each segment has a velocity score
manually applied (normal: 3, sluggish: 2, intermittent: 1, absent: 0) as shown in Figure
17D334, A vessel segment may display a number of velocity states within the 4 second clip,
allowing a degree of subjectivity. Only RBCs can be visualised, so flow must occur within the
4-5 second window to be captured. After velocity scoring, AVA 3.1 summates the velocity

scores and vessel sizes to provide the variables recommended by consensus opinion32933>,

Figure 17; (A) example of an HVM video image, before analysis. (B) after manual vessel identification. The large vessel in

the bottom right of the image has been excluded, being too large for analysis (>20um). (C) The same video image as shown
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in A after automatic vessel detection by AVA3.1. Short fragments are identified rather than the continuous vascular
segments visible in B. (D), manual vessel scoring of a different still image. Vessels are given a score between 0 and 3
depending on the flow characteristics of the vessel for the MFlv score (see text). Examples of segments with abnormal flow

are identified by green circles

2.4.2.4 Microcirculatory Parameters

The flow, density and heterogeneity of perfusion are described in the following variables3?2:

Total Vessel Density (TVD) (mm/mm?) describes the vascular density of the image,
regardless of whether vessels are perfused. Aykut et al reported normal TVD values of

21.6t4.3mm/mm? using the CytoCam 324

D total length of blood vessels
B area of image

Perfused Vessel Density (PVD) (mm/mm?): The total length of vessels with velocity scores

of 2 (sluggish) or greater, relative to the area imaged. Normal PVD values are 21.5+4.38

mm/mm?, TVD and PVD should be equal in health3?4,

_ total length of blood vessels with velocity score = 2

area of image

Proportion of Perfused Vessels (PPV): the ratio of PVD to TVD, expressed as a percentage.
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The normal value is 100%.

PPV =100 x (PVD)
N TVD

Microvascular Flow Index, Quadrant (MFIq): MFlq is a visual estimation score, already
described, but is also a reported component of quantitative analysis. The flow in each
guadrant is scored from 0 to 3 and the average quadrant score is reported. The value in

health is 3.0.

+Q,+ Qs+
Mrig = Ut %O+

Microvascular Flow Index, Velocity (MFIv): Describes the flow characteristics of the clip.
The percentage of vessels with normal velocity (V.) are multiplied by 3, sluggish velocity (Vs)
by 2, intermittent velocity (Vi) by 1 and no flow by 0 (Vo). The sum of these values is divided

by 100. The value in health is 3.0.

(3V, + 2V, + 1V, + 0V,)

MFlv =
v 100

Microcirculation Heterogeneity Index (MHI): describes the heterogeneity of flow in an

individual patient’s microcirculation. As such it is derived from all the video clips, unlike the

92



other variables which are derived from single videos. The maximum, minimum and mean

MFIq recorded in all the videos are required. The value in health is 0.

MFlg max — MFIq min
MHI =

MFIq mean

A large observational study of 252 patients identified PPV as the microcirculatory variable
which best predicted patient outcome (AUROC 0.818), demonstrating superiority over
conventional haemodynamic markers; MFI was also informative3®. PPV and MFI correlating
closely with outcome in patients with septic shock was also demonstrated in a smaller study
published the year before3?2, Both studies demonstrate that despite normalisation of macro-
haemodynamic variables, patients with persistent microcirculatory abnormalities had an

increased risk of death, not reflected by standard haemodynamic assessment?°>302,305,336,

93



Summary of introduction and basis for studies

Sepsis presents a massive disease burden and septic shock, the most severe form of sepsis is
predominately a condition managed in higher and middle-income countries, where effective
organ support allows survival to a point where the manifestations of organ failure become
apparent. Despite refinement of the definitions and diagnostic criteria, which make temporal
and geographical comparison more difficult, the overall mortality rate and incidence is

thought to be gradually decreasing.

Patients with chronic kidney disease are more at risk of AKI and have worse outcomes from
AKIl when compared to those with normal renal function at the time of injury. The incidence
of severe AKI is increasing but the mortality rate appears to be gradually reducing. It is
becoming increasingly clear that AKIl is a harbinger for major adverse cardiac events in the
longer term. Patients with AKI, particularly that which persists, are also at far greater risk of
CKD than that suggested by the post-injury creatinine, a crude and ineffective indicator of
renal health. Renal injury is an independent predictor of short-term mortality and has an

associated risk far greater than that expected from a pure loss of function.

Sepsis accounts for a significant proportion of acute kidney injury in higher and middle-
income countries and the aeitology is not entirely understood. There are scant other causes
of renal injury that result in such profound loss of function, where at least partial recovery is
expected and histological changes are few. Animal data differs significantly depending on the
model, but large animal data thought more reflective of humans, suggests an increase in

whole-organ blood flow with intra-renal haemodynamic alterations. Certainly the
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microcirculation in all studied tissue beds is highly interactive undergoing multiple alterations
in sepsis. The same would not be unexpected in the kidney, but additionally the kidney has a
unique microcirculatory anatomy and the possibilities of intrarenal alterations to blood flow
are multiple but difficult to demonstrate in clinical studies where techniques are limited and

the changes highly complex.
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Hypotheses examined in this thesis

1. Renal perfusion can be reliably assessed in controls using dynamic renal contrast
ultrasound.

2. Alterations in intrarenal blood flow are a central feature of sepsis associated AKl and
can be identified by dynamic contrast enhanced ultrasound.

3. Renal microcirculatory alterations will be distinct from renal macrocirculatory
alterations due to dynamic intrarenal mechanisms.

4. Renal microcirculatory alterations are unique and cannot be predicted by the
assessment of systemic perfusion.

5. Patients with different septic AKI subphenotypes will display different patterns of
renal microcirculatory alterations.

6. Dynamic contrast ultrasound assessment can be used to predict patients who will
develop severe AKI in sepsis.

7. Renal microcirculatory alterations may not be exclusive to sepsis and exist in other

cohorts of critically ill patients. These can also be detected by DCE-US.
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3 Development of a dynamic contrast enhanced ultrasound
technigue suitable for intensive care and its validation in healthy

controls

3.1 Introduction

As described in General Methods, dynamic contrast enhanced ultrasound (DCE-US) is an
established technique in assessing solid organ perfusion but is yet to be fully explored in the
unique environment of critical care renal imaging. Critically ill patients are inherently
unstable, harder to reposition and transfer off the ICU for imaging is difficult. DCE-US provides
a potential method of assessing renal perfusion at the bedside but requires further

development and validation prior to increased use as a research or clinical tool.

Contrast may be given by bolus or infusion. Bolus-transit kinetics are likely to be confounded
by cardiac output in the critically ill population, generating indicator-dilution curves within
the kidney. Bolus-transit is used predominately in oncological imaging where tissue types can
be compared within the same image, however it does not lend itself as neatly to the study of
single tissue beds such as the renal cortex. Destruction-replenishment kinetics are likely to be

less confounded by cardiac output, but are largely untested in shocked patients.

This study measured normal renal perfusion in controls, developed a predominately

outpatient radiology-based technique to a method which would be suitable for use in critically
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ill patients, enabled me to gain familiarity with the acquisition, analysis and veracity of the

data and to assess reliability of the analysis phase.

3.2 Method

Overview

A single centre prospective observational control study of healthy volunteers was undertaken
at King’s College Hospital in March 2019. The primary objective of this study was to measure
normal cortical perfusion values using DCE-US thus providing previously unreported
reference data for the clinical study described in later chapters. Additional objectives were to
adapt the technique, making it suitable for use in critically ill patients. The test protocol for
the present study ran contrast continually for four minutes, a far shorter period than typically
used in outpatients. An oscillatory pump is used for prolonged imaging periods, for example
cardiac contrast imaging may take up to half an hour, but for the ICU bedspace would prove
cumbersome, only compatible with proprietary equipment and was also not currently
manufactured. Therefore an assessment of contrast settling needed to be made if contrast
were to be given by a standard syringe driver. Proprietary equipment uses 5mL of neat
contrast but needed to be diluted in saline to 20mL permit the recommended rate to be
infused; such a dilution has previously demonstrated by Chan and colleagues to be effective,
but it was necessary to be sure and familiar of this method prior to adoption. This study
enabled me to gain familiarity with the technique, assess the quality of the replenishment
destruction cycles, assess the reliability of analysis, both intra- and inter-user and to
determine if different size regions of interest (ROIls) produced variation in the data analysis.
Optimal patient positioning, breath-holds and ultrasound windows could also be determined.

An additional purpose of this study was to measurement renal blood flow which is difficult in
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clinical studies, the renal artery is hard to see with B-mode ultrasound and colour doppler
aliases outside the vessel wall making measurements difficult 337. This study looked to
develop a technique using contrast to measure vessel diameter before using doppler to

calculate flow.

Study Participants

Healthy volunteers between 18 and 40 years of age were recruited and enrolled between
February and March 2019. Volunteers were screened prior to attending by electronic
guestionnaire to ensure no history of renal disease, medication or comorbidity that could
reasonably be considered to have a renal interaction. On attending, baseline creatinine was
checked and a renal ultrasound performed to define the size and appearance of both kidneys
and the ease of which each kidney could be imaged. A urine dipstick and a pregnancy test
were performed and a baseline echocardiogram to ensure the absence of structural disease
and cardiac output calculated. DCE-US requires the probe to be motionless for up to five

minutes and an easily imaged kidney is preferential. The resistive index was measured.

The study was performed under a major amendment to the permission granted by Yorkshire
and the Humber, Leeds West Research Ethics Committee (18/YH/0371). It was conducted in
accordance with the Declaration of Helsinki and Good Clinical Practice guidelines. All

participants gave written informed consent.

Test protocol
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Both kidneys were imaged during screening and the most accessible selected for contrast
infusion imaging, the right kidney was used if both had adequate views. The volunteer rolled
away from the side of the kidney being imaged, remaining in the supine position they were
propped with a pillow under the thorax and another under the pelvis, leaving the renal angle
exposed. 4.8mL of neat SonoVue contrast was diluted in an additional 15.2mL of saline
generating 20mL of solution in a standard Luer lock syringe and giving set. Each volunteer was
cannulated with an 18g cannula placed in a large vein of the upper limb. Using manufacturer
recommended flow rates of 1ImL / min of neat contrast, diluted contrast was infused at 240mL
an hour, giving an identical flow rate of contrast to the undiluted method. Gain selection was
set to provide a black image in contrast mode, which became bright on the arrival of bubbles,
but not excessively, so as the calyces remained dark. The focal point was set just beneath the
kidney as recommended by the Dr Huang, the radiology expert who provided prior training.
Image capture was commenced in dual mode (contrast and grey-scale) with time zero set to
commencement of the infusion. Typically, the first ultrasound bubbles appear from 45
seconds and steady state is achieved by approximately one minute in health. Destruction
replenishment cycles were undertaken from two minutes, every 30 seconds until four
minutes, generating five cycles per contrast run. One contrast run was performed per
volunteer. All volunteers had basic monitoring applied throughout the imaging protocol.

There were no adverse events.

Following completion of the DCE-US protocol, the contrast infusion rate was halved to
0.5ml/min to provide more time and reduced intensity to image the renal artery. The
diameter of the renal artery was measured on contrast-enhanced zoom mode imaging. Pulsed

wave Doppler was aligned within the RA and the time-averaged mean frequency was
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measured as described by Blanco®2. Quantification of renal blood flow was calculated using

the following equation:

RBF = nrenal artery radius® X TAMV X HR x 2

RBF: renal blood flow; rir? provides the area of the renal artery. TAMV: time averaged mean

velocity within the renal artery; HR: heart rate; 2: assuming 50% RBF per kidney

Analysis protocol

DICOM clips were exported via USB device to VueBox analysis software and images were
analysed in Gl-Perfusion mode. Regions of interest (ROls) were selected within the renal
cortex, identified as the area peripheral to the renal calyces, but beneath the capsule. All ROls
were selected in well visualised cortex and were screened to ensure no large vessels were
present throughout the analysis period. The remainder of the DICOM clip was deselected
from analysis and destruction-replenishment curves were automatically drawn by the VueBox
software. Each DICOM clip was then refined to ensure sufficient time had passed to reach
steady state after destruction, identified as the plateau phase of the reperfusion curve.
Provided plateau was reached the remainder of the clip was deselected to prevent renal
respiratory motion artefact from a vessel moving into the ROI. The use of multiple ROIs helped
identify any aberrant curves, affected by the movement of the undetected vessel. If an
outlying result was identified at this stage, the ROl was redrawn to avoid the blood vessel.
Once three similar reperfusion curves were drawn, median values were taken. This process
was repeated for all five destruction replenishment cycles and median values taken from each

patient.
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The assessment of ROIs is also necessary to assess for selection bias by the operator. The first
analysis was undertaken by myself. The second analysis was a blinded repeat of the first
analysis, assessing intra-user correlation and test reliability. The third analysis was again a
repeat of the process by a second blinded user to assess inter-user reliability. The second
blinded user, with no prior experience had an hour of prior training by myself at a later time,

after | had undertaken approximately 1000 destruction replenishment cycles.

A fourth analysis assessed whether the size of ROIs influenced the results. Two smaller
sampling regions of approximately 0.4cm? were averaged and compared to larger regions
mapped to the entirety of the well visualised cortex and the correlation between these small

and large ROIs were compared; Figure 18 provides an example of this comparison.

The fifth analysis assessed whether degradation of the contrast occurred from settling by not
using the oscillatory pump. To assess the effect of settling, the first destruction-replenishment
cycle was compared with the last cycle with the assumption that the signal at two minutes

would be different to that at four minutes if the contrast degraded.

Statistics

Descriptive data are presented as median (Q1-Q3) or mean (+SD) depending on the
distribution after assessment by Shapiro-Wilk test for normalcy. Agreement is presented by
Bland-Altman plot and correlation by Pearson’s correlation coefficient. First and last

destruction replenishment cycles are compared by Wilcoxon Rank Sum test and paired T-test

102



depending on data distribution and type. Statistical analysis was performed in R. P values

<0.05 were considered significant.

A power calculation was not undertaken as no prior data were available on which to base it.

Native clip

Abd Gen TISO.0O MI0.06 L
C5-1 MIO.75 F

C 3:08 M3

ROI mean signal
8000
7000
6000
5000
4000

3000

Echo-power [a.u]

2000

1000

Time [s]

Figure 18 Upper image - Comparison between the signal from the well visualised cortex (purple region) and arbitrarily
selected smaller sampling volumes (green and yellow regions) — ensuring large vessels are avoided and the ROl is well

visualised throughout the replenishment process. Destruction replenishment curves are demonstrated in the lower half of
the figure.
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3.3 Results

12 healthy controls were enrolled and successfully underwent renal DCE-US imaging. The
mean age was 33 (range 26-40) and 7 were female. One participant was of Chinese origin and
the rest were Caucasian British. Average GFR was 114(x9)ml/min and BMI 23(+3). Average
values for the four DCE-US variables are presented in Table 2. The average renal resistive

index was 0.60%0.06.

Cortical perfusion values from healthy controls are presented in Table 2 along with the inter-
user correlation, intra-user correlation and the correlation between larger and smaller ROls.
The median sampling size for the small regions of interest was 0.4(0.36-0.48)cm? and the large
ROl 3.8(3.49-4.09)cm?. Bland Altman analysis of the inter-user agreement for the four
variables are presented in Figure 19. Graphical data of the small vs large ROl comparison are

presented in Figure 20.

Variable Assessor 1 Assessor 2 Inter-user Intra-user Large vs small
absolute absolute correlation correlation ROI correlation
value value

Cortical relative 56081869 555342283 0.52 0.88 0.96

blood volume

(a.u.)

Cortical mean 1.84(1.66- 1.81(1.63- 0.65 0.77 0.87

transit time 2.13) 2.12)

(sec)

Cortical wash-in 19791372 19431490 0.67 0.9 0.96

rate (a.u.)

Cortical 2740(2570-  2673(2284- 0.74 0.9 0.98

Perfusion Index 3070) 2983)

(a.u.)

Table 2 Average values of normal renal cortical perfusion in healthy controls when assessed by DCE-US by two blinded
assessors, Assessor 1 and Assessor 2. Inter-user, intra-user and ROl size comparisons are presented (Pearson’s correlation
coefficient).
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Bland Altman Plots Comparing User 1 and User 2 DCE-US Variables in Healthy Controls
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Figure 19 Bland Altman analysis of the four DCE-US variables assessed in the renal cortex by two blinded assessors, the

inter-user agreement.
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Figure 20 Boxplots demonstrating the variation between ROI area and DCE-US variables between larger and smaller ROIs.
Units: Area cm2; mean transit time (mTT) sec; perfusion index (Pl) a.u.; relative blood volume (rBV) a.u.; wash-in rate (WiR)
a.u. Clear separation is demonstrated in the area of the ROI but no difference in measured variable was identified (all values
p>0.05)

Table 3 provides the comparative data from the variables of the destruction-replenishment
kinetics at two minutes and the final destruction replenishment kinetics at four minutes. No

differences were demonstrated between the compared kinetics.

variable Destruction-replenishment cycle Destruction-replenishment cycle P
one (two min) five (four min) value

Mean transit 1.91(1.78-2.06) 1.75(1.63-2.03) 0.501

time (sec)

Perfusion index 2760(2575-3110) 2845(2657-3481) 0.801

(a.u.)

Relative blood 5704+-949 57561959 0.9

vol (a.u.)

Wash-in rate 1880(1735-2280) 2130(1867-2446) 0.455

(a.u.)

Table 3 A comparison of dynamic contrast ultrasound variables at two minutes (destruction replenishment cycle one) and at
four minutes (destruction replenishment cycle five) using a non-oscillatory syringe driver.

Renal artery diameters measured using CEUS were 7.6£0.08mm. Velocity time integrals
measured using time averaged mean frequency were 21.2+5.3cm making crude flow values
of 1.440.53/min, which were then corrected to normal RBF (1.2l/min) using a correction

factor (k) of 0.85 which was used in later patient studies.
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3.4 Discussion

The present study demonstrates the development and validation of a renal perfusion imaging
technique that may be used at the bedside of critically ill patients. The principal results are
the presentation of DCE-US renal perfusion values in healthy controls which are previously

unpublished.

Development of a DCE-US technique

Dilution of contrast with saline has previously been described by Chan et al'®® and was easily
achievable in the present study by backfilling a 20mL syringe with the 4.8ml of neat contrast.
This approach allowed contrast to be delivered by a standard syringe driver as the small
syringe of neat contrast is incompatible. Flow rates to deliver a comparative 1mL/min of neat
contrast were reliable on a standard syringe driver and delivered through an 18g peripheral
cannula. Whilst this may seem trivial, it is a deviation from outpatient practice, therefore to
ensure it was feasible was a necessary step. There was no difference between the first and
last destruction replenishment cycle to suggest settling of contrast which may occur after
prolonged use. Direct comparison directly with the oscillatory syringe driver would have
provided a higher standard of evidence, but the current comparison is pragmatic and at the
time of writing, the oscillatory pump was not being manufactured. The use of a standard
syringe driver also further simplifies the technique, making it more suitable for wider research

adoption.

Small regions of interest were compared with larger regions and provided the cortex was well
visualised, small sampling volumes had an excellent correlation with larger regions, meaning

small or large regions could be used in the patient study. This corroborates with the findings
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of two previous groups who demonstrated that provided regions of interest were within well-
visualised tissue, the exact shape, size or location of the ROl made little difference to the

reproducibility”118,

A correction factor (k) was subsequently applied to the RBF calculation; k was calculated from
calibration of the mean RBF measurement (1.4l/min) to an assumed normal RBF value of 1.2
I/min. An over-estimation may have resulted from non-laminar flow within the renal artery.
Whilst Doppler RBF assessment has previously been shown to have reduced sensitivity, the
combination of contrast assessment of renal artery diameter, the use of time averaged mean
velocity rather than peak velocity — as described by Blanco®? and calibration using controls

are hoped to improve the accuracy in patients.

Reliability

This study also assessed the reliability of DCE-US analysis, although it does not assess the
reliability of image acquisition. Blinded intra-user agreement was reassuringly excellent.
Inter-user correlation between an experienced and naive user was moderate to good,
depending on the variable. This increased variation is probably expected and the reasons
multiple. Firstly the difference in experience between the two users points to a skill which
needs development. Sufficient training in both acquisition and analysis would be necessary
beyond the hour provided for this study if the technique were to see wider adoption. This is
not unique, such a learning curve is true for many imaging methods and analyses, particularly
so with ultrasound where the image acquisition is user dependent. Established ultrasound
techniques have an accepted inter-user variability in analysis338, more so than cross-sectional

imaging, although variation still exists here3°. An additional reason for the variation seen in
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the present study is specific to DCE-US. Cortical areas with suboptimal visualisation have
reduce perfusion variables, an issue with the image rather than a true reflection of function.
This may occur because of rib shadows but signal also attenuates towards the poles and renal
pelvis, the signal being scattered by other bubbles as described by Sidhu and colleagues?!?®.
Respiratory motion of the kidney may cause areas of high perfusion, such as larger vessels to
inadvertently drift into the field of view, or areas with reduced perfusion, such as calyces. As
such a breath hold is helpful and screening of the generated sequence prior to analysis is
essential, reperfusion curves generated by VueBox should be scrutinised for blips in the signal
and redrawn if necessary. This limited inter-user correlation should be considered in context,
the study only considered healthy control data, where all observations would be expectedly
similar. Because the dataset featured only healthy controls, with minimal dispersion between
the observations, any variation between users will be more obvious. If the dataset featured a
range of perfusion from poor to good, the correlation may be less problematic. For example,
95% of MTT values were within 0.5sec in the present study and inter-user means varied by
0.03sec. The natural variation in the patient dataset presented in chapter 7 demonstrated a
standard deviation of 14.5sec in those with AKI. This makes the observer variation less of an
issue. As the true variation is much wider, small differences between the users’ observations

may be less noticeable.

As discussed in General Methods, both Hudson and Averkiou demonstrated DCE-US to be
reliable!'2126 and both groups found time dependent variables to be more reliable than
intensity-based variables. As shown in the present study, relative blood volume was less
reliable than the other variables. This variability is also recognised by the European

Committee in contrast ultrasound, EFSUMB in their 2012 recommendations on bolus-transit
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kinetics'?°. Intensity parameters such as relative blood volume can vary even within the same
model, as both signal saturation from dynamic range settings, microbubble concentration,
depth and acoustic shadowing from both microbubbles and native structures can affect

them118,

Limitations

These results are taken from a majority female cohort who are healthy, in the third decade of
life and have normal renal function. As such, the comparison to an older, predominately male
cohort of the patient chapters, who may have stage three chronic kidney disease needs to be
considered. As this is a novel technique in this setting, it is important to define normal values
which provide a reference. The predominate comparison in the future chapters is between
patients with and without severe AKI, the data from this chapter informs that comparison.
Regardless, a second control group of ICU patients without AKI may have provided additional
information as previously provided by Harrois et al in their pilot study®2. The average mTT in
their control group with traumatic brain injury was 2.9(2.6-3.1) sec, whereas in the healthy
controls of the present study was 1.8(1.6-2.1) sec. Why this difference exists is unclear if both
cohorts had normal kidneys and would need further study, subclinical AKI in the ICU control
cohort is a possibility. Physiological differences between the healthy controls of this study and
the predominately male control cohort with a mean age of 50 in the Harrois study is another

possibility. Differences in acquisition and analysis is a third potential.

It would have been useful to undertake further training with the second operator to see if
reliability could be improved, but the improvement between the inter- and intra-user
variability points to this. Assessing reliability of the various stages of the technique,
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particularly image acquisition would have provided greater insight. A direct comparison
against the oscillatory syringe driver would have added to the comparison; a future study
could combine these points. Finally a repeat-measures observational study comparing
destruction-replenishment and bolus-transit kinetics in a group where cardiac output is varied
may prove to be a useful analysis, | would hypothesise that bolus kinetics are confounded by
cardiac output whereas destruction replenishment is not, but there is no evidence to support

this.

Conclusion

This study provides normal values for renal perfusion in healthy controls and informs the
clinical study presented in later chapters. It demonstrates that DCE-US analysis is a skill which
requires training and development to produce meaningful data. It demonstrates
development of the technique, enabling an infusion of dilute contrast run on a standard
syringe driver with non-proprietary equipment making it pragmatic for the bedspace of

critically ill patients.
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4 Introduction and methods of the MICROSHOCK RENAL study:
Macro and micro haemodynamic responses to septic shock in the
renal and systemic circulations.

4.1 Introduction

Septic shock is one of the commonest causes of AKl in critically ill patients and is associated
with a mortality of approximately 50%%%°. It presents a unique pathophysiology; the result of
multiple factors including inflammation, alterations in renal perfusion and changes in cellular
bioenergetics 340342 Interest in the perturbations of renal blood flow and microvascular
perfusion have sparked multiple experiments and studies, but the data is unclear. Renal blood
flow is likely conserved in hyperdynamic shock experimental models whilst microcirculatory
flow is subject to multiple inducible shunting mechanisms. Some preclinical data shows
preservation of cortical perfusion, but others have demonstrated the opposite343-347,
Medullary perfusion is technically more difficult to study but detailed large-animal studies
suggest severe impairment, potentially because of cortical bypassing of the medullary
circulation®*8. The pathogenesis in humans remains elusive and difficult to study in critical

illness.

Dynamic contrast-enhanced ultrasound (DCE-US) is an emerging imaging technique in the
field of critical illness using highly echogenic but inert microbubbles to delineate areas of
microvessel perfusion within organs. Both experimental data3?® and clinical studies®%163:34°
using DCE-US have suggested renal cortical perfusion is impaired in sepsis associated AKI.

Ultrasound contrast agents (UCAs) are widely used in other fields, they are licensed
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pharmaceutical agents with rarely reported adverse events.

4.2 Overall Method For the Microshock Renal Study

4.2.1.1 Study design:

A single-centre prospective longitudinal observational study. Serial assessments were
undertaken using the methods in the two-by-two grid in Figure 21. Demographic variables,
arterial and venous blood gases and blood results were recorded from the electronic ICU
database. Serum, plasma and urine were stored for subsequent assessment. Clinical care,
resuscitation protocols including fluid type, volume and selection of vasoactive agents

remained at the discretion of the treating clinician, these were recorded but not controlled.

Microcircuiation | Macrocirculation

- D ! trast Contrast enhanced
5 yI:\amlcdcon rast | enal artery
& e:—; ance d quantification and
ultrasoun Doppler
E Incident dark-
field .
[
b handheld video- Echocardiography
@ | microscopy

Figure 21 principal methods of assessing the systemic and renal macro- and microvasculature
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4.2.1.2 Grouping Variables
All patients presenting to the Critical Care Units of King's College Hospital, London, UK were
screened for inclusion between October 2018 and June 2021. Two grouping variables were

applied retrospectively:

1. Sequential patients who present with septic shock were assigned retrospectively to
either severe AKI, classified as KDIGO stage 3 (severe group), or patients with less severe or

no AKI (non-severe group).

2. The same patient population was also grouped according to whether they had above
or below average renal perfusion based on median perfusion index and mean transit time

providing two groups, the detail is explained in 5.2.2.

4.2.1.3 Sample Size:

The sample size was derived from a power calculation using a previous study assessing cortical
perfusion in septic shock with DCE-US®2. Based on an estimated difference in perfusion index
of 1000 au between groups (severe vs non-severe) and on a SD of 1000 au and assuming a
power of 90% and alpha of 0.05 22 patients in each group (n=44) were required to detect a
difference in perfusion index, assuming approximately 50% of patients with septic shock
developed severe AKI?®, To address potential for missing data, unequal groupings or refusal

of retrospective consent, 50 patients were planned for recruitment.

4.2.1.4 Inclusion Criteria:

The septic shock defining criteria from SEPSIS-3 were used, in part, as inclusion criteria®:

° Over 18 years old
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° < 24 hours since ICU admission

. Evidence of suspected or confirmed infection

° Serial Organ Failure Assessment (SOFA) score increase of 2 or greater

° Requiring vasopressor support to maintain mean arterial blood pressure > 65mmHg
° Arterial blood lactate > 2.0mmol/| after initial fluid resuscitation

4.2.1.5 Exclusion Criteria:

° CKD stage 4 or worse

. Renal transplantation

° Severe obesity as adequate renal ultrasound images were unlikely
° Known intolerance to Sonovue ultrasound contrast agent

° Contraindications listed by the contrast manufacturer:

Established acute respiratory distress syndrome
Pregnancy
Breast feeding
Severe pulmonary hypertension (pulmonary artery systolic pressure >90mmHg)
measured by transthoracic echocardiography
. Co-administration of dobutamine

° Patients in whom the initial treatment was palliative
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4.2.1.6 Time points and techniques for data collection:

Physiological data
Practical techniques: s | collection: Data collection:
amples )
1. echocardiogram (@ 5:“) . HR, BP, CO, RR, 1. Peak Cr, AKI severity,
- : CVP, GCS, UO, lac,
. . RRT presence
2.  IDF video microscopy Plasma vasopressor , disch
3.  Contrast enhanced serum diuretic, Cr, U, 2 gu”:né/A;(slc arge /
ultrasound fluid balance RRT, eat 1 Cr,
urine SOFA, organ severity, RRT
4.  Contrast dopplers support presence
nehprotoxics
DO D1 D2 D4 D28
Admission @@ | D—4—--"-—-— e e e _——- - »

Demographic
Age, sex, BMI, comorbidities,
nephrotoxic exposure (<4 days)

Figure 22 Investigation timeline for a single patient enrolled in the MICROSHOCK RENAL study. HR (heart rate), BP (blood
pressure), CO (cardiac output), RR (respiratory rate), CVP (central venous pressure), UO (hourly urine output for last 6 hours
and 24hr urine output, lac (arterial blood lactate), vasopressor (current vasopressor types and dosage), diuretic (presence
and dose of diuretic use in past 24 hours), Cr (creatinine), U (urea), fluid balance (past 24 hours and duration of admission),
RRT (presence or absence of renal replacement therapy), organ support (tidal volume, PEEP, peak pressure, arterial and
venous blood gases), nephrotoxic exposure (within past 24 hours or prior to ICU admission). Admission (D0), after 24 h (D1),

48 h (D2) and 96 h (D4).

Figure 22 describes the data collected at the various time points, initial observations were
undertaken within 24 hours of admission to ICU with subsequent studies after one and two
days. A later day four time point was also added hoping to capture patients with established
AKI requiring RRT but before recovery occurred. Due to cost considerations, biomarkers were

not analysed at the D1 timepoint.
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4.2.1.7 Baseline creatinine:

Patients with stage 4 CKD or worse were excluded to avoid chronic kidney disease
confounding acute changes in cortical perfusion. To determine CKD severity, baseline renal
function was assessed from available creatinine measurements within the 24 months prior to
ICU admission. If no suitable result was available, the patient was enrolled and baseline
creatinine was assumed from the creatinine measurements following ICU discharge,
assuming post-discharge creatinine would not be lower than the admission level. If no pre or
post discharge creatinine levels were available, the lowest creatinine during admission was

used in the absence of RRT, and failing that, the baseline function was marked as unknown.

4.2.1.8 Assessment of the renal microcirculation:

Renal ultrasound was performed using a Philips Affiniti ultrasound system (Philips, UK).
Conventional grayscale US imaging was performed, image optimised and both kidneys
visualized and length measured. Any patient with ultrasonographic evidence of CKD (bright
or shrunken kidneys) was excluded and the most accessible kidney chosen to perform the
study, provided both kidneys were sonographically normal. Baseline grayscale and colour

Doppler sonographic images were acquired and the renal resistive index measured.

A low—mechanical index (MI) technique (range: 0.04 — 0.1) was utilised for DCE-US with Ml

set at or below 0.10. A dilute infusion of 20mL with 4.8mL of SonoVue™ (Bracco SpA, Milan,

Italy) contrast agent, was administered at 240mL/hr.

Images of the entire examination were digitally recorded. By 2min steady state was reliably
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achieved and 5 high frequency pulses subsequently delivered, one every 30 sec until 4min.

Destruction-replenishment kinetics were quantified by post-processing, performed offline
using VueBox™ (Bracco Diagnostic Imaging, Switzerland). Cortical regions lying in proximity to
the probe with good views and reliably visible reperfusion were identified as regions of
interest, the cortical mean transit time (CMTT), perfusion index (CPI), wash-in rate (CWIR) and
relative blood volume (CRBV) were calculated. | collected all the data myself having received
approximately 8 hours of further training in DCE-US acquisition and analysis from Dr Dean
Huang an expert from within our Radiology department, | was already proficient in renal
ultrasound prior to the study. The first patient enrolled in the study was undertaken jointly
with Dr Huang. Further detail on the ultrasound technique and its development are described

in the previous chapter.

4.2.1.9 Assessment of the systemic microcirculation:

Videos of the sublingual microcirculation were acquired using an Incident Dark Field video-
microscope (Cytocam, Braedius Medical, Huizen, The Netherlands) using the technique
described in General Methods. Images were blinded to the investigator, deidentified and
batch-analysed offline using Automated Vascular Analysis software, (AVA) v 3.02 (Microvision
Medical, Amsterdam, The Netherlands) as described in 2.4.2.3. Data collection and analysis
was undertaken by myself and the Total Vessel density (TVD), Perfused Vessel Density (PVD),
Microvascular Flow Index (MFI) and Microvascular Heterogeneity Index (MHI) were

calculated. Data were extracted from the.txt output files produced by AVA into an excel
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database using a program | created in Python.

4.2.1.10 Renal artery ultrasonography
Measurement of renal blood flow was made using the technique described in the technique

development chapter, section 3.2.

4.2.1.11 Echocardiography:

Echocardiography was performed to quantify global haemodynamic status and a
comprehensive echocardiogram undertaken to gather the minimum dataset required by the
British Society of Echocardiography3>°. | am BSE certified in TTE. The echocardiogram along
with vital signs and standard ICU monitoring was used to quantify macrocirculatory changes,

cardiac output, cardiac index and calculated pulmonary artery pressures.

4.2.1.12 Blood and urine samples:

Biochemical analysis was undertaken at each time point. This included urine output and
creatinine to quantify the stage of AKI using the KDIGO classification3!, laboratory variables
were recorded to calculate a SOFA score and blood gas data for the assessment of tissue
perfusion (ScvO2, Sa02, PaCO2, PvCO2, lactate etc). Plasma, serum and urine were
centrifuged for 15 minutes at 4500rpm and stored at -80c for subsequent batch analysis by
enzyme-linked immunosorbent assay. Urinary cell-cycle arrest regulatory proteins (tissue
inhibitor of metalloproteinases-2 (TIMP2) and insulin like growth factor binding protein — 7
(IGFBP7)) were quantified. Urinary neutrophil gelatinase associated lipocalin (UNGAL) levels
were quantified was was urinary albumin (uAlb). The data from these were analysed together
and in isolation. TIMP2*IGFBP7 and uNGAL*uAlb were used to quantify tubular injury.
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Proenkephalin-A (PENK) was used as an additional marker of filtration. Chemokine ligand-14
which may predict long term renal injury was also measured. For more detail on the specific
biomarkers see section 2.2. These biomarkers were selected after taking advice from Dr Nick

Selby (Derby, UK) and Dr Kate Bramham (KCL/KCH, London, UK).

Vascular inflammatory profiles were quantified by assessing syndecan-1 and AKI
subphenotypes were identified using a triple analysis of angiopoietin 2 to 1 (ang2to1) ratio,
interleukin-8 (IL8) and soluble tumour necrosis factor alpha (TNFR) levels as previously

described by Bhatraju and colleagues?3*.

The urinary creatinine level was measured and both normalised (biomarker divided by urinary
creatinine) and non-normalised values reported. Biomarkers were measured at admission,
after 48 hours and 96 hours. Biomarkers were omitted from the day one (24hr) timepoint

after cost considerations.

4.2.1.13 Patient and Public Involvement:

The research questions and aims are developed from published research priorities by relevant
charities and national organisations. The question was advanced and consulted with the Kings
College Hospital Renal Patient and Public Involvement Engagement group who highlighted
the perceived need for the study and found it to be important and interesting. They found
the risk profile to patients to be acceptable and were supportive of its undertaking. Changes

were made to the protocol and patient facing documentation based on the feedback we
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received from this group.

4.2.1.14 Patient identification capacity and consent:
A process of personal consultee was used in patients without capacity and personal consent

was sought retrospectively.

4.2.1.15 Confidentiality, data storage and security:

The studied complied with the principles of the Data Protection Act, 2018. All retained data
were de-identified and all physical data, such as Clinical Report Forms & Consent Forms
securely stored in a locked research office. All electronic data was maintained on a secure

electronic database accessible only by members of the research team.

4.2.1.16 Ethical approval:
Research Ethics Committee (REC) approval was granted by Yorkshire and the Humber, Leeds

West Research Ethics Committee (18/YH/0371).

4.2.1.17 Statistical analysis:

Continuous data were examined for normality using the Shapiro Wilk test and parametric data
reported as mean * 1 standard deviation and compared using non-paired t-tests. Non-
parametric data is reported as median and inter-quartile range and compared using the
Wilcoxon rank-sum test. Ordinal data was reported as number and percentage and compared
using the Chi-squared test. Longitudinal data was compared between individual days using

regression analysis, Pearson’s correlation coefficient and significance. Data was normalised
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by log transformation, square root or Cox-Box transformation where log-transform was
unsuccessful. All data was assessed using R version 4.0.3 with appropriately installed
packages. R was used to generate all graphical data, receiver operator curves and survival

probability plots. All p-values were two-sided and considered significant at <0.05.
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5 Time-based variables appear superior to intensity-based variables:

a comparison using patient data

5.1 Introduction and method

The four DCE-US variables generated from destruction replenishment kinetics describe both
the rate of reperfusion and the maximal signal generated following reperfusion. MTT is a
time-based variable — half the time to maximal signal return, RBV provides the maximal signal,
WIR the gradient and Pl the RBV/MTT. It is unclear how these variables relate to each other
in practice and which variables are most representative of perfusion. Correlations were
therefore sought between the individual variables to assess this interrelationship. As a gold
standard comparator was not available, values and distributions were compared to controls,

who were assumed to have normal perfusion.

To fully describe the dataset in subsequent chapters, comparisons directly with perfusion are
necessary, rather than with AKI. The study population was therefore regrouped to those with
better or worse renal perfusion, the generation of this new grouping variable is described in
the second part of this chapter. The use of two grouping variables — AKI and perfusion allow
a greater comparison and understanding of the data in subsequent analyses. Those changes
associated with AKI in its broader form could therefore be compared to those more

specifically related to renal hypoperfusion.
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5.2 Results

5.2.1 Correlation between individual variables
Correlation coefficients for the four DCE-US variables taken from all observations in the study

(n=190) are presented in Figure 23.

Correlation between DCE-US variables

wash in rate

perfusion index

-0.2

-0.4

-0.6

mean transit time -0.11

-0.8

Figure 23 Correlation coefficients of the DCE-US parameters.

Comparisons of the DCE-US variables between the patient population and controls are
provided in Figure 24. Density plots display the shape of the distribution similar to a

histogram.

MTT is highly skewed in patients, but control values had a normal distribution, lower than
patients. The opposite is true of RBV where both patients and controls are parametric and

median control data overlaps closely with median patient data. Pl and WIR are both positively

124



skewed and median values lower in patients than controls.

Population distributions for patients and controls
Facets demonstrate the four DCE-US variables
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Figure 24 population distributions for patients (red) and controls (blue) for variables generated by DCE-US
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5.2.2 Generating a new grouping variable: High and low perfusors

To dichotomise the patients into perfusion groups, a combination of perfusion index and
mean transit time were selected as WIR and Pl were near identical (correlation coefficient
0.97 — see above) and RBV appeared less robust, with significant overlap between patients

and controls in Figure 24.

Cut-off thresholds were assigned using the day zero median perfusion index and mean transit
time (perfusion index >713 & mean transit time <7.25s assigned as “high perfusors”, else “low
perfusors”), to generate two equal size perfusion groups and the control data (high perfusion
group n=24, low perfusion group n=25). Figure 25 and Figure 26 demonstrate these

groupings.
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Figure 25 3D correlation plot of day 0 observations, perfusion index, 1/mean transit time, relative blood

volume. Colour groupings: green = controls, yellow = high perfusors, red = low perfusors
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Figure 26 3D correlation plot, rotated from Figure 25
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5.3 Discussion

The role of DCE-US in critical illness is novel, the control data from chapter 3 helped provide
a reference from which the abnormal could be assessed and provided baseline values from
which the four DCE-US variables could be compared, aiding an understanding of their
individual characteristics. The addition of patient data from the Microshock Renal study to
controls provided additional datapoints. Perfusion index and wash-in rate demonstrate
extreme collinearity (R=0.97). RBV represents the maximum signal after reperfusion and is
used to calculate WIR and PI, as such a correlation of 0.55 and 0.6 respectively exists between
these three variables. mTT reflects half the time to maximum signal and demonstrates no

significant relationship to RBV, it does demonstrate a reasonable correlation with WIR and PI.

The intensity based variable RBV appeared to be inferior to the other variables and has
previously performed poorly in reliability studies, with significant intra and inter-individual
variability!'?, these are discussed further in General Methods. In the present study, RBV was
the only one to demonstrate a parametric distribution, a different distribution to the
remaining variables. It was the only variable where healthy control data centred closely to the
mean patient value, and if controls are assumed to have better perfusion than patients, which
the other variables suggest, then RBV is largely non-discriminatory. It is also concerning that
RBV and MTT were not correlated, although strictly RBV represents red cell density whilst

120 It is possible that RBV represents a measurement

MTT provides a measure of velocity
comparable to that of total vessel density measured with handheld video microscopy —
described in 2.4.2.4. TVD is a measure of red cell density within a tissue bed, proportional to

the capillary density and analogous to the bubble concentration quantified by RBV. As TVD in

health represents the anatomical density of vessels within a tissue bed3?8, only after sufficient
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reduction in capillary segment flow does it become abnormal, or in the case of DCE-US, those

with more severe reductions in renal perfusion.

Perfusion index and wash-in rate demonstrate extreme collinearity and one variable would
therefore suffice in future studies as they are essentially the same, the calculation of Pl is
made by the RBV (maximum signal) divided by the mean transit time (half time to max signal)
— two components necessary to describe a gradient, whilst WIR measures the actual

gradient!4,

Mean transit time is less dependent on factors such as organ depth and gain settings, as
demonstrated in a laboratory model by Averkiou et al'2. In the present study, MTT values
were lowest in healthy controls where values were tightly grouped, whereas patients had

much greater dispersion and positive skewness.

Unfortunately there is no gold standard comparator to which these variables can be
compared in clinical studies. This would have provided greater insight and only limited
conclusions can be reached about which values best represent blood flow within the
microvasculature of the renal cortex. Comparison with controls informs this assessment but

remains inferior to a theoretical gold-standard comparator.
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6 Patients with severe AKI have higher vasopressor requirements and
a higher burden of organ failure: Descriptive and Demographic

Results of the Microshock Renal Study

6.1 Introduction

The extremes of age are particularly vulnerable to AKI and are also more susceptible to
infectious disease and sepsis. CKD reveals a close linear correlation with risk of AKI, AKI non-
recovery and mortality3>2. Pre-existing proteinuric patients are more at risk of AKl and new
proteinuria can be used as a potential biomarker for AKI?'8. Other non-modifiable risk factors
include being male, of black race, hypertension, diabetes, malignancy and other chronic organ

impairments including disease of the cardiac, hepatic, pulmonary and vascular systems?*2.

This chapter examines the baseline demographic data between those who developed AKl and
those who did not, to identify if any baseline differences in such risk factors existed between
the two patient cohorts. The severe AKI group was also subdivided into those with CKD stage
2 or greater and those without and their admission renal perfusion values were compared
(CKD stage 4 or greater were excluded). If differences in renal perfusion were detected during
the study it was important to determine if these changes were acute or confounded by pre-

existing CKD.

6.2 Results

52 patients were recruited during the period between November 2018 and July 2021. The

recruitment window was extended due to the COVID-19 pandemic and the associated

130



difficulties in undertaking clinical research. The initial patient was later excluded as the
images were of insufficient quality. Of the remaining 51, one further patient withheld

retrospective consent.

37 (74%) patients developed stage 3 AKI, all of which were defined by the commencement of
RRT. There were no patients with stage 3 AKI who did not receive RRT in this study of
sequential patients. The decision to deliver RRT was independent of the study and remained

the responsibility of the clinical team.

There was no difference in preadmission baseline creatinine values between patients who

developed and did not develop severe AKI (67.4umol/L+22.1 vs 62.5umol/L 17, P=0.42).

Admission urinary albumin values were significantly higher within 24 hours of admission in

those with severe AKI (119(59-391)mg/dl vs 50(28-134)mg/dI; p<0.05).

38% of the severe group were female and 39% of the non-severe group. By comparison 58%
of healthy controls described in Chapter 3 were female although not significantly different to
the patient groups (p=0.56). The mean age of patients was 61 years but 33 in controls
(p<0.0001). The mean age of patients with severe AKI was 60117, and 6618 in the non-severe
group (p=0.11). As presented in Figure 27, there was no difference between the causative
organism, the site of infection or comorbidities between the two patient groups (p=0.34, p=
0.28, p=0.31 respectively). 23% of the AKI group were black but none of those without severe

AKI (p=0.26).
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Figure 27: Descriptive data for the Severe and Non-severe AKI groups. Top graph provides proportions for comorbidities;
middle graph provides proportions for microbiology culture positivity and bottom the infection site, again as a proportion of
the sample size

After adjustment for renal injury, the SOFA score was higher on admission in patients with
severe AKI (11.3+3.28 vs 9.3+1.9, p<0.05). Patients with severe AKI had higher noradrenaline
doses and were on a second inotrope more frequently, see Table 4, this finding is more closely
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examined in chapter 8.

Day | Severe AKI No severe AKI Significance Severe AKI on No-severe AKI on  Significance
noradrenaline dose noradrenaline dose (p) second inotrope  second inotrope (p)
(mcg/kg/min) (mcg/kg/min) (%) (%)

0 0.35(0.26-0.51) 0.21(0.14-0.3) <0.001 50 8 <0.05

1 | 0.24(0.08-0.43)  0.06(0-0.11) <0.001 34 0 <0.05

2 0.11(0.01-0.26) 0(0-0.05) <0.001 26 0 0.09

4 0(0-0.06) 0 <0.05 8 0 0.68

Table 4 Noradrenaline doses and presence of a second inotrope, by day and between groups

In the severe AKI group admission CEUS variables were not significantly different between
those with and without CKD, see Figure 28. Baseline creatinine values were used to calculate
eGFR prior to admission using the CKD-EPI equation®3. Normal or stage 1 CKD (n=20) and

CKD2 or greater (n=15), baseline creatinine values were not available for 2 patients.

CKD stage on admission and admission CEUS variables in patients who develop AKI

CMTT CPI CRBV CWIR
60 NS. NS. NS. 2500 NS.
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Figure 28 CKD stage on admission and admission DCE-US variables. Cortical mean transit time (CMTT), cortical perfusion
index (CPl), cortical relative blood volume (CRBV), cortical wash-in rate (CWIR).
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6.3 Discussion

The two most striking differences between the cohorts were sickness severity and higher
inotrope requirements in the severe AKI group. The presence of an additional vasopressor
was also more common. Noradrenaline has direct renal interactions, increasing renovascular
resistance through alpha-1 mediated vasoconstriction. Noradrenaline also increases
perfusion pressure by increasing the systemic blood pressure, but due to renal autoregulation
the renovascular bed increases resistance through a myogenically triggered vasoconstrictor
response, maintaining flow within a set range3>*. The interaction between these two factors
depends on sickness severity, becoming more linearised in sepsis and also the previous set
autoregulatory range from chronic changes in blood pressure'®?, chronic hypertension rates
were similar between groups. Higher use of noradrenaline in patients with AKI in this study
likely demonstrates the association with sickness severity, but being vasoactive may alter
renal perfusion directly and may confound the later analysis, this is described further in
chapter 8. Previous concerns regarding the use of noradrenaline and its association with AKI

are considered unfounded 3°°.

There were no discernible differences in causative organism, site of infection, or pre-existing
CKD. Patients with pre-existing chronic disease are frequently exposed to multiple modifiable
risk factors, such as antibiotics and contrast agents, dehydration and major surgery and have
a greater risk of sepsis?®, but there was no difference in these cohorts, although the cohorts
are relatively small and accepting this was not designed to be an epidemiological study. The
risks of AKI are compounded by chronic risk factors; modifiable factors such as these become

risk-multipliers in already at-risk groups?*.
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There were no differences in age between the two groups, which is important as age-related
nephron loss reduces the resilience of the elderly kidney to injury by lowering the renal

reserve3°,

Proteinuria is a marker of ineffective filtration due to GBM disruption and a marker of
proximal tubular dysfunction, unable to retain this 70kDa anion. Proteinuria is an
independent risk factor, regardless of baseline GFR and can be used as a predictive factor to
highlight at risk groups prior to a known insult such as surgery, iodinated contrast or
chemotherapy?'8352357, The patients who developed severe AKI had a higher degree of
proteinuria within 24 hours of admission than those who did not, although this could well be
due to the presence of severe AKI alone. Preadmission values would be advantageous,

although impossible to achieve in sepsis studies.

In summary, the patient cohorts were similar, but notable exceptions include higher inotrope

doses and a greater degree of multiorgan impairment in the severe AKI group.
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7 Patients with more severe cortical hypoperfusion have more severe
AKI: Alterations in the renal microvasculature in sepsis associated

AKI

7.1 Introduction

The kidney has a unique vascular structure with multiple connections for homeostatic effector
loops to interact, maintaining adequate tissue oxygenation despite alterations in RBF. This
also permits the opposite effect however, maintenance of RBF despite alterations in cortical
perfusion. Indeed there is experimental data to suggest such changes are fundamental to AKI
development in sepsis but much of this data is conflicting34?, with large animal and small
animal studies demonstrating opposite results and even within large animal studies the
evidence is mixed. Alterations in microvascular perfusion in humans with septic shock is
largely inferred from experimental data and to what degree any changes contribute to the
development of AKI is unknown. In a small pilot study using CEUS in human septic shock,
cortical hypoperfusion occurred early and improved over time®2. No other clinical study has
attempted to assess renal tissue perfusion in sepsis including a detailed MRI study in humans

by Prowle and Bellomo in 2012 which assessed RBF3°8,

This chapter examines the primary outcome of the main study, whether alterations in renal
cortical perfusion occur as a component of AKI development in humans who develop septic

shock.
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7.2 Results

As presented in Figure 29, cortical perfusion was reduced on admission in patients who
developed severe AKI. Mean transit time was signficantly prolonged — longer mTTs being
reflective of worse perfusion (severe 10.2(6.5-23)sec vs non-severe 5.5(4.6-6.5)sec, p<0.005),
whilst the perfusion index, wash-in rate and relative blood volume were reduced, again
indicative of worse perfusion: Pl severe: 485 (302-829)au vs non-severe: 1757 (1126-2100)au,
p<0.0005; WIiR severe: 408(238-606)au vs non-severe: 1203(790-1489)au, p<0.005; RBV

severe: 5123(3604-7209)au vs non-severe: 8538(5659-11030)au, p<0.05.
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CEUS variables between severe, non-severe and controls
Data presented from days since admission to ICU
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Figure 29 Differences in renal perfusion variables between severe, non-severe and control groups over time. (CMTT: cortical
mean transit time; CPI: cortical perfusion index; CRBV: cortical relative blood volume; CWIR: cortical wash-in rate). Significant
perfusion differences are demonstrated between controls and patients and between patient groups over time.

Table 5 demonstrate how this reduced perfusion persisted for the the majority of the study
duration. Using a mixed effects logistic regression to assess changes over time, a slight
improvement in the mean transit time and wash-in rate were demonstrated by day 4 in the

severe AKI group, suggesting that hypoperfusion occurs early and is slow to improve.

Day 0 Day 1 Day 2 Day 4 P value
| 5.5(4.7-6.5) | 5.0(4.4-8.1) | 4.8(4.1-7.6) | 4.6(3.1-5.9) 0.2
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Mean transit 10.2(6.5-23.2) 11.3(6.24-19.9) 10.7(6.0-20.2) 7.7(4.5-13.2) <0.05
time (sec)
Perfusion 1758(1126-2100) 1193(649-2983) 1479(942-2743) 1856(1538-2595) 0.6
index (a.u.) 485(302-829) 690(396-1266) 791(390-1130) 732(410-1676) 0.07
RBV (a.u.) 8538(5659-11030) 5630(4523-9558) 8308(5978-10770) 8025(7549-9553) 0.7
5123(3604-7209) 6572(4397-9102) 6940(4950-8642) 5722(4155-7463) 0.9
Wash-in 1203(790-1489) 833(496-2438) 1152(649-1830) 1274(1119-1829) 0.5
rate(a.u.) 409(238-606) 583(291-899) 565(342-876) 558(304-1278) <0.05

Table 5 Longitudinal perfusion data from day 1 through day 4. Severe AKI group is presented in orange and non-severe in
green. Changes over time are assessed by mixed effects logistic regression and significance reported in the right-hand
column. Improvement is seen in the mean transit time and wash-in rate of the severe group.

7.2.1 Differences between individual stages of AKI
Figure 30 provides an analysis of the most severe AKI stage which developed following
admission and the DCE-US perfusion assessment on day 0. Individual cohort population sizes

are small and under-powered; it may however provide useful pilot data for future studies.
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Figure 30 Perfusion variables on admission and the most severe stage of AKI that developed during ICU stay (worst KDIGO).
CWIR: cortical wash-in rate; CMTT: cortical mean transit time; CRBV: cortical relative blood volume; CPI: cortical perfusion
index. (n=6 stage-0, 1 stage-1, 6 stage-2, 38 stage-3, 12 controls).

7.3 Discussion

The principal finding of both this chapter and this study is that patients who develop severe
AKI have significantly reduced renal perfusion on admission, but more surprising is that all

patients with septic shock demonstrate some degree of cortical hypoperfusion when

compared to controls regardless of whether they develop AKI or not and this is a new finding.
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It also appears to be proportional to the severity of injury with a stepwise reduction in
perfusion between AKI severity stages. This reduced perfusion is immediate and persistent;
indeed it is more persistent than global perfusion abnormalities — described in chapter 9.
Importantly perfusion abnormalities were identified in all, only to a greater degree in those

with stage 3 AKI.

Blood is distributed through the segmental, lobular and arcuate vascular network to supply
the cortex. Medullary supply is post-glomerular from some but not all efferent arterioles,
taking only 20% of total flow in healthy conditions but an increasing proportion in pre-renal
azotaemia3>®. Multiple previous experimental studies concur with the present study
demonstrating a rapid reduction in cortical perfusion in sepsis with an increase in
heterogeneity of the cortical microcirculation3?3369361 Not all studies support this concept
however, Calzavacca et al implanted combined laser-doppler flowmetry and tissue
oxygenation probes in sheep, both in the cortex and medulla and infused Escherichia coli over
24 hours. RBF increased significantly on induction of sepsis and slowly reduced again with
treatment as did renal vascular resistance. Cortical tissue perfusion was maintained in this
model, whereas medullary perfusion and oxygenation decreased rapidly3#®. Laser doppler
flowmetry is unable to select the microvasculature and therefore may have been unable to
identify certain changes3®?, but generally the methodology was sound. Although the
preservation of perfusion in the sheep cortex conflicts with the findings in humans presented
here, both demonstrate a redistribution of intrarenal blood flow under septic conditions.
Cavelcazza’s findings are not definitive however as several other animal models have shown
different responses in renal perfusion, many in support of cortical

hypoperfusion®7:323:347,363364 A |imitation of CEUS is that it is unable to quantify medullary
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perfusion because of the complex vascular arrangement, further work is necessary to

determine if this is possible after development of the technique.

Flow redistribution is made possible by peri-glomerular shunts between interlobular vessels
demonstrated by Schurek et al in the rat cortex3%®, see Figure 31. Such shunts would allow
RBF to be maintained whilst reducing GFR, cortical and medullary perfusion. The
recruitment of shunts particularly during injury and repair would reduce TEC exposure to
reactive oxygen species and active sodium transport necessary for filtrate reabsorption at
a time of stress3%%3%7. Non-anatomical shunts have also been suggested as potential
mechanisms for changes in oxygenation. The proximity and parallel nature of arterioles to
venules within the medulla may permit a diffusive shunt from one to the other, reducing
the capillary pO2 in the process. Such a diffusive shunt is unlikely to be wholly accountable
for such changes however, as in the present study bubble concentration is reduced which
is reliably reflective of RBC density and flow'?° and demonstrates a true reduction in blood
volume within the tissue rather than oxygenation alone. The heterogeneity of
microcirculatory flow common to capillary beds is a further type of shunt, capillaries with
normal flow, allow capillaries with reduced flow to be bypassed, allowing heterogenous
regions of perfusion to coexist, hypoperfusion alongside normal flow, this remains a
possibility based on the present data. Lastly an oxygen off-loading shunt has been
suggested where oxyhaemaglobin is unable to release its oxygen molecule®® but there is a
lack of evidence to support this as hypoxic acidotic environments typically increase oxygen
dissociation and blood flow is reduced on DCE-US assessment. In essence, if shunting is the

cause of the observed changes, the data presented here makes an anatomical shunt by far
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the most likely of the mechanisms suggested.

Diffusional shunting

possibly adds to the
development of medullary
hypoxia in sepsis. Alternatively,
decreased shunting
effectiveness may also

cause tubular injury through
increased ROS production.

The presence of a
periglomerular circulation
offers an anatomical
pathway for convectional
oxygen shunting during
sepsis.

Figure 31 taken from Post et al. 3%, Diagram illustrating the presence of peritubular arterio-venous shunts which may

facilitate the maintenance of normal RBF whilst permitting a reduction in GFR.

Individual microcirculatory alterations were heterogenous in the present study; patients with
sepsis associated AKI did not follow a distinct perfusion pattern from injury through to
recovery as may be expected with a single insult. Some demonstrated improved perfusion
whilst others the converse, with significant inter-individual variation and the inter- and
intraindividual biomarker values were also variable over time — described in chapter 12. Such
variation has previously been suggested in animal models323361, Human septic shock is more
protracted and convoluted than experimental, patients do not follow a distinct pathway and
potentially it is the variation from clinical instability that accounts for this heterogeneity. An
alternative but speculative explanation for this inter-individual variation within the same
phenotype is epigenetic and genetic factors, certainly there is emerging evidence for these

factors in the broader context of AKI development, where given the same insult, there is a
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variation in response across the population in question3%8-37C,

The individual perfusion variables had different responses to AKI development. MTT values
were lowest in healthy controls, elevated in patients who did not develop severe AKI and most
elevated in those who did. In the analysis of DCE-US variables by individual AKI stages, it was
not until stage 3 AKI that MTT got much longer. This contrasts with the other variables which
showed a stepwise reduction in perfusion with each AKI stage. These stage-by-stage
observations are underpowered however and more data is needed to confirm this. Another
observation is that non-severe patients demonstrated limited data dispersion for MTT, but
the variation within the severe group was far more apparent, the IQR for stage 3 being seven
times larger than the other stages. Such a range of MTT values in this group could be because
hypoperfusion and AKI severity do not have a linear correlation, or because within stage 3
there is still a wide-ranging severity of pathophysiological change masked by using discrete
groupings. Afterall, the staging system of AKI has no biological basis, but divides up a
continuum of severity based on phenotypes. It is a clinical construct rather than a pathological

one.

The principal findings of this chapter are that renal hypoperfusion occurs immediately in all
patients who develop septic shock and are proportional to the clinical AKI severity, including
noticeable reductions in perfusion in those without clinical AKIl. Hypoperfusion is persistent,
with only mild improvement by day 4 in those with severe AKI. Such changes are possible due

to the unique microvasculature of the kidney and this data supports the hypothesis of
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recruitable shunting mechanisms which may underlie the adaptive response.

7.3.1 Nitric oxide and its role in regulation of perfusion

A description of the microcirculatory alterations would not be comprehensive without a
discussion on the mechanisms of regulation. Nitric oxide (NO) dysregulation is a key feature
of the endothelial and microcirculatory dysfunction of sepsis associated AKI. The powerful
locally-acting vasodilator NO is produced by endothelial nitric oxide synthase, and the
inducible isoform (iNOS). iNOS in contradiction to its name, is constitutively expressed in
proximal tubular cells but upregulates rapidly following cytokine activation3’!. NO causes
systemic vasodilatation with subsequent sympathetic activation and angiotensin mediated
intrarenal vasoconstriction reducing GFR372, Renal iNOS is produced predominately by TECs
and vascular endothelium373-37>, The NO produced has multiple actions in the maintenance
of the microcirculation, including regulating vascular tone and permeability, leucocyte
adhesion, platelet aggregation and microthrombi formation3’¢. Multiple studies in the
1990s demonstrated that non-selective NOS blockade was harmful to perfusion and
increased leucocyte adhesion and platelet activation363377-380  Attempts to administer

exogenous NO were subsequently made noting an improvement in these parameters38!-

383

NO has a feedback inhibitory effect on eNOS but not iNOS and as a result iNOS expression
paradoxically results in eNOS suppression, removing the feedback to endogenous
vasoconstrictor inhibition, making vessels less able to dilate and more susceptible to shear
stress®4. Increased iNOS expression correlates with regions of tubular injury and apoptosis
and selective inhibition of iINOS reduces the injury, suggesting a fundamental role in the
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microcirculatory impairment of sepsis associated AKI3®. iNOS expression is heterogenous
within the kidney and may contribute to the heterogeneity of perfusion seen in tissue beds
and the focal histological lesions identified3’®. Together these findings led to the hypothesis
that background NO is beneficial for the kidney, but the excessive levels produced by iNOS
may account for alterations in perfusion. Whilst non-selective NOS blockade was harmful,
selective iNOS blockade has demonstrated improvements in GFR and RBF in multiple animal
studies®®63%°, The differential expression of iNOS, present in the cortex but less so in the
medulla, may permit preferential cortical shunting, favouring vasodilated cortical flow over

the resistance of medullary capillaries®?.
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8 Cortical hypoperfusion is not associated with cardiac output, renal
blood flow or markers of venous hypertension: Alterations in the

renal and systemic macrovasculature

8.1 Introduction

“For the development of the science of circulation it was fateful that it is comparatively so
awkward to measure flow, yet so easy to measure pressure: this is why the blood pressure
manometer gained almost fascinating influence, while most organs do not require pressure,

but flow volume”3!

A. Jarisch 1928

Sepsis associated AKI was once considered a result of hypotension, reduced cardiac output,
renal hypoperfusion and ischaemic tubular injury but has been challenged through a body of
recent evidence. Whilst septic shock does present with features of circulatory failure, early
restoration of blood pressure does not prevent severe AKI or multiorgan failure. Likewise,
patients who are not septic but present in cardiac arrest infrequently develop severe or
protracted AKI and therefore sepsis delivers an additional insult, beyond that of reduced

flow3’.

That is not to diminish the role of adequate perfusion pressure and flow but to note an
additional contribution, observational data suggest that sepsis coupled with hypotension is

a precipitant of AKI, but it is not the entire picture. Mean arterial pressures maintained

146



consistently above 70-72mmHg are most protective, with no additional benefit
>80mmHg3°23%, Manipulation of blood pressure to mean targets of 80-85mmHg reduced
the incidence of chronic hypertensives requiring RRT in comparison to MAP targets of
60mmHg3%, although MAP targets of 60 and 65mmHg produce equivalent renal outcomes

in older patients3°®,

Pressure and flow are not synonymous as resistance needs to be considered. In septic
conditions whole-organ renal blood flow is controversial according to multiple authors who
have spent many years developing animal models to study it3*°. Ovine models have
previously demonstrated increased, decreased and unaltered renal perfusion in response
to sepsis, however the later models have tended toward an increase343344,346,397,398 gt djes
in sheep and pigs have shown intrarenal vasoconstriction and flow redistribution to other
organs3®°. In humans with sepsis, a condition characterised by distributive abnormalities
and vasoplegia, autoregulation is impaired and the pressure-flow relationship becomes
more linearised*®. Redfors invasively demonstrated a reduction in autoregulatory
mechanisms in post operative patients and below a mean arterial pressure of 75mmHg

autoregulation was lost'®?, although no human data in sepsis exists.

This section examines renal blood flow and cortical perfusion to investigate whether renal
hypoperfusion is secondary, captive to alterations in systemic flow. The systemic data is
divided into observations of left heart function and cardiac output, whilst the right heart

function is considered along with venous pressures and congestion assessment. Renal
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macrovascular data is assessed later in the chapter.
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8.2 Results

8.2.1 Right heart function and venous congestion

8.2.1.1 AKl groups

Table 6 demonstrates that in severe AKI central venous pressures tended to be higher and
BNP levels were higher throughout. Pulmonary artery pressures were higher in severe AKI,
likely secondary to more difficult ventilation in this group, but there was no reduction in right

ventricular function, with no difference between both right ventricular S prime velocity and

TAPSE.
Variable I Day | No severe AKI | Severe AKI Significance (p)
Fluid balance
0 3200(1500-4300) 1900(1500-3500) 0.58
24 hr fluid balance 1 1000(210-1800) 1000(420-2600) 0.6
(ml) 2 200(-450-1300) 870(380-2400) 0.086
4 300+-1300 450-1326 0.5
0 3200(1500-4900) 2200(1500-4000) 0.71
Fluid balance from 1 3400(2200-5700) 4600(2200-6800) 0.5
admission (ml) 2 4900+-2900 6400+-5100 0.21
4 6000+-4000 6100+-4900 0.98
Right atrium pressure assessment
0 12(7.5-18) 12(12-12) 0.86
Right atrial pressure 1 12(12-20) 12(12-12) 0.44
(echo) (mmH20) 2 12(8.8-12) 12(12-18) 0.31
4 12(2.5-12) 12(12-12) 0.072
0 10+-4.3 13+-5.6 0.1
1 11+-5.9 12+-4.8 0.73
CVP (mmH20) 2 8.9+4.6 13+-54 <0.05
4 8.7+-3.1 13+-4.8 <0.05
0 4700(1100-6900) 7900(3400-26000) <0.05
BNP (ng/ml) 2 2000(1300-3900) 8900(3200-21000) <0.05
4 2400(1100-3000) 5700(2800-14000) <0.05
Pulmonary pressure
0 36(28-41) 36(28-48) 0.5
Pulmonary artery 1 32(28-38) 38(32-46) 0.085
systolic pressure 2 34+-6.8 40+-16 0.18
4 32+-10 41+-15 0.067
0 100+-29 110+-25 0.28
Pulmonary 1 120+-37 120+-30 0.81
acceleration time 5 120+-33 120424 074
(msec)
4 130+-22 120+-36 0.35
Right heart function
0 18+-9.8 17+-5.7 0.7
, 1 15(14-17) 16(13-20) 0.5
RV's’ (em/sec) 2 13+-4.6 17+-4.7 0.057
4 15+-3.9 17+-4.4 0.13
0 2+-0.33 1.9+-0.6 0.53
1 2.4+-0.5 2.2+-0.55 0.26
TAPSE (cm) 2 2.1(1.8-2.4) 2.4(1.9-2.7) 0.26
4 2.2+-0.41 2.2+-0.47 0.91
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Table 6 Assessments of right heart function and venous congestion. Fluid balance, atrial pressure, ventilatory pressures,
pulmonary pressures and right heart function are given individual sections. Data are presented by AKI group and by day

8.2.1.2 Perfusion groups

Table 7 demonstrates that in cortical hypoperfusion a more positive fluid balance was

associated, particularly toward later study days. Central venous pressures and BNP levels

were now no different between groups in contrast to those with AKIl. The hypoperfusion

group had higher pulmonary pressures in the latter half of the study, which likely reflected

the patients with hypoperfusion remaining intubated.

Variable Day | High perfusion | Low perfusion | Significance (p)
Fluid balance
0 2600(800-4200) 1600(1400-3700) 0.83
24 hr fluid balance 1 1000(-400-2800) 1100(780-2900) 0.11
(ml) 2 700+-500 1400+-1900 0.28
4 22+-1200 130+-1400 0.81
0 2700+-1700 2000+-600 0.52
Fluid balance for 1 3600+-3000 5300+-1200 0.057
admission (ml) 2 4000+-3200 8100+-4900 <0.05
4 3900+-3300 9300+-4700 <0.05
Right atrial pressure and venous congestion
0 12(12-22) 12(2.5-12) <0.05
Right atrial pressure 1 12(12-22) 12(12-12) 0.25
(echo) (mmHg) 2 12(12-12) 12(8.8-22) 0.68
4 12(10-12) 12(12-12) 0.27
0 12+-5.4 13+-5.5 0.7
1 12+-5.8 11+-4.5 0.77
CVP (mmHeg) 2 11+-4.6 13+6 0.12
4 11+-4.5 13+-5 0.29
0 6900(3900-16000) 7500(2600-20000) 0.94
BNP (ng/ml) 2 3900(2000-11000) 4100(1400-16000) 0.96
4 3400(1700-11000) 3400(2000-5900) 0.94
Pulmonary Pressures
0 110+-21 110+-31 0.44
::c";z:;:zn ime 1 120+-34 120+-30 0.96
(sec) 2 110+-23 130+-28 0.25
4 120+-29 110+-40 0.53
0 37(26-44) 34(28-48) 0.7
Pulmonary artery 1 37(25-48) 36(32-44) 0.48
pressure (mmHg) 2 33+-9.1 42+-17 <0.05
4 36+-14 44+-13 0.087
Right heart function
0 18+-7.2 16+-6.4 0.43
, 1 14+-2.0 17+-4.3 0.1
RV'S” (cm/s) 2 14+3.8 17+53 0.084
4 16+-4.2 16+-4.9 0.97
0 2.1+-0.59 1.8+-0.45 <0.05
1 2.1+-0.54 2.3+-0.55 0.43
TAPSE (cm) 2 2.2+-0.42 2.2+-0.45 0.74
4 2.2+-0.48 2.1+-0.39 0.72
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Table 7 Assessments of right heart function and venous congestion. Fluid balance, atrial pressure, ventilatory pressures,
pulmonary pressures and right heart function are given individual sections. Data are presented by perfusion group and by
day
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8.2.2 Left heart function and afterload

8.2.2.1 AKl groups

Table 8 demonstrates the higher noradrenaline doses in those who developed severe AKI and
a higher proportion received a second inotrope, but cardiac output, and cardiac function were
no different. Troponin tended to be higher in the AKI group but failed to meet significance.
Blood pressure was no different in the first half of the study and differences may represent

the proportion extubated — reported in Table 9.

Variable Day No severe AKI Severe AKI Significance (p)
Proportion of 0 8% S0% <0.05
patientz on a second L 0% 34% <0.05
. . . 2 0% 26% 0.09
inotrope (terlipressin)
4 0% 8% 0.68
0 0.21(0.14-0.3) 0.34(0.26-0.51) <0.05
Noradrenaline dose 1 0.06(0-0.11) 0.24(0.08-0.46) <0.05
(mcg/kg/min) 2 0(0-0.048) 0.16(0.044-0.27) <0.05
4 0(0-0) 0.02(0-0.074) 0.06
0 92+-16 100+-18 0.063
Heart rate (bpm) 1 88+-20 95+-22 0.37
2 80+-12 92+-20 <0.05
4 83+-16 92+-21 0.17
0 70+-5.2 69+-8.7 0.63
Mean arterial blood 1 73+-8.4 70+-7.1 0.26
pressure (mmHg) 2 80(73-86) 70(64-78) <0.05
4 87+-17 80+-14 0.26
0 3.2+1.2 3.3+-1.2 0.8
Cardiac index 1 3.1(2.8-3.7) 3.2(2.7-3.6) 0.95
(I/min/1.73m2) 2 3.1+-0.52 3.3+-1.1 0.49
4 3.3+-0.65 3.4+-0.9 0.57
0 62+-12 57+-20 0.31
Ejection fraction 1 67+-15 63+-16 0.52
(%) 2 62+-16 63+-15 0.97
4 67(63-72) 72(59-76) 0.49
0 84(21-390) 180(88-900) 0.068
Troponin (ng/ml) 2 58(35-280) 200(28-600) 0.29
4 36(6.4-120) 72(39-380) 0.082

Table 8: Indicators of left ventricular function, cardiac output and afterload

152



Day Proportion intubated (%)
Severe AKI Non-severe AKI
0 87 61
1 84 53
2 78 46
4 63 28

Table 9 Proportion of patients with severe AKl intubated per day

8.2.2.2 Perfusion Groups

In the perfusion groups noradrenaline doses were similar on admission, unlike those who
developed AKI where the differences were more striking, but inotrope doses were higher on
later days. Lower blood pressures were seen in the hypoperfusion group toward the end of
the study. Both findings are likely a reflection of ongoing sedation and ventilation in this group
(proportion still intubated by day 4 low-group 93% vs high-group 54%). Cardiac function was

the same. Numeric data is presented in Table 10.

Variable Day High perfusion Low perfusion Significance (p)
0 0.32(0.19-0.41) 0.3(0.24-0.46) 0.73
Noradrenaline dose 1 0.11(0-0.3) 0.16(0.072-0.43) 0.28
(mcg/kg/min) 2 0.048(0-0.13) 0.15(0.023-0.34) 0.088
4 0(0-0) 0.074(0.029-0.2) <0.05
Receiving terlipressin 0 25 £l 0.05
2 12.5 32 0.22
(%)
4 0 20 0.09
0 99+-16 99+-20 0.98
Yot et () 1 91+-26 95+-18 0.56
2 89+-18 88+-20 0.86
4 91+-21 86+-17 0.45
0 70+-8.1 68+-7.6 0.92
1 71+-6.9 72+-8 0.73
MAP (mmHeg) 2 7145 75+-10 0.64
4 88+-15 72+-9 <0.05
0 3.4+1.1 3.1+-1.2 0.16
Cardiac index 1 3.3+-0.82 3.2+1.0 0.95
(I/min/1.73m2) 2 3.2+-0.73 3.3+-1.2 0.88
4 3.5+-0.81 3.2+-0.87 0.29
0 57+-17 59+-21 0.71
N . 1 59+-19 68+-11 0.08
Ejection fraction (%) > 63183 63+-13 0.99
4 68(59-75) 72(63-76) 0.85
0 150(83-620) 190(63-1200) 0.79
Troponin (ng/ml) 2 130(31-400) 230(35-1400) 0.36
4 56(26-200) 150(37-410) 0.34

Table 10 Indicators of left ventricular function, cardiac output and afterload in patients with high and low renal perfusion
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8.2.3 Changes in renal blood flow

8.2.3.1 AKl groups

These data compare changes in the renal vasculature, there were no real differences between
patient groups but comparison to controls demonstrated significant differences, particularly
in resistive index (non-severe AKI 0.80+0.08, severe AKI 0.80+0.07, controls 0.60+0.06, p<0.05

vs controls. Renal artery VTl non-severe AKI 29cmz+11, severe AKI 27112, control 3619, p=0.09

vs control).
Variable Day No severe AKI Severe AKI Significance (p)
0 29+-12 28+-12 0.71
1 2914 259 0.43
Renalartery VI =5 26+13 25+-8.6 0.84
4 3145 2416 <0.05
0 0.88+-0.38 0.86+-0.45 0.84
1 0.83+-0.31 0.8+-0.4 0.8
RBF/BSA
/ 2 0.51(0.44-0.87) 0.66(0.49-0.79) 0.45
4 0.75(0.62-1) 0.63(0.46-0.89) 0.33
0 0.8+-0.078 0.81+-0.067 0.66
Resistive Index 1 0.78+-0.053 0.8+-0.071 0.3
2 0.8(0.76-0.84) 0.81(0.74-0.87) 0.66
4 0.78+-0.069 0.77+-0.099 0.9

Table 11: Renovascular variables, flow within the renal artery (renal artery volume time integral (VTI) (cm), indexed renal
blood flow to body surface area (I/min/1.73m2), renal resistive index)

8.2.3.2 Perfusion Groups
Table 12 demonstrate the same variables between the perfusion groups. Control data were
significantly different again, particularly resistive index, otherwise there are no real

differences in this section.

Variable Day High perfusion Low perfusion Significance (p)
0 29+-11 28+-12 0.7
1 25+-7 29+-10 0.15
Renal artery VTI 2 23+-7.2 27+-12 0.26
4 25+-6 28+-11 0.93
0 1.6+-0.31 1.4+-0.76 0.2
1 1.5+-0.73 1.5+-0.69 1
RBF/BSA 2 1.2+-0.64 1.2+-0.4 0.83
4 1.2+-0.21 1.4+-0.65 0.94
0 0.8+-0.072 0.82+-0.066 0.22
Resistive Index 1 0.78+-0.07 0.8+-0.064 0.35
2 0.81+-0.04 0.8+-0.095 0.91
4 0.78+-0.092 0.77+-0.093 0.92

Table 12 Renovascular variables, flow within the renal artery (renal artery volume time integral (VTI) (cm), indexed renal
blood flow to body surface area (I/min/1.73m2), renal resistive index) when compared between perfusion groups
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8.3 Discussion

8.3.1 Key findings

This chapter demonstrates that perfusion alterations occur independently of supply. Renal
artery blood flow was unchanged in septic shock, with similar values between patient groups
and controls, both in those who develop severe AKI and those with cortical hypoperfusion.
This assessment was enabled through contrast enhanced measurements of the renal artery
diameter in combination with renal artery dopplers, a method not previously described and
these findings agree with previous data from multiple large animal studies demonstrating
maintained RBF in septic shock34>346:3%7 This suggests a disconnect between hypoperfusion

of the microcirculation and large vessel flow.

8.3.2 RBF in sepsis associated AKI|

Accurate measurement of RBF in clinical studies is difficult. In 1990 Brenner and colleagues
placed renal vein catheters fluoroscopically in 8 patients within 18 hours of admission with
septic shock and documented RBFs ranging between 112ml/min and 1767ml/min (mean
690ml/min+179ml/min), after 24 hours RBF increased (mean 737ml/mint168ml/min,
p<0.05). Renal vascular resistance was unaltered and GFR was unrelated to RBF %°1 as was
demonstrated in the current data where no differences existed between RBF and AKI
development. In 1959 Bergstrom published values from healthy volunteers using the same
technique of 616ml/min to 2190ml/min, depending on patient size*®2. The current data
found RBF to be 1440+720ml/min in patients and 1200+450ml/min in controls. A meta-
analysis on RBF in sepsis reports the Brenner study and two other studies from the 1970s’

but describes them as using techniques which are inaccurate and not reproducible,
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although the reasons for exclusion are not fully explained®*>. Prowle reported variability in
RBF in septic shock using phase-contrast MRI, from low to supra-normal, although the mean

time between admission and investigation was 3.5 days3°2,

Animal studies targeting RBF and renal tissue perfusion are numerous. A group from
Melbourne, Australia have published widely using an ovine septic model®®3, By cannulating
the sheep’s renal vasculature with flow and tissue oxygenation probes they have been able
to test a variety of hypotheses and interventions aimed at improving renal outcomes. They
demonstrated that medullary hypoxia can be transiently improved by a single fluid bolus,
but repeat boluses have no further benefit*%*. Increasing haemaglobin from 7 to 9g/dL
through blood transfusion also has no benefit to medullary tissue oxygenation0>,
Furosemide administration improves medullary oxygenation with no effect on RBF or
medullary perfusion, likely an effect of reduced oxygen consumption from inhibition of
active sodium transport?%®, They have recently demonstrated by invasive measurement
that medullary pO2 correlates with urinary pO2, when measured using a modified bladder
catheter, potentially providing an opportunity for real-time clinical measurement (r?=0.49-

0. 63) 344,407.

8.3.3 Cardiac function

Cardiac function and cardiac output were similar between those with severe and non-severe
AKI and those with high and low perfusion, suggesting that neither are driven by poor cardiac
output and impaired delivery, once considered the predominant cause for AKI in sepsis.
Troponin values tended to be higher in patients with severe AKI, but troponin is non-specific
in this situation, more reflective of illness severity than cardiac injury*°,
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8.3.4 Venous assessment and right heart

Data from assessment of the right heart and the venous system demonstrated significant
alterations in those who develop severe AKI. They had elevated atrial stretch noted by higher
BNP values, higher central venous pressures and worse ventilatory pressures. Venous
congestion is thought to reduce renal perfusion pressure and elevations in central venous
pressure and peripheral oedema are associated with an increased risk of AKI*%°. Interestingly
these differences were not present in renal perfusion groups in the current data, suggesting
that whilst these factors are potential culprits in AKI development, the data presented here
does not support venous congestion as the mediator of hypoperfusion. This conclusion
cannot be drawn definitively as a more detailed examination of the venous system would be
needed such as the Renal Venous Stasis Index (RVSI) 419 and the venous excess ultrasound
system (VExUS)*!L. These new scoring systems are used to assess the inverse association
between the proportion of time spent in forward flow and AKI risk, unfortunately they were
not described at the onset of the current study. More studies are needed in addition to the
perfusion data presented here to confirm and explain why venous congestion was associated

with AKI development if it did not affect renal perfusion in some way.

8.3.5 Fluid balance and volume administration

Careful volume resuscitation is necessary to maintain adequate perfusion pressure in septic
shock, however intravenous fluid may also have deleterious effects on renal function.
Synthetic colloid use has decreased significantly over the past decade, due to an increased
risk of AKI and mortality in the resuscitation of septic patients*'27#14 with mechanistic studies

revealing a variety of renal injuries*'®. Chloride-rich solutions cause vasoconstriction of the
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afferent arteriole and reduced RBF*'® and clinical trials have recently identified increased
renal injury in acute patients*7418, The volume of administered fluid and a positive balance
increase AKl risk, although it is difficult to determine the confounding effects of iliness severity
in such studies*'%429, There was a significant difference in fluid balance between perfusion
groups in the present data which may point to either the effects of chloride on the
microcirculation or another previously postulated mechanism for renal hypoperfusion?! —
that of renal interstitial oedema. A positive fluid balance resulting in swelling of the kidney,
an encapsulated organ with an inability to distend, demonstrating a non-linear pressure-

422 This increases renal vascular

volume relationship following induced renal oedema
resistance, reduces perfusion and is not identified through venous pressure monitoring. This
iatrogenic effect would be compounded by increased vascular permeability in the severe AKI

and hypoperfusion groups —as demonstrated by the elevation in syndecan-1 and angiopoietin

ratios in these patients which is described in chapter 10.

8.3.6 The renal effects of select inotropes and vasopressors

Severe AKI patients had higher inotrope requirements, being on higher doses of
noradrenaline and requiring a second inotrope typically vasopressin, more frequently. This
association between inotrope use and acute kidney injury is significant. One explanation of
this association could be renovascular haemodynamic effects of these drugs, both macro- and
microcirculatory. Both drugs have intra-renal receptors and their effects are not completely
understood. Lankadeva demonstrated that noradrenaline in a septic ovine model restored
blood pressure at the expense of medullary oxygenation, although cortical oxygenation was
preserved3*. Interestingly in the data presented here, the differences were less apparent

when compared between perfusion groups than AKI groups. This closer association with AKI
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severity than perfusion fits with Lankadeva’s findings of noradrenaline having a more minor
effect on cortical oxygenation than medullary. An alternative explanation for these findings
with vasopressors is the presence of a third factor, such as sickness severity, being causative

for both inotrope dose and AKI.

Multiple vasopressor studies have reported that noradrenaline administration worsens
medullary hypoxia3** but co-administration with dexmedetomidine may reduce this*?3.
Cortical perfusion following noradrenaline administration is variable in a clinical study using
CEUS, with some patients showing improvement but others hypoperfusion?4. In sheep,
adrenaline has no effect on RBF but transiently decreases creatinine clearance in sepsis,
returning to baseline within a few hours*?>. Dopamine may increase RBF in the healthy state
but has either has no effect in septic conditions*?>, or may improve flow*?® depending on
the study. The dopamine agonist fenoldopam had no effect on RBF and at high dose was
detrimental*?’. Attempts to selectively block the renal vasodilatation of sepsis and its
resultant increase in RBF using nitric oxide synthase inhibition had no effect on GFR*?%42°,
Vasopressin does not appear to cause medullary hypoxia to the same extent as
noradrenaline #3%43! gnd its analogue terlipressin increases renovascular resistance and
creatinine clearance with no change in RBF*32. The mechanism is potentially through
activation of the selectively expressed V1 receptors on glomerular efferent arterioles*33 and
vasodilatation of afferent arterioles*3*43>, Administration of angiotensin Il (Agll) has striking
effects on renal haemodynamics, reducing renal blood flow by 22%, at the same time
increasing renovascular resistance, creatine clearance and urine output 7-fold, which like
436'

vasopressin, may be mediated through selective vasoconstriction of efferent arterioles

Whilst selective vasoconstriction of the efferent arteriole will logically produce these
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outcomes, potentially a downstream detrimental effect on medullary perfusion may occur.
Again, the Melbourne ovine model was used to examine this issue but found no difference
in medullary oxygenation when Agll was administered in comparison to controls*?’. In
clinical studies post-hoc analyses of two large, randomised control trials suggested
vasopressin may improve renal outcomes in comparison to noradrenaline, although the
evidence is unclear. A post-hoc analysis of the initial VASST study demonstrated reduced
progression of AKI and a lower rate of renal replacement, but the follow up study VANISH

failed to find a reduction in AKI free days#34437:438,
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9 Cortical hypoperfusion is not associated with systemic shock: A

comparison with traditional markers

9.1 Introduction

“First of all the doctor should look at the patient’s face [...], the following are bad signs [...]
hollow eyes, cold ears, dry skin on the forehead, strange face colour such as green, black,

red or lead””.

Hippocrates — The Hippocratic Collection

The microcirculation is the vascular network responsible for substrate exchange; vessels
under 20um. The microvascular unit comprises the terminal arteriole, 15-20 capillaries and
the collecting venule®. The terminal arteriole and collecting venule are generally between

20-100um and are involved in the regulation of flow.

A reduction in microcirculatory flow is common early in the admission of a shocked patient,
with the degree of shock correlating with the severity of the reduction. Generally, impaired
tissue perfusion early in the admission highlights the presence of shock but it is the
persisting impairment following initial resuscitation efforts that portends surgical
complications, morbidity and death, as evidenced in multiple longitudinal

studies?98302307311 Conversely an improvement in microcirculatory parameters precedes
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clinical improvement in a variety of conditions?9>31°.

A wide number of techniques for assessing perfusion are described, which provide either
an average estimate of global perfusion or rely on a specific region or window to reflect the
global state, noting that variability within different tissue beds is common. Any such
technique therefore has the potential to under- or over-estimate global perfusion. Whilst
perfusion assessment methods may be classified as global or local, such methods may also

be classified as clinical, biochemical or using a bedside device.

This section contrasts organ specific perfusion — that of the renal cortex with systemic tissue
perfusion assessed using a variety of techniques, including sublingual incident dark-field
microscopy, lactate clearance, carbon dioxide gap and central venous oxygen saturations; a
description of these methods is given in section 2.4. Further mechanistic data are presented
from markers of endothelial and glycocalyx injury. The aim of this section is to understand the
relationships of renal hypoperfusion, whether alterations are unique to the kidney or are
features of a wider shock-state and whether impairment of one microcirculatory bed predicts

impairment of another.

A description of the techniques used, the rationale and the method is provided in 2.4.

Grouping variables are those of previous chapters.
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9.2 Results:

9.2.1 Sublingual microcirculation

9.2.1.1 AKl groups
There were no significant differences in the sublingual microcirculation between those who developed

severe AKI on any day of admission presented in Figure 32.
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Figure 32 Boxplots of alterations in sublingual perfusion between those who developed severe AKI and those who did not.

9.2.1.2 Renal perfusion groups

Sublingual microcirculatory analysis between those with above and below average renal perfusion is
presented in Figure 33. The greatest difference in sublingual perfusion is seen on admission where
MFIq is reduced (high perfusors 2.9(2.6-3) vs low perfusors 2.4(1.8-3) p<0.05) and MFlv (high 2.7(2.5-

2.8) vs low 2.4(2-2.8) p=0.095), PPv (high 90(84-94) vs low 81(71-95) p=0.11) and MHI (high 0.085(0-
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0.6) vs low0.63(0-1.2) p=0.068) tended to be lower. By the later stages, rapid improvement in

sublingual perfusion in the renal hypoperfusion group eliminate these early differences. This

normalization by day 4 was the result of both recovery and patient death removing the most severe

from the sample population, see Table 13.
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Figure 33 Handheld video microscopy findings in the sublingual mucosa between those with above and below average renal

perfusion on admission

Day High perfusors alive (%) Low perfusors alive (%)
0 100 100

1 96 88

2 92 88

4 92 60

Table 13 Number of patients alive by day
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9.2.2 Alterations in biomarkers

9.2.2.1 AKI Groups

In patients who developed severe AKI, higher values (more endothelial damage) were seen
throughout the study period in angiopoietin ratios (p<0.05 all days) Figure 34 refers. The same was
true of syndecan-1 —an endothelial sheddase indicative of endothelial injury (p<0.05 all days). Arterial

blood lactate was also higher throughout the study period in the severe AKI group (DO, 1, 2 p<0.05,

day 4 p=0.13).
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Figure 34 shock biomarkers between those with severe and non severe AKI. Healthy control values are demonstrated in blue
on day 0. Angiopoetin ratios and syndecan scaled to log10 on Y axis. Lactate values mmol/l, syndecan log10(ng/ml).

9.2.2.2 Renal perfusion Groups
Lactate tended to be higher in the renal hypoperfusion group but did not reach significance on any
study day (DO p=0.3, D1 p=0.28, D2 p=0.055, D4 p=0.07), angiopoietin ratios improved more rapidly

in those with above average renal perfusion but persisted in those with hypoperfusion generating a
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difference by day 4 (p<0.05). Syndecan levels were higher in the renal hypoperfusion group on
admission (low 350(260-1000)ng/ml vs high 800(430-1500)ng/ml p<0.05) but were no different by day
4 (low 450(220-920)ng/ml vs high 560(400-1100)ng/ml p=0.54). Figure 35 refers. Due to extreme
outliers syndecan and angiopoietin ratios are scaled logarithmically on the y axis, which may reduce

visual appearances.
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Figure 35 boxplots of angiopoietin ratio, arterial blood lactate and syndecan between those with above and below average
renal perfusion on admission. Angiopoetin ratios and syndecan scaled to log10 on Y axis. Lactate values mmol/l, syndecan
log10(ng/ml).
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9.2.3 Analysis of supply adequacy and oxygen consumption by blood gases

9.2.3.1 AKI Groups

Variables which represent the severity of shock and oxygen delivery calculated from blood gas analysis
are presented in Table 14. Oxygen consumption was generally higher in the non-severe group than
the severe group, but otherwise there were minimal differences. The description and calculation of

these variables are provided in general methods (2.4.1.1 onwards).

Variable Day Severe AKI No Severe AKI Significance (p)
0 95+-2 97+-1.1 <0.05
Arterial oxygen 1 96+-2 97+-2 0.2
saturations (%) 2 95+-2.5 96+-1.6 0.14
4 97+-1.5 97+-0.75 0.42
0 71+-3 70+-6.8 0.94
Central venous 1 71+-8 70+-6.8 0.65
saturations (%) 2 72+-6.9 69+-7.4 0.29
4 69+-8.3 64+-8.4 0.2
0 7.8+-3 8.2+1.1 0.38
Carriage of oxygen 1 7.3+-2.3 8+-2.3 0.38
|/min 2 6.9+-2.5 7+-1.5 0.8
4 6.3+-1.7 6.9+-1.3 0.87
0 31+1.0 3.8+-0.82 0.061
Oxygen consumption | 1 2.9+-1.2 3.4+-0.92 0.17
(Ca02-Cv02) I/min 2 2.6+-0.75 3.2+-0.77 <0.05
4 3+-0.88 4+-1.2 0.059
0 0.84+0.3 0.88+0.12 0.55
1 0.76+-0.33 0.81+-0.28 0.62
€02 gap (kPa) 2 0.66+0.24 0.76+0.16 0.093
4 0.83+-0.29 0.75+-0.32 0.55
0 0.38(0.24-0.72) 0.42(0.35-0.46) 0.8
Delta delta
B O 1 0.37(0.32-0.55) 0.43 (0.2-0.55) 0.84
(kPa/I/min) 2 0.38(0.29-0.52) 0.43 (0.39-0.57) 0.77
4 0.48(0.21-0.6) 0.35(0.28-0.62) 0.13

Table 14 Blood gas analysis values for those with severe and non-severe AKI.
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9.2.3.2 Perfusion Groups

Indices calculated from blood gases are presented in Table 15 for perfusion groups. Those who had

impaired renal perfusion on admission had reduced venous oxygen saturations but with a concomitant

reduction in arterial oxygen saturations. Oxygen consumption was lower in the hypoperfusion group

on D2. No other significant differences are demonstrated.

Variable Day High perfusors Low perfusors Significance (p)
0 97(95-98) 96(94-97) <0.05
Arterial oxygen 1 96(93-98) 95(92-97) 0.25
saturations (%) 2 95(92-97) 96(94-97) 0.62
4 97(96-98) 96(94-98) 0.48
Central venous 0 73+-6.4 66+-12 <0.05
oxygen saturations 1 69+-7.6 73+-7.5 0.16
(%) 2 71+-6.8 71+-7.5 0.72
4 66+-9.4 70+-6.5 0.17
0 8.8+-2.7 7.3+-3 0.062
Carriage of oxygen 1 8.1+-2.2 7.1+-2.2 0.12
(I/min) 2 7+-1.9 6.8+-2.6 0.73
4 7.1(5.9-8.4) 6.6(4.8-7.1) 0.18
0 2(1.7-2.2) 2.1(1-3.2) 0.62
Oxygen consumption | 1 2.2(1.7-2.4) 1.5(0.9-2.1) <0.05
(Ca02-cvO2)(I/min) | 2 1.7+-0.62 1.6+-0.68 0.68
4 2.2+-0.48 1.8+-0.68 0.083
0 0.81+-0.35 1.1+-0.2 0.062
1 0.84+-0.34 0.72+-0.29 0.21
cO2 gap(kpa) 2 0.67+0.24 0.7+0.21 0.64
4 0.85+-0.32 0.74+-0.24 0.29
Delta delta 0 0.38(0.28-0.46) 0.45(0.3-0.98) 0.16
ApCOL/ CorOs 1 0.38(0.27-0.49) 0.37(0.33-0.6) 0.32
. 2 0.37(0.31-0.47) 0.42(0.3-0.56) 0.57
(kPa/l/min)
4 0.4+-0.16 0.52+-0.26 0.21

Table 15 biochemical measures of shock severity in patients with above and below average renal perfusion on admission.
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9.2.4 Correlation between shock indices

The correlation between the shock based indices and cardiac output are provided in Figure
36. Lactate demonstrated only weak correlations with other shock-based indices and no
correlation with cardiac output. Blood gas based indices had modest associations with cardiac
output, other than the delta-delta (ApCO,/ Ca-vO2) which correlated closely (R=-0.73). PPV was
selected as one of the most robust sublingual indices for the comparison®* and it
demonstrated modest association with other markers of shock severity (R values between

0.14 and 0.31).

\oC oo oS de\\a/de“a??\' /me?":‘
CO 0.01 -0.27 -0.33 -0.31 0.8
0.6
lac 0.1 0.11 0.24 0.31 F0.4
L0.2
SvO2 0.14 Y
+-0.2
0.23 r-0.4
06
delta_delta 0.26 -0.8

Figure 36 Correlation between individual perfusion variables and cardiac output. Correlation coefficient reported. Darker
red points to a stronger negative correlation, darker blue a stronger positive correlation (scale on right refers). CO= cardiac
output, lac=arterial lactate, SvO2 central venous oxygen saturations, CO2_gap carbon dioxide gap, delta_delta the
Mekonsto-Dessap gap (CO2 gap/venous oxygen consumption), PPV_mean proportion of perfused vessels.
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9.3 Discussion

Impairment of the microcirculation has been demonstrated in septic??4-3°2, cardiogenic3%3-
305 and haemorrhagic shock3°63%7, patients on ECMQ3%8-310, after major surgery3!! and in
general critical illness3°%312, Perfusion impairment has been demonstrated not just in the

sublingual circulation but in other tissue beds such as stomas3'* and operative observations

315 316 317

of the brain3'®, serosa3®, peritoneum3” and liver3!8,

In animal shock models abnormalities have been identified in two separate tissue beds, but
the degree of correlation is often limited. Changes in gut perfusion reflected sublingual
measurements in two studies3!®32° but not in another3?!; whereas renal and sublingual
perfusion barely correlated in one study3?? but did in another3?3. In the present study
patients with renal hypoperfusion had worse sublingual perfusion, however the differences
were limited and confined to admission. This has not been demonstrated clinically before
as previous studies have tended to observe one or other microcirculatory bed. Lima et al
demonstrated a very close association between the renal and sublingual beds in pigs, but
this study was far shorter than the four-day observations presented here 323, Another study
by Sui et al induced intra-abdominal hypertension in pigs and assessed renal perfusion with
CEUS and applied IDF directly to the surface of the kidney and mouth, finding a close
correlation between renal IDF and renal CEUS, but no correlation with sublingual IDF,
perhaps not unexpected given the mechanism used3?2. Neither of these experimental
studies concur completely with the clinical data presented here which identified a limited
and transient association, nor is it entirely conflicting either. The data from the present
study support two hypotheses, firstly systemic hypoperfusion either rapidly improves or if

persistent leads to death. The improvement of sublingual hypoperfusion seen by day one
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and near-normalisation by day two supports this. This is also seen in the higher fatality rate
of the renal hypoperfusion group. Multiple previous studies using longitudinal observations
have reached the same conclusion, that of persistent hypoperfusion portending a poor
outcome?98302307311 = The second hypothesis supported by the IDF data is that
microcirculatory flow is unique in individual tissue beds, the renal microcirculation differs
from sublingual as improvement is more gradual with only mild improvement by day four,
although impairment is immediate in both. Renal hypoperfusion cannot therefore be
predicted by systemic parameters of shock. DCE-US enables such observation within the
kidney, providing a new window through which the previously unknown renal perfusion

alterations may be viewed.

The blood gas analysis data presented were not particularly informative, the renal
hypoperfusion group tended to have higher CO2 gaps earlier in the admission. CO2 gap
correlated negatively with cardiac output, and the correlation was stronger than with ScvO2
which agrees with previous descriptions in the literature?®?. Central venous oxygen
saturations were lower, but had lower arterial saturations. The so-called delta-delta 2%°,
(ApCO,/ Cav02) did not relate to renal hypoperfusion, AKI development, lactate or other
markers of shock. It provided no further insight than other biochemical parameters. It did
show a strong negative correlation with cardiac output, but as explained in Methods, was

described as a method of identifying tissue hypoxia rather than impaired cardiac function.

Patients with severe AKI had higher levels of arterial lactate, but despite this no differences
in sublingual perfusion values were identified, nor were there any differences in blood gas
analysis of shock severity. This begs the question of where lactate is generated in such
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circumstances. Whether these patients were truly below the critical delivery threshold is
difficult to know as the data are conflicting, proponents of anaerobic lactate production
would suggest the lactate demonstrates global hypoperfusion, but multiple biochemical and
sublingual assessments did not. It may be argued that lactate is more sensitive than other
parameters in identifying tissue hypoperfusion — identifying the occult hypoperfusion not
demonstrated by other methods. If undetectable solid organ hypoperfusion were responsible
for hyperlactataemia in this cohort of shocked patients, renal hypoperfusion or sublingual
hypoperfusion might be expected to demonstrate a clear association, but the lactate data in
the renal hypoperfusion group was not convincing, tending towards higher values but not the

clear group separation one might expect if occult hypoperfusion were causative.

An alternative explanation is that increased lactate and pyruvate production results from
enhanced aerobic glycolysis, rather than anaerobic production. This aerobic glycolysis results
from increased Na*K*ATPase activity, under catecholamine control, as was demonstrated in
a series of well conducted experiments by Levy et al. demonstrating that inhibition of muscle
Na*K*ATPase stopped the over production of lactate and pyruvate and concluding that
elevated lactate levels act as an important metabolic stress signal rather than a marker of
oxygen debt*9, They went on describe how septic patients have significantly more pyruvate
and lactate in the muscle than artery. Those with the greatest levels of muscle lactate and
pyruvate progressed to septic shock and there was a close correlation between plasma

adrenaline level, muscle lactate production and the severity of illness**?.

In summary, this section demonstrates that cortical hypoperfusion is unique to the kidney
and does not particularly reflect any systemic measure of global perfusion. There is a limited
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association with sublingual hypoperfusion on day 0, but this resolved by day 1, systemic
hypoperfusors either improved or died, whilst renal hypoperfusion persists in AKI. Various
methods of assessing systemic hypoperfusion are described, but none demonstrated strong
correlations with each other or cardiac output. There were minimal differences between renal
perfusion and lactate, which would have helped support the hypothesis of lactate generation

through occult solid organ hypoperfusion.
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10 The relationship between inflammation, renal perfusion and AKI

development

10.1 Introduction

Blood flow to the kidneys is approximately 1.25|/min at rest and roughly 1/10% of this is
filtered. Once in the nephron or peritubular capillaries, pattern associated molecular
patterns and damage associated molecular patterns present to toll-like receptor (TLR)-2 and
4 expressed on the luminal and basal surface of tubular epithelial cells (TECs) and cause a
double hit from both circulating and filtered molecules, with subsequent release of
cytokines and an auto-upregulation in TLR-4 expression??#4,  TECs with repeated
endotoxin exposure become hyperresponsive*®, they have recently been shown as having

immunological memory and are actively involved in inflammation?4®,

The activation of TLR-4 results in degradation of tight junctions permitting paracellular fluid
leakage in the proximal tubule and hampering fluid resuscitation. The interstitial oedema
can be significant enough to obstruct the tubular lumen in some models but these regions

of interstitial oedema are not co-localised with regions of microcirculatory impairment**’~

449

TNF-a stimulates the innate immune system?444, although the role of a cellular immune
response and the presence of apoptosis has limited evidence early in sepsis associated AKI.
Despite the apparent absence of cellular infiltrates, a wide body of evidence supports a

significant component of AKI mediated by inflammatory processes. Inflammation appears
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fundamental in the development of perfusion abnormalities within the kidney. An association
would therefore be expected between inflammation, endothelial activation, glycocalyceal

injury and renal perfusion.

TNF-a and IL-8 have been identified in multiple studies as important in AKI development
secondary to sepsis. TNF-a is associated with iNOS upregulation®*?, endothelial injury®>! and
is a key mediator of damage to the glomerular glycocalyx*>2. Disruption of the glomerular
glycocalyx both reduces microcirculatory flow and enables the filtration of larger
molecules*3, giving albuminuria a role as a potential biomarker of AKI***, IL8 is independently
associated with AKI development after adjustment for clinical factors?*°. Elevated levels
correlate with ischaemia-reperfusion injury of allografts?*°, prediction of AKl in sepsis®>! and
demonstrate higher levels in non-survivors of septic shock?>2. Both cytokines along with
angiopoietin ratios are group defining in a recent description of AKI subphenotypes; see

chapter 11.

This chapter compares longitudinal measurements of inflammatory cytokines with renal

perfusion.
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10.2 Results

10.2.1 AKI groups

Patients who had severe AKI had elevated cytokines in comparison to those who did not
(p<0.05), as presented in Figure 37. This was seen on all days of the study and was more
apparent in AKI than in renal hypoperfusion data (non-linear Y axis scaling is used for

displaying angiopoietin ratios and syndecan due to extreme outliers).
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Figure 37 Inflammatory cytokine levels in patients with and without severe AKI (units syndecan ug/ml, sTFNR ug/mi, IL8
ng/ml).
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10.2.2 Perfusion groups

Inflammatory profiles between renal perfusion groups are presented in Figure 38. Differences
were only apparent in later days of the study, in comparison to patients with above average
perfusion, those with below average perfusion had higher IL-8 values (32(15-62)ng/ml vs
69(45-154) ng/ml, p<0.05) and angiopoietin ratios by day 4 (0.88(0.27-1.53) vs 2.11(1.86-
5.82), p <0.05), but early in the study there was no difference between groups. sTNFR showed
no difference (DO p=0.28, D2 p=0.26, D4 p=0.2). Syndecan was higher on admission in renal
hypoperfusors (DO p<0.05, D2 p=0.12, D4 p=0.54).
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Figure 38: Boxplots demonstrating differences between inflammatory cytokine profiles (angiopoietin 2:1 ratio, syndecan,
soluble tumour necrosis factor receptor (STNFR) and interleukin 8 (IL8). Control data is provided in the day 0 column in blue.
Angiopoietin ratios and syndecan are scaled on the y axis using a square-root transformation for ease of plotting extreme
outliers.
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10.3 Discussion

10.3.1 Key findings

Expectedly all patients in the study mounted an early cytokine response, having presented in
septic shock with peaks in sTNFR and IL8 on day 0. These peaks were similar between
perfusion groups early on, but by day four those with hypoperfusion had persistent levels of
inflammatory cytokines, whilst those with preserved renal perfusion had a waning
inflammatory response. The greatest association between perfusion and inflammation was
seen later in the admission. There was however a far closer association between AKI and

inflammation, with clear group separation in cytokine levels throughout.

The weaker association between inflammation and perfusion may be partly accounted for by
the series of studies presented by Nakano and colleagues*’—%4°, demonstrating that the
resultant oedema from breakdown in paracellular tight junctions inhibits tubular flow but is
distal to, and has a limited effect on capillary flow. Indeed in these small animal studies,
regions of hypoperfusion and paracellular leakage were random and not collocated. The
hypoperfusion may provide only a part of the picture in AKI development, one of the three

interlinked contributors along with inflammation and metabolic alterations.

10.3.2 The interaction between TECs and the immune system

As mentioned in the introduction, emerging evidence suggests the interaction between the
immune response and TECs to be fundamental in AKI development. Following activation,
paracrine signalling downregulates adjacent segments, as noted by the increase in cell cycle
arrest proteins detectable in the urine. In the proximal segment (S1) of the proximal tubule,

TECs are thought to act as sepsis sensors, taking in filtered endotoxin via TLR-4 and releasing
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cytokines for uptake by TECs in the S2 segments. This results in significant injury to S2 TECs

but surprisingly S1 TECs escape relatively unscathed despite the uptake of endotoxin?>>4°6,

Whilst inflammation has a key role in the pathogenesis of AKI, it is also implicated in its
persistence. Hyperinflammatory responses from TECs may be seen on re-exposure to
stressors, due to immunological memory, accounting for an exaggerated response if cytokine
exposure does not resolve #>74°%, As seen in the data presented early on inflammatory profiles
were not different between those with more severe hypoperfusion and those without, but
later differences can be seen with persistent elevation of inflammatory cytokines in these

patients.

10.3.3 The emerging interaction of immunological resistance and tolerance mechanisms

The confrontation of microbial invasion and resistance mechanisms results in collateral
damage to the host, an under-damped response with immunosuppressive failure results in
immune cell death, an over-damped response leads to an increased mortality. The early
metabolic responses of cells are thought to determine the balance between resistance and
tolerance processes*?. Early metabolic reprogramming allows cells to respond to pathogens
through resistance mechanisms. Tolerance mechanisms may determine repair, fibrosis and
progression to CKD*’. Pathogenic tolerance refers to a spectrum of recently described host
factors which limit the collateral injury from inflammation. The evidence for such processes
remain within experimental study, but involve haem, haemopexin and the stimulation of
specific energy regulatory pathways*®%-463, They are also likely to alter depending on genetic

differences between individuals®*.
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This tolerance-resistance balance may contribute to the stronger late-stage association
between hypoperfusion and inflammation identified in the present data. If resistance
mechanisms predominate later in the disease process inflammatory profiles are likely to be
higher with concomitant damage and alterations in cortical blood flow, whereas if tolerance
predominates the opposite may be expected due to the higher energy requirements from
healing and repair, potentially leading to earlier resolution of AKI and restoration of perfusion.
A limitation of the current dataset is that we did not measure cytokines associated with

immunological tolerance and repair mechanisms which may have proved insightful.

10.3.4 Endothelial and glycocalyx involvement in AKI development

The data presented in this chapter also supports endothelial and glycocalyx disruption in AKI
and hypoperfusion development, with higher angiopoietin ratios later on and syndecan
values higher on admission in these groups. Xu et al demonstrated a TNF mediated glomerular
endothelial injury in sepsis associated AKI**2 and in the present study syndecan-1 levels were
elevated in hypoperfusors on day 0, suggesting the glycocalyx damage occurs early and may
account for the elevation in albuminuria described in chapter 12, whereas angiopoietin ratios
reflective of endothelial activation had later differences, mirroring the association with

inflammatory cytokines.

10.3.5 Cellular immune response in AKI

The role of leukocytes is unclear in sepsis associated AKI and is inferenced from
experimental study of ischaemia-reperfusion injury (IRl). Neutrophils*®®>, macrophages?®,
NK cells**” and dendritic cells*®® have been demonstrated, but a recent large-animal study
designed to examine the early pathogenic changes failed to demonstrate cellular
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recruitment3*3, A human post-mortem human study reported the limited presence of
repair-type M2 macrophages and neutrophils in glomeruli and neutrophils alone in
peritubular capillaries; lymphocytes were absent from all regions**. Aslan et al reported a
significantly higher number of proliferating glomerular cells and TECs, which is likely during
the healing phase of the disease process given the cell-cycle arrest with early sepsis

associated AKI?L,

The contribution of cell death to the pathogenesis of AKl is controversial, necrosis is not a
feature, but low-grade apoptosis appears in several human and experimental
studies*344469.470 Aslan found virtually no apoptotic glomerular cells, but tubulointerstitial
cells were apoptotic to a low degree (1-10%) in most patients. Other human studies have
reported a surprising absence®’™. In the review literature several authors support apoptosis
as a potentially important mechanism in the pathogenesis of AKI*®%° whereas others
suggest the sparsity of human apoptotic features portends a discretely functional
cause*4’2, The most recent human tissue study which demonstrated low grade apoptosis

drew no firm conclusion and recommended further research**.

10.3.6 Bioenergetic Adaption and mitochondrial function

Early in the septic episode TECs are fuelled by aerobic glycolysis, so called Warburg
metabolism with a later switch to the catabolic process of oxidative phosphorylation of fatty
acids**44>  During Warburg metabolism, the typical anaerobic pathway of converting
pyruvate to lactate occurs under aerobic conditions. Whilst not generating large quantities
of ATP it allows for the creation of intermediate substrates for onward anabolism, allowing
the intermediates to be readily utilized, including fatty acids, amino acids and nucleotides,
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essential for repair?’3. It was first identified in tumorigenesis but later recognised to be a
process of immune cells*’4. The evidence for Warburg metabolism in renal TECs is not
conclusive but is building. Recent evidence has shown a reduction in total ATP levels in TECs
in septic models and an increase in cortical glycolysis*’>47¢, Metabolomics have
demonstrated early suppression of oxidative phosphorylation and an increase in glycolytic
intermediates*”#’7. The initial switch to Warburg metabolism may avoid build-up of
potentially harmful oxygen free radicals from oxidative phosphorylation. Switching to
Warburg metabolism is through activation of HIF-1a, the master regulator of the cell’s
hypoxic response. This transcription factor has a host of intracellular actions from which the
glycolytic pathway is slowed further increasing the availability of intermediates for cellular
proliferation*’®. Together these alterations in metabolic mechanics slow energy production
but with the benefit of producing a wealth of intermediates for cell division. If the host
survives the initial insult, a further switch back to oxidative phosphorylation occurs and
inhibitors of Warburg metabolism are detectable*’®. Persistent inflammation results in
fibrosis and CKD progression, an association is demonstrated in the current dataset and
described later. The ability to deescalate inflammatory processes are fundamental to organ
recovery and an inability to switch back from Warburg metabolism to oxidative

phosphorylation results in worse organ injurye°,

TEC mitochondrial injury occurs early in sepsis*®!. TECs are capable of engulfing
mitochondrial debris through autophagy and impaired autophagy is associated with TEC
death and proximal tubular dysfunction*®2. This may act to remove ROS producing units

which are harmful if left unchecked?*®?. Repair mechanisms include the synthesis of new
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mitochondrial units*8?,

In summary, early metabolic switching may prevent cellular injury from damaged
mitochondria, an example of tolerance and provides a wealth of useful intermediate
metabolites. Later biogenesis restores sufficient functional mitochondria, biogenesis is an ATP
requiring process via oxidative phosphorylation and therefore requires another metabolic
switch, this time away from Warburg metabolism#*°. The parallels with perfusion here are
key, early in the process there is a significant reduction in energy consumption during
Warburg metabolism which would require less blood flow, whilst recovery and biogenesis are

likely to have greater oxygen demands and necessitate increased perfusion.
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11 AKI subphenotypes: A reassessment using data from the
Microshock Renal study

11.1 Introduction

The reasons for a lack of progress in AKI studies are suggested to be multifactorial, ranging
from comparison with flawed gold standards to reliance on outdated classification systems
such as pre-renal, renal and obstructive*®3484 48Tq better describe AKI, exploration of
subphenotypes may identify common modifiable biological mechanisms, differences in
treatment responses and enable targeted interventions for high risk patients, similar to

advances in rheumatoid arthritis and asthmal’°.

A clinical study by Bhatraju and colleagues used latent class analysis (LCA) to identify two
distinct subgroups in hospital admissions with AKI, predominately sepsis, termed AKI-SP1 and
AKI-SP2, where AKI-SP1 had lower levels of endothelial injury and inflammation. This study
demonstrated a lower mortality and better recovery of renal function by 28 days in AKI-
SP1234, The three-phased study found AKI-SP1 had better outcomes from the preferential use
of vasopressin compared to noradrenaline, but not in AKI-SP2. The study considered clinical
parameters, laboratory variables and biomarker levels after controlling for the severity of
iliness. Subphenotypes were best defined using a three-variable model of angiopoietin 1 and
2 ratio (Angl:Ang2), soluble tumour necrosis factor-1 (sTNFR-1) and urinary interleukin-8

(IL8). Urinary biomarkers were not included in the study.

Due to the association between inflammation and renal hypoperfusion presented in chapter

10 and the differential response to vasopressors presented in the reference study, this
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chapter looks for an association in the present dataset. The hypothesis examined is that

different degrees of perfusion would be detectable between these subphenotypes.

11.2 Methods

To replicate the subphenotypes, admission levels of IL-8, sSTNFR and angiopoietin ratios were
compared with those previously published and are presented in Table 16. Cytokine levels
were notably different between the two studies however. All patients in the present study
had IL8 levels beyond those of either subphenotype described by Bhatraju. The lowest
recorded IL-8 value was well above the range of the severe subphenotype in the reference
study. Therefore in 50 sequentially admitted patients with septic shock, regardless of the
presence of AKI, we were unable to detect any patients who could be classified as

subphenotype-1 using admission values.

Variable Bhatraju study populations Microshock-Renal
SP Discovery Replication VAAST Severe AKI Non-severe AKI
median (range) median (range) median (range) median (range) median (range)
L8 sp1 | 100  (5-21) 16.0  (10-26) 23.0  (13-47)
666 (167-1981) 159 (132-435)
(ng/ml) | SP2 22.0 (12-55) 60.0 (28-149) 106 (49-345)
ang2:1 | SP1 | 1.4 (0.7-3.2) 9.4 (3.3-25.5) 2.0 (0.7-2.8)
2.2 (0.92-7.5) 0.7 (0.5-1.2)
SP2 18.1 (8.2-53.9) 87.1 (35.7-226) 10 (7-16)
STINFR | sP1 | 6.8 (4.7-10.1) 106  (6.8-15.7)
260 (16.9-38.0) | 12.7 (10.3-19)
(ng/ml) SP2 18.8 (12.7-30.9) 25.8 (16.1-36.2)
SOFA SP1 3 8
15 9
SP2 7 11

Table 16 Comparative data between the study populations of Bhatraju et al and the present study. Data is presented by
variable and across study populations as median values. Subphenotypes are separated and data from the present study is
presented on the right, by stage-3 AKI group and non-stage-3 AKI group. Variable (vars), subphenotype (SP), SOFA score
(SOFA).

The severe AKI cohort was divided into equal size groups, those with more modest elevation
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in inflammatory cytokine profiles as mild group (n=19) and the remainder as high group
(n=18). Different thresholds to define the groupings were obviously needed but relied on the
assumption that higher values in one study reflected higher values in the other. A cluster-
graphic is presented in Figure 39.
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Figure 39 3D clustering of inflammatory groups. The mild inflammatory group (blue) clusters toward lower values and high

inflammatory group (red) is more dispersed. Units (ng/ml).
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11.3 Results

Table 17 demonstrates the lack of differences in cortical perfusion during early septic shock
on days 0 and 1 but later group separation is seen. This is similar to the findings described in
chapter 10 of inflammation and hypoperfusion later in the disease process, a finding which is

not present on admission.

Variable Day High inflammatory group Low inflammatory group Significance (p)
Mean 0 8.3(4.8-17.9) 6.8(5.4-13.3) 0.506
transit time |- 7.2(4.7-13.4) 8.1(5.1-13.1) 0.761
(s) 2 6.9(5.5-17.8) 8.7(4.1-15.5) 0.437
4 8.02(4.1-15.8) 5.06(3.9-7.3) 0.114
0 713(334-1374) 719(402-1792) 0.445
Perfusion |1 642(397-1603) 891(618-1237) 0.486
index (au) | 2 728.(375-1061) 1130(782-1844) <0.05
4 596(397-1500) 1716(847-2307) <0.05
: 0 5290(4067.5-7170) 5782(3621-10227) 0.668
b'TE';;':EI 1 5946(3664-10369) 7352(5146-8902) 0.663
(au) 2 5779(4937-8259) 8391(6222-10372) <0.05
4 5671(2982-6460) 8025(6696-9724) <0.05
0 494(258-989) 535(275-1230) 0.572
Wash-in 1 432(299-1120) 639(479-849) 0.433
rate (au) 2 522(336-717) 817(547-1322) <0.05
4 417(296-1185) 1225(636-1524) <0.05

Table 17 Differences in cortical perfusion between high and low inflammatory groups

Macrovascular data demonstrated no difference in the cardiac output between patients with
high and mild inflammatory profiles on any day of the study. Renal blood flow tended to be

higher in the high inflammatory subgroup than the lower inflammatory subgroup — see Table
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18.

Variable Day High inflammatory | Mild inflammatory significance(p)
group group
0 612.5 6.311.9 0.59
co 1 6.712.0 5.9+1.4 0.16
2 6.5+2.4 5.7+1.5 0.18
4 6.1+1.8 6.411.7 0.69
Longitudinal trend (R) 0.01(0.9) 0.02(0.8)
and significance (p)
0 0.9+0.5 0.8+0.4 0.39
1 0.910.4 0.7£0.3 <0.05
RBF (I/mi
(I/min) 2 0.8£0.4 0.6£0.3 0.06
4 0.810.4 0.710.4 0.76
Longitudinal trend (R) -0.16(0.18) -0.09(0.42)
and significance (p)

Table 18 Trends in haemodynamic variables in low and high inflammatory subgroups. No significant differences occurred
over time or between groups.
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11.4 Discussion

Subdividing patients into the pre-published subphenotypes was not possible using admission
cytokine levels as they were far higher than the group defining values published by the
reference paper?3*. The reason cytokine levels, particularly IL8 and TNFR were far higher in
the present study population was probably due to the rapid fall from peak values seen after
the day of admission. It is not clear how far into the Bhatraju study such values were
measured, one of the reference study’s cohorts describes admission values but no other
temporal data is reported. Our data demonstrates the importance of timing such
measurements, for example, day 2 IL8 values had dropped by 90% from the admission value
and by a further 50% by day 4. TNFR dropped by approximately 50% between day 0 and day
4. Without temporal data it is impossible to replicate their findings. A clarification email was

sent to the reference study author without reply.

Being unable to reproduce the pre-published subphenotypes, we explored the association
between inflammation and cortical perfusion using thresholds specific to this study, assuming
those with higher values would be reflective of higher values in the reference study. Renal
perfusion values were similar between the two subphenotypes early on, but by day 2 and 4
the high inflammatory group demonstrated worse renal perfusion. Cytokine values between
perfusion groups only differed later in the time course of AKI. To define subphenotypes using
day 4 cytokine values would be most discriminatory, but clinically to wait until later in an

admission to identify such patients would reduce the value of such a finding.

Much work has gone into describing subphenotypes in AKI, particularly following the

widespread adoption of machine learning, looking for signals in large datasets. Experimental
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data has demonstrated the upregulation of thousands of different genes but in two distinct
profiles and with little overlap when comparing hypovolaemic and intrinsic AKI, with distinct

biomarker profiles detectable in plasma and urine demonstrating a dissimilar pathogenesis*2°.

A study published after the Bhatraju paper but from the same group identified a protective
polymorphism of Ang2, suggesting a genetic predisposition to the hypo-inflammatory
subphenotype®®’. Machine learning processes were applied to 29 biomarkers from 769
patients from the ASSESS-AKI study*®® and best identified the same two subphenotypes, AKI-
SP1 with an increased incidence of cardiac failure and a favourable biomarker profile, whilst
AKI-SP2 had increased endothelial injury, inflammation and elevated urinary biomarkers of
tubular damage. AKI-SP2 demonstrated worse renal outcomes at 5 years. This is the first study
to incorporate renal biomarkers in subphenotype assignment, demonstrating uNGAL, sTNFR-

1 and urinary IL-18 amongst the most predictive®®°,

A post-hoc analysis by a separate group also used latent class analysis across a greater number
of biomarkers although in a relatively small population, finding biomarkers assessing
endothelial injury and inflammation best identified subphenotypes*®. A two-group model
proved the best fit. Again, patients in a hyperinflammatory state with increased vascular
permeability had an increased mortality and reduced renal recovery in comparison to those
in a quiescent state. Further studies utilised data from electronic health records and
unsupervised machine learning identifying two distinct clusters from 58 clinical variables in
1865 patients*®? and another identified three distinct clusters in 4001 patients using 2546
combined features*¥?. Whilst the variables used to define the subpopulations were unique to
each study, what is common to all these studies is the presence of lower levels of
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inflammation and better renal outcomes in one subphenotypes compared to the other.

The more favourable biomarker profile, with less inflammation and relatively preserved
perfusion may enable better renal outcomes in some patients with personalised treatment in
AKI through selective vasopressor use. Bhatraju et al suggest this in the reference paper
where vasopressin had a selective response in the mild inflammatory group. More work is
required however to determine if renal perfusion assessment with DCE-US can add insight

into the identification or treatment of such groups.
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12 Biomarker Profiles and Renal Perfusion

12.1 Introduction

Clinical studies of AKI frequently yield disappointing results for a variety of reasons, but the
limitations of traditional markers are partly responsible. Another reason for this
disappointment is in treating AKI as a distinct disease, rather than a syndrome with multiple
causes such as sepsis, hypovolaemia and ischaemia-reperfusion injury, but current markers
are unable to differentiate. The early diagnosis of AKI, especially of a severity necessitating
renal replacement therapy, progression to CKD and a higher risk of poor outcomes is
important, but it is also difficult to identify. Moreover, the management involves early
intervention which is also important as usual measures such as creatinine have a lag between
injury and detection, hampering successful strategies. Much work has gone into describing
novel biomarkers with better sensitivity and specificity for AKI and with earlier detection than
creatinine. Individual markers are generated from different regions of the nephron as
described in section 2.2 and can be largely categorised as enzymes, proinflammatory
mediators, structural proteins, markers of filtration, hormones and tubular proteins*®.

Profiling multiple markers may help identify the site and mechanism of injury.

DCE-US has the potential to work as a functional assessment and predictor of AKI, much as
the newer biomarkers do, but would require further work in assessing perfusion across the
spectra of AKI causes. There is scant data in sepsis comparing renal perfusion to biomarkers
as perfusion assessment in clinical study has previously not been practicable. This chapter
aims to compare the two, looking for associations between specific markers and

hypoperfusion, which may inform where the site of vascular alterations occurs, or at least
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relevant associations. This chapter also explores the predictive power of DCE-US to determine

those who go on to develop severe AKI.

To gain an understanding of the pathophysiological changes that occur with renal
hypoperfusion, comparisons against multiple biomarkers are made, including markers of
overall function (urine output), filtration (albuminuria, creatinine and PENK) and tubular
injury (IGFBP7*TIMP2 and NGAL). These are assessed longitudinally as the pathogenesis of
the condition is likely to demonstrate different phases, as described with the inflammatory
and metabolic components of AKl in chapter 10. Correlations are sought between perfusion
and biomarkers using perfusion index and day 0 results. The ability of perfusion variables to
predict stage 3 AKl are assessed using ROCs and compared with biomarkers. PENK is analysed

separately as the results were unexpected.

12.2 Results
Comparison of biomarkers with perfusion groups are provided in Figure 40. Patients were
grouped according to perfusion status as described in section 5.2.2. Control data are provided

alongside day 0 values for reference.
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Figure 40: Data comparing patients with higher and lower than average renal perfusion on admission to ICU. Boxplots
demonstrate changes in levels over time. Serum creatinine levels (umol/l), 24hr urine output (ml), IGFBP7*TIMP2 (extreme
outliers cropped), urinary NGAL ng/ml (extreme outliers cropped), urine albumin (mg/dl) and Proenkephalin A levels (ng/ml).

The high perfusion group had significantly less tubular hibernation with lower IGFBP7*TIMP2
throughout the study and the strongest correlation with perfusion index, see Table 19. NGAL
levels differed from day 2 onwards. Albuminuria tended to be higher in the low perfusion
group with a significant spike by day 2. Creatinine was higher in hypoperfusors. PENK seemed

non-discriminatory.
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12.2.1 Correlation between DCE-US variables and biomarkers
Following normalisation, correlation coefficients are provided in Table 19 for the admission
biomarker values. Perfusion index was used for the comparison, being one of the best

performing DCE-US variables, mean transit time correlations were similar.

Biomarker Correlation coefficient Significance (p)
Creatinine -0.34 <0.05
IGFBP7*TIMP2 -0.54 <0.05
uNGAL -0.47 <0.05
Urinary albumin -0.35 <0.05
Urine output 0.38 <0.05
PENK 0.31 <0.05

Table 19 correlation between biomarker and perfusion index on day 0

12.2.2 Prediction of AKI using DCE-US

The ability to predict severe AKI using DCE-US was assessed using receiver operator curves
and compared to biomarkers. All four variables were assessed and curves are provided in
Figure 41. AUROC was greatest for perfusion index (0.84, Cl 0.73-0.96) and relative blood
volume was least predictive (AUROC 0.73 Cl 0.56-0.90). A two-factor multiple regression

model was no more predictive than perfusion index or wash-in rate. Further factors did not
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increase the predictive power of the model.
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Figure 41 ROC analysis for DCE-US (CEUS) variables in the prediction of severe AKI. A linear model demonstrated no greater

predictive power than single variables alone.

Existing biomarkers were used as comparitors for the DCE-US model. Both actual values and
those normalised to urinary creatinine are reported in Figure 42. NGAL is reported in
combination with urinary albumin and without. Urinary biomarkers normalised to urinary
creatinine were consistently more powerful than non-normalised biomarkers. Admission

normalised TIMP2*IGFBP7 demonstrated the greatest ability to predict stage-3 AKI (AUROC

Receiver Operator Curves for Predicting Severe AKI with CEUS
Variables Measured on Admission

0.959, CI 0.90-1.0).

AUC:
Model 0.835 (0.705-0.966)

— P10.844 (0.727-0.961)
WIR 0.838 (0.721-0.954)
MTT 0.75 (0.60-0.90)

— RBV 0.729 (0.561-0.898)

0.50 0.75 090  1.00
False positive fraction

2-Variable Logistic Regression Model (Pl and WIR)
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Receiver Operator Curves of Renal Biomarkers
Ability to Predict AKI Stage 3 on Admission with Septic Shock

TIMP2*IGFBP7 Urine Output CEUS Model NGAL
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Figure 42 ROC charts of predictive power of admission biomarker levels to detect severe AKI in septic shock. Contrast

ultrasound (CEUS) model is presented alongside conventional and novel biomarkers.
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12.2.3 Proenkephalin A

PENK, a recently described biomarker of filtration has been shown in multiple studies to have
a close inverse correlation with GFR, with lower values representing higher filtration rates?01~
203 However observations in this study failed to replicate these findings. Although no gold
standard for filtration was used, this study identified higher values in healthy controls and
patients without severe AKI which is contrary to what was expected. It correlated poorly with
creatinine although both reflect filtration and showed a positive correlation with urine
output. Levels did not correlate with markers of tubular injury or duration of RRT but had
unexpected correlations with haemaglobin and platelet levels, see the mixed graphicin Figure

43 which presents the salient data.
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Distributions and correlations of PENK levels;
day 0 observations
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Figure 43 Mixed graphic summarising the key findings of proenkephalin-A (PENK) values. Observations from day 0. Density
and boxplots demonstrate data distribution between groups with higher values in volunteers and little separation between
patient cohorts. No correlation exists with urine output, creatinine, markers of tubular injury or duration of RRT. However
correlations were seen with haemgolobin and platelet levels. Creatinine (cr); 24 hour urine output (urine_out); log-
transformed TIMP2*IGFBP7/uCr (log(nephrocheck_normalised+1)); log-transformed uNGAL*uAlb (log(NGAL_alb+1));

duration of RRT in days (duration_RRT).
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12.3 Discussion

Patients with cortical hypoperfusion had impaired renal function immediately on admission
to ICU, demonstrated by higher creatinine values and lower urine output on day 0. Tubular
alterations were detectable in all, but values were higher from admission in those with

hypoperfusion.

By day 2 creatinine was no different between groups likely due to the frequent use of RRT in
the low perfusion group reducing plasma values. Urine output remained significantly lower in
this group and tubular cell cycle arrest was greater. NGAL values had decreased significantly
in those with preserved perfusion, but persisted in those with hypoperfusion, suggestive of
an ongoing tubular injury in the hypoperfused group which had largely resolved in the others.
Albuminuria levels rose in the hypoperfusion group between day 0 and day 2. Albuminuria is
largely reflective of the glomerular basement membrane and the adequacy of its
permselective function®*4%>, Glomerular function appears to be disrupted by day 2 in those
with hypoperfusion, a finding which is further supported by the early increase in syndecan in
these patients described in chapter 10. Syndecan elevation is indicative of glycocalyx injury
and injury to the glomerular glycocalyx permits albumin to pass through**3%>, This has

previously been shown to have an association with hypoperfusion in experimental study*°3.

By day 4 overall function remained worse in the hypoperfusion group with lower urine output
and higher creatinine values. Tubular injury persisted with greater cell cycle arrest and injury

markers. Albuminuria levels had decreased by day 4 in the hypoperfusion group and was no
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longer significant between the two groups.

As was the case with the persistence of hypoperfusion, tubular biomarkers remained elevated
for the duration of the 4-day study period in patients with severe AKI, whereas those without
severe AKI| saw an early peak but a more rapid improvement in both biomarkers and
perfusion. Renal alterations in sepsis are therefore immediate, but continue in those who
manifest severe AKI, whilst those who do not get severe AKI also have an early peak but then
see these biomarkers fall, much as they do in AKI following cardiac surgery*°®. This persistence
of alterations in both perfusion, tubular inactivity and injury points to an ongoing process in
sepsis associated AKI. This is coupled with a late association with inflammation in such

patients as described in chapter 10.

12.3.1 Predicting AKI

At present biomarkers cannot be used to guide renal interventions, such as volume
administration or removal, or selectively use vasoactive drugs. Functional imaging therefore
has a potential role in both early detection of AKI and to guide management strategies.
Ultrasound lends itself to this, being a standard of care in AKI investigations, cheap and
commonplace at the bedside. One commonly used ultrasound measure, resistive index,
presented in chapter 8 did not differ between patient groups in this dataset, which agrees
with other studies which found it largely unhelpful in differentiating outcomes 7>#°, The ability
of DCE-US to predict severe AKI was assessed in the current study. RBV was inferior to the
other DCE-US values, whilst perfusion index was most predictive (AUROC 0.84). Although
outperformed by TIMP2*IGFBP7, DCE-US was more predictive than the remaining
biomarkers, both standard and novel.
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DCE-US prediction is imperfect however, the potential reasons for which are multiple. It could
be that some patients with normal perfusion still develop AKI, or the commencement of some
patients who did not get severe AKI being started on RRT diminished the outcome measure.
Another possibility is that the technique itself needs refinement with intra-user variability;
some patients would therefore have been assessed as impaired, where perfusion was
maintained and vice versa. If this is the case, further development of the technique would

help improve its predictive performance.

12.3.2 Normalisation to urinary creatinine

In this study urine output ranged from oligo-anuria to polyuria despite stage 3 AKl and it was
logical to report both referenced and crude values. We observed extreme elevation of
biomarkers in patients with severe AKI however, making the referencing argument partly
academic; essentially if these values rise, they seem to rise by a magnitude that normalisation

to urinary creatinine may not be necessary.

12.3.3 PENK

PENK performed poorly in the present study, providing conflicting results. Measurement of
filtration in AKI is difficult because RRT removes plasma biomarkers. PENK has previously
demonstrated a close inverse correlation with gold-standard GFR measurements and thought
superior to creatinine in reflecting measured GFR2%2, We measured PENK values in this study
to gauge the association between filtration and perfusion but values were significantly higher

in controls and a positive correlation was demonstrated with urine output which was
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unexpected. PENK demonstrated weak negative correlations with markers of tubular injury
and an unexpectedly strong positive correlation with haemaglobin and platelet values. As a
result, we failed to replicate the findings of studies from the group who initially described
it202203 |t is not clear why PENK performed poorly and it warrants repeat in other before

conclusions are drawn.
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13 Renal hypoperfusion is associated with an increased risk of death

and a prolonged duration of RRT

13.1 Introduction

There is a clear association between severity of AKlI and mortality regardless of the
pathogenesis in multiple retrospective studies®>#°7->% and recently confirmed in a large
prospective study, ASSESS-AKI >0, Odds ratio for in-hospital mortality are 1.7-2.5 for mild, 2.9-
5.4 for moderate and 6.9-10.1 for severe?®4%8, Following survival to discharge, mortality risk
remains longer-term>°2, mainly dying from cancer and cardiovascular disease>®. If fully
recovered and without proteinuria at three-month follow-up mortality risk returns to normal
however>°, particularly in those who recover rapidly>%4. 50% of patients with severe AKI will

completely recover and 13% will partially recover?.

Relapsing AKI is common, especially within 72 hours of recovery and increases the risk of
death 5-fold?%8, AKI non-recovery and CKD are a risk in all AKI episodes, but the risk increases
in those with more severe AKI, older patients, those with CKD and more episodes of AKI?%>~
08 Those who do not recover have an increased risk of death. Figure 44 presents data from
an observational study by Wang et al in 20,000 patients, demonstrating the highest risk of
death in patients requiring RRT>%. Whether timing of RRT makes a difference to chronicity is

controversial, but on balance probably makes no difference>0->13,
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Figure 44 Kaplan-Meier graph for hospital survival by KDIGO AKI stage. Taken from Wang et al.12509

Patients with a greater reduction in renal perfusion seem to have persistent renal injury, data
presented thus far demonstrates an association with both an inflammatory signal beyond 48
hours and persistent and greater elevation in damage markers. Experimental studies point to
the interrelationship  between  hypoperfusion and AKlI development and
severity323:360361,514,515 'Tq 3ssess this association parameters were compared with outcome
data from ICU including the duration of RRT, change in GFR after ICU discharge and chemokine
(C-C motif) ligand-14 (CCL14). As described in General Methods, CCL14 is a small cytokine

predictive of persistent AKI.
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13.2 Results

Differences in admission values of CCL-14, perfusion indices and IGFBP7*TIMP2 were used to
assess those who would have a persistent RRT requirement, this data is presented in Figure
45, Patients who never received RRT were classified in the <7 days group, whereas those who
died were classified in the 27 days group (<7 days n=25, 27 days n=25). CCL-14 tended to be
higher in the 27 days group but did not reach significance (p= 0.097), both perfusion variables
and cell cycle arrest markers were significant (p<0.05). Note log transforms on y axis for
biomarkers. A similar analysis generated from receiver operator characteristics is presented

in Table 20.

Admission values and the length of time spent on RRT
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Figure 45 Ability of admission biomarkers to predict RRT requirement for greater than or equal to 7 days (green), les than 7
days (red) and controls (blue). Note logarithmic y axis scales for CCL14 and IGFBP7*TIMP2 for ease of plotting extreme
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Variable AUROC (95% ClI)
Mean transit time 0.73(0.57-0.87)
Perfusion index 0.69(0.54-0.85)
IGFBP7*TIMP2 0.79(0.67-0.93)
CCL14 0.61(0.45-0.77)

Table 20 Ability of admission MTT, Pl, IGFBP7*TIMP2 and CCL14 values to predict an RRT requirement beyond 7 days

13.2.1 Alterations in baseline function

To assess long term functional impairment, baseline creatinine values before admission and
after discharge from ICU were used to define those with worse function (n=15) and those who
were not worse (n=16). 7 patients lacked a pre- or post-discharge creatinine and 12 died.
Neither the two biomarkers (CCL14 p=0.24, IGFBP7*TIMP2 p=0.67) or perfusion based
variables (MTT p=0.32, Pl p=0.45) were able to predict patients who would go on to have

impaired function after discharge, Figure 46 refers.

Admission values and the discharge renal function

1e+05-
100 - .

.
1e+04 -
1e+03 -
X
- e
. . . .

CCL14 (log axis)
=)

IGFBP7*TIMP2 (log axis)

1e+01-

.
40-

4000 -

30-
3000 -

20-

°
2000 -
" * * ™

. . . .
not_worse worse not_worse worse
Renal Function After Discharge Renal Function After Discharge

Mean Transit Time (sec)
Perfusion Index (au)

Figure 46 Admission IGFBP7*TIMP2, CCL14, Pl and MTT values and the ability to predict patients who would have higher
creatinines after discharge.
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13.2.2 Outcome data for patients with better or worse renal perfusion

Survival and freedom from RRT plots were drawn for those with above and below average
renal perfusion and are presented Figure 47. Patients with above average renal perfusion on
admission were more likely to survive (p<0.001). 11 patients with maintained perfusion
required RRT (46%), vs 23 lower perfusors (92%), p<0.01. Patients who required RRT required

it for a longer if renal perfusion was poor on admission (p<0.05).

We also noted similar outcome data for extreme TIMP2*IGFBP7 values. Of the five patients

with the greatest values by day two, only one survived to day four.
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Survival curves for high and low perfusors

1.00
0.75 I . ol e ke ol ol
£
5
[
Q2
2 0.50
a
© 1
2 1
= 1
S 1
025 ! -~ SRS S +
p = 0.00026
i
i
0.00 !
0 250 500 750 1000

time in days since ICU admission

Time to freedom from RRT

1.00 I

g 2
o ~
=] o

cumulative incidence of RRT freedom
o
s
o

p=0.014

0.00

0 20 40 60 80
time in days since ICU admission

Perfusion group = low perfusor (n=25) = high perfusor (n=24)

Figure 47 Kaplan-Meir curves for high and low perfusion groups, probability of survival (top); cumulative incidence of freedom
from RRT (bottom).

209



13.3 Discussion

To determine whether severe impairment in cortical perfusion increased the chances of long-
term injury, admission renal perfusion values were compared to the length of time spent on
RRT and the delta between the pre-admission and post-discharge creatinine values. Levels of
TIMP2*IGFBP7 and CCL14 were used as comparators to the assessment of perfusion; CCL14
predicts persistent injury!’0210-212 gnd TIMP2*IGFBP7 being one of the best performing
biomarker available for predicting AKI*®*3. An RRT requirement beyond 7 days provided an
endpoint at which the risk of progression to CKD increases, hence the requirement for the
newly adopted term acute kidney disease (AKD)?%, it also fortunately provided equal group
sizes in the present study. Patients who never received RRT were included in the <7 day group,

as all patients in our study had some degree of renal injury, even if it was subclinical.

Admission perfusion values, TIMP2*IGFBP7 and CCL14 were predictive of AKD. The same
findings were demonstrated in the survivability plots, where patients with renal
hypoperfusion were more likely to require RRT and if needed, were more likely to require it
for longer. Such patients are therefore at an increased risk of AKD and by inference CKD?%,
Patients with hypoperfusion were also more likely to die acutely and this finding was again
true of cell cycle arrest markers with only 20% survivability for those with the highest values
in the current data. This finding of cell cycle arrest markers with not only AKI but death echoes

previously published findings®>.

Following AKI, the likelihood of CKD increases up to 30-fold*?, the increasing risk dependent
on factors related to the acute injury such as severity, although the mechanisms dictating

severity are unclear. Duration also has a clear association with progression, prompting the
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adoption of the AKD term to signify this?4°. Non-modifiable risk factors for progression include
underlying pathology, gender, race and age, as pre-existing disease and age-related nephron
loss are common’'®. In addition, older patients have a greater proportion of senescent
immune cells secreting cytokines which promote a chronic inflammatory state®!’ and
chemokines associated with fibrosis, potentially contributing to the abnormal repair

mechanisms of the aged kidney and increasing the likelihood of CKD>1851°,

Recovery from tubular injury is dependent on regeneration of TECs, either from multipotent
cells scattered along the nephron>2° or from mature TEC dedifferentiation, replication and
redifferentiation®?L. If renal injury is severe enough progenitors are lost, irreversible
nephron damage ensues and as a result, the mass of lost nephrons is proportional to the
severity of CKD°?2. Maladaptive repair may occur from tubular cells remaining
dedifferentiated and producing profibrotic factors®?3. In addition to TECs, M2 phenotype
macrophages are frequently identified in injured peritubular and glomerular capillaries,
responsible for removing cellular debris, providing support to epithelial cell proliferation
and promoting healing. M1 macrophages have been demonstrated to switch to an M2
phenotype during recovery*®® whilst TLR-4, the pro-inflammatory PRR in early AKI
interestingly switches to promote repair in the later stages®*. CCL14 is involved in
macrophage recruitment, activation and maladaptive repair, probably why it is a useful
marker of progression?!®. Its function in the kidney is not fully elucidated, it is not expressed
in rodents preventing experimental study, but higher values demonstrate increased
macrophage signalling. Its association with persistent AKI was demonstrated in the RUBY
study and a post-hoc analysis of the Sapphire study?'%?!1, We were unable to replicate the

strength of the association in these studies, which demonstrated AUROC of 0.83 and 0.81
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respectively for predicting persistence of 7 days or beyond. Admittedly these studies used
larger datasets, although the frequency of persistent AKI was much lower, 50% in the

present study vs 33% and 15% respectively.

The comparison between baseline renal function before and after ICU discharge showed no
difference, as is often the case in such an assessment. It points to one of the limitations of
renal assessments using current clinical methods. Despite the true loss of functioning
nephrons, clinically assessed renal function frequently recovers in the short to medium
term. TECs hypertrophy in unaffected nephrons, increasing their functional capacity, a
process known as polyploidization®?2. In addition, hyperfiltration by remaining nephrons,
recruitment of the renal reserve and the inadequacy of creatinine to detect subtle
functional loss at high GFRs account for some of this. The loss of muscle mass following
critical illness provides a non-renal cause for a lack of signal in this analysis. Longer term
data, over months to years, formal assessment of GFR or proteinuria quantification after
discharge would be helpful in future studies if long term outcomes in hypoperfusion were

examined again.
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14 Patients with COVID-19 associated acute kidney injury have
reduced renal perfusion and reduced renal blood flow despite

preserved cardiac output. A case-control study

14.1 Introduction

Alpha variant COVID-19 swept through the United Kingdom in early 2020, causing pressures
on hospitals not known in modern times. In those who developed critical illness, acute kidney
Injury (AKI) complicated a substantial proportion. Data from Wuhan, China reported the AKI
prevalence to be between 5% and 29% in intensive care>?>>?%, however, Western data
suggested AKI complicated a greater proportion, approximately 27-40% of COVID-19 ICU

admissions®27:°28,

AKI regardless of severity is an independent risk factor for death in critical illness from
multiple causes, including COVID-19, with greater mortality associated with more severe
kidney damage>2>°%’. The AKI which developed because of COVID-19 occurred predominately
at the onset of ventilation>?°, with an increased risk in men, the elderly and with greater acuity
of illness>3% the use of catecholamines was associated with an odds ratio of 19.4 for AKl in
one study>3!. Researchers have sought a specific renal injury or glomerulopathy as a result of
SARS-CoV2 but no clear evidence has been corroborated. Early post-mortem data reported
the presence of viral inclusion bodies within tubular epithelial cells>®?, although a later report
demonstrated these findings to be non-specific components of the endosomal pathway>33.
Acute tubular injury, micro-infarctions and focal segmental glomerulosclerosis have all been

identified, but such findings have been demonstrated in other viral illnesses including HIV,
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HTLV-1 and EBV>34-536,

As the pandemic continued it became evident that pre-renal injury may have been
contributing to the renal damage, Hirsch et al demonstrated urine sodium <35mmol/L in 66%
of patients with AKI, supportive of this hypothesis®®’. Thus, a vascular aetiology from
hypovolaemia, haemodynamic compromise, venous hypertension from ventilatory pressures

and endotheliitis were likely candidates rather than a novel pathogenesis®3.

The aim of the current study was to measure RBF and renal cortical microcirculatory perfusion
in patients with COVID-19 and established AKI. These could then be used as a patient
comparator group to those in the Microshock Renal study, both groups having established
AKI and being critically ill, but from different aetiology, to understand whether alterations in

renal haemodynamics and perfusion were unique to either process.
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14.2 Materials and Methods

14.2.1.1 Study design

A prospective observational case-control study utilising renal ultrasound, DCE-US and trans-
thoracic echocardiography performed at a single time point in critically ill patients with
COVID-19 and KDIGO stage 3 AKI, patients with sepsis associated AKI and healthy controls
were used as comparators. This study was undertaken in April 2020 when alpha-variant SARS-

CoV2 was the dominant strain in the UK.

14.2.1.2 Ethical Approval
Approval for this study was obtained from the Yorkshire and Humber (Leeds East) Research
Ethics committee (18/YH/0371); deferred patient consent for data usage was sought on

recovery with an emergency waiver of consent at the time of study.

14.2.1.3 Patient selection

e COVID 19 group: Adult patients admitted to ICU with confirmed positive SARS-COV-2
infection and KDIGO stage 3 AKI treated on one of the intensive care units of King’s
College Hospital, London. This was an opportunistic study undertaken at the height
of the pandemic. As result all patients were recruited and studied on the same day,
selecting as many eligible patients as possible.

e Septic shock group: Adult patients with suspected or confirmed infection, a
requirement for vasopressor therapy and a lactate > 2 mmol/L after fluid resuscitation

and stage 3 AKI. All patients in this cohort had been admitted to the ICU for four days
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with the data taken from the Microshock-Renal study described in chapter 4.

e Healthy controls

14.2.1.4 Exclusion criteria

Patients were excluded if they had a body mass index greater than 40kg/m? due to the
likelihood of poor ultrasound image quality, other exclusion criteria included known chronic
kidney disease (CKD) stage 4 or worse or renal transplantation, ultrasonographic appearances
of CKD (bright, shrunken kidneys (<8cm length)), severe pulmonary hypertension (>90mmHg)

or an intolerance to SonoVue contrast agent.

14.2.1.5 Sample Size
This study was exploratory and undertaken during a pandemic with no prior data from which
to predict appropriate sample sizes. A convenience sampling method was used based on

what was achievable in the given period.

14.2.1.6 Renal Dynamic Contrast Enhanced Ultrasound (DCE-US) and measurement of RBF
The acquisition and analysis process were identical to that described in Microshock Renal, see

section 4.2

14.2.1.7 Transthoracic echocardiography
Contemporaneous transthoracic echocardiography measurements were made alongside

renal ultrasound and DCE-US assessments. Assessments of biventricular and valvular function
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was necessary to ensure confounding from severe cardiac disease did not occur. Indices
including pulmonary artery systolic pressure, right ventricular s prime velocity, TAPSE and
cardiac index were used to inform the comparison. The method was identical to the

Microshock Renal Study.

14.2.1.8 Outcome Measures
The primary outcome measure was a difference in DCE-US variables between patients with
COVID-19 and septic shock, secondary differences in cardiac output, renal blood flow,

resistive index and other macrohaemodynamic variables were assessed.

14.2.1.9 Statistical analysis

Distribution of data was assessed using the Shapiro-Wilk normality test. Parametric data is
reported as meantSD and non-parametric as median (Q1-Q3). Differences between 3 or
more groups were assessed using Kruskal-Wallis test or analysis of variance. Statistical
analysis and graphical data was generated using R version 4.0.3. P values of <0.05 were taken

to indicate significance.
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14.3 Results

14.3.1.1 Patient Characteristics

Characteristics of patients at the time of study enrolment are shown below in Table 21.

CoVID-19 Septic Shock Control p value
(n=10) (n=13) (n=12)
Age 6017 56118 32+3.9 <0.01 vs control
Pts p=0.43
Gender 7 Male (70%) 10 Male (77%) 5 Male (42%) 0.14
Co Morbid (DM) 4 (40%) 4 (30%) 0.68
Co Morbid (BP) 7 (70%) 6 (46%) 0.40
Co Morbid (CVS) 3 (30%) 0 (0%) 0.17
Co Morbid (Resp) 2 (20%) 2 (15%) 0.41
Co Morbid (any) 10 (100%) 11 (84%) 0.48
Documented CKD stage 3 1(10%) 3(23%) 0.60
Baseline Creatinine(umol /l) 8915 7416 65+£10.8 0.02 COVID vs control
Baseline GFR (ml/min) 734 7614 0.58
Days since symptoms 2318 NR NA
ICU day 10 (7-16) 4 (4) <0.0001
Duration of RRT 6 (2-9) 4(3-4) 0.10
SOFA score 16+2 14+4 0.02
HR (beats/min) 88+11 86116 0.72
MAP (mmHg) 80 (74-88) 76 (69-83) 0.25
CVP (mmHg) 13.1+4.9 12.3+4.5 0.68
Norepinephrine dose (mcg/kg/min) | 0 (0-0.07) 0.02 (0-0.2) 0.47
Other inotropes 0 (0%) 4 (30%) 0.10
Lactate (mmol/l) 1.0(0.9-1.4) 1.6 (1.1-1.9) 0.07
WCCx 10°/L 17.8(11.9-26.3) 16.9(10.5-26.7) 0.72
CRP (mg/L) 207+136 164+107 0.38

Table 21 Demographic and baseline patient characteristics at time of study enrolment. Co-Morbidities: CVS: Ischaemic heart
disease, chronic heart failure, chronic dysrhythmia; BP: hypertension; DM: diabetes mellitus type 1 or 2; Respiratory: asthma,
chronic airways disease; any: all recorded co-morbidity including those listed above. CKD chronic kidney disease, GFR
glomerular filtration rate, SOFA Sequential Organ Failure Assessment, HR heart rate, MAP mean arterial pressure, CVP central

venous pressure, WCC White Cell Count, CRP C-Reactive Protein, RRT renal replacement therapy. Values expressed as

mean#SD or median(Q1-Q3)

12 patients with COVID-19 were recruited but DCE-US image quality was poor in 2 who were
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not analysed. Patients with COVID-19 had a greater burden of organ dysfunction and had
been in the ICU longer than those with septic shock. The patient groups were otherwise
similar, including baseline renal function. All patients had stage 3 AKI and were dependent
on CRRT, there was no difference in the duration of RRT. Patients in the septic group had a
higher urine output in the preceding 24 hours than COVID-19 patients (706+716 v 155+199ml,
p 0.01). The fluid balance for the preceding 24hrs before measurements was more negative
in the septic group (-597+750 v 1493+1583 ml, p <0.05) but the overall balance was no

different (covid 5.71£5.0 v septic 8.91+4.8, p 0.12).

14.3.1.2 DCE-US Derived Renal Perfusion Variables

DCE-US derived perfusion parameters are shown in Figure 48. Other than the relative blood
volume, all measures of cortical perfusion were reduced compared to controls in both patient
groups and values were lower in the covid group than those with sepsis, but this did not reach

significance. Data dispersion appeared greater in the septic group.

14.3.1.3 Macrovascular indices

Cardiac output was higher in patient groups than controls (covid 3.58(3.38-3.83)l/min vs
septic 3.56(2.53-3.94)I/min vs controls 2.73(2.25-2.87)l/min; covid v control p<0.05, septic v
control p=0.05) but no different between patient groups. RBF was not different between the
three groups. Resistive Index (RI) was different between all three groups, highest in covid,

then sepsis then controls. Figure 48 refers.
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14.3.1.4 Right heart and venous assessment

Values are presented in Figure 48. Right heart pressure were higher in patients, likely due to
the presence of positive pressure ventilation in these groups, but function was not impaired
and if anything the right ventricle was hyperdynamic based on RV s prime values in the patient
groups (covid 19.8(15.5-21.4)cm/s, septic 16.6(14.1-20.4)cm/s, normal range minimum =

10cm/s).
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Figure 48 boxplots comparing patients with sepsis, covid and controls. Upper box cardiac index (Cl), renal blood flow (RBF),
resistive index (renal_RI). Middle box: central venous pressure (CVP), pulmonary artery systolic pressure (PASP), right
ventricular s prime velocity (rv_s_prime), TAPSE. Lower box mean transit time (CMTT), perfusion index (CPI), relative blood
volume (CRBV), wash-in rate (CWIR). P values are provided in the figure between patient groups. Controls are in blue providing
reference data.
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14.3.1.5 Long term outcomes

Mortality in the sample cohort was 60% for COVID-19, vs 26% for patients with septic shock
(p=0.4). Of the surviving patients, the median time to recover renal function for COVID-19
was 54 (19-65) days vs 7(6-15) days for septic shock (p<0.05). The median ICU stay for

survivors with COVID-19 was 52 (49-56) days vs septic shock 14(11-46) days (p<0.05).

14.4 Discussion

There is a significant reduction in renal perfusion in COVID-19 like the alterations seen in
sepsis associated AKI, although marginally worse. The sepsis patients had a more negative
fluid balance on the day of assessment, perhaps from their higher urine output than the covid
patients, they took less time to recover renal function than the covid patients. These

differences existed despite any difference in macrovascular parameter including RBF.

At the onset of the pandemic intensive care units were experiencing a high burden of AKI due
to COVID-19. The development of COVID-19 related AKI during the alpha-variant wave
appeared to be more frequent, of increased severity and slower to recover than other causes

>3% and whilst there is similarity in the phenotype

of AKl in critically ill patients, such as sepsis
of AKI caused by these two diseases, the pathophysiology is likely to be distinct. A meta-
analysis of 26,000 patients reported the overall incidence of AKI in COVID-19 to be 15%, albeit
with significant variation between individual studies and far higher rates in critical illness>*°.
Much has been described since the time of this study in April 2020, but the mechanisms for

the AKI are still not entirely understood. Both right heart failure and venous congestion or left

heart failure with hypoperfusion have been touted as potential mechanisms>*!. Management
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of COVID-19 respiratory failure as acute respiratory distress syndrome may have been
contributory in some, with unavoidably high positive end expiratory pressures (PEEP) and very
negative fluid balance targets, both of which may be detrimental to renal function. Indeed,
one study demonstrated a five-fold increase in the odds ratio of developing AKI with average

PEEP values of 14.7cmH-,0 vs 9.6 cmH,05%2,

No hallmark tissue finding has been described in COVID-19 associated AKI. ACE2 receptors are
widely expressed on renal endothelial cells, the binding site for SARS-CoV2, and the viral
nucleocapsid has been identified in tissue®*3, but the proportion of patients in whom this is
detected varies from 6% on admission®* to 60% at post-mortem>*> and although present in
some, does not confirm causality. Other non-specific findings include organ specific
endotheliitis, glomerular tuft collapse and interstitial oedema but again are not thought to be
pathognomic features>3?°42, Microvascular obstruction from erythrocyte deposition and
fibrin thrombi may cause glomerular infarction and necrosis in one post-mortem study but

these findings were not commonly identified32.

The results of the current study demonstrate significantly reduced cortical replenishment
kinetics between patient groups and healthy controls. A reduction in time-based variables is
evident, with reductions in WiR, mTT and PI, however the intensity based variable RBV
remained unchanged between patient groups and controls and is largely non-discriminatory

as described earlier in the thesis.

The septic group demonstrate a greater data dispersion of renal perfusion than the COVID-19
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group, this may be explained by a more severe injury within stage 3 AKI in the covid group.
This is demonstrated by their reduced urine output and the fact they took 54 days to regain
independent renal function rather than the 7 days of septic shock. Perfusion assessment
therefore shows promise in providing greater detail in the severity of injury and prognosis
than current clinical assessment. It would have been particularly useful to measure novel
biomarkers in the covid cohort, to see if these could provide further detail to the severity of

renal injury.

The significant increase in resistive index in the COVID-19 group provides evidence of a
vascular phenomenon and an impairment to forward flow within the renal vasculature. Rl has
multiple patient-related limitations and is non-specific, as explored in 2.1.2.3, but the two
patient groups had similar characteristics, which should allow many of the causes related to
age and comorbidity which exist when compared to controls, to be discounted when the
patient groups are compared. If flow through the capillary bed is reduced due to higher

resistance from whatever mechanism one would expect an increase in RI.

There was no difference in the right heart indices between patient groups and therefore
venous congestion from ventilation or fluid overload may remain a feature in covid associated

AKI, but no more of a feature than in sepsis.

Another potential explanation for the reduction in perfusion demonstrated in COVID-19
associated AKI would be the same mechanisms as those postulated for sepsis associated AKI,

an adaptive response by tubular cells to avoid oxidative stress and inflammation, reduce
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energy consumption, downregulated metabolism and tubular cell cycle arrest!.

This study has several limitations. Firstly, it is a small case-control series conducted in a single
centre and the results require confirmation by other investigators and in larger numbers of
patients. The challenging nature of conducting clinical research during a pandemic meant that
| was unable to recruit a larger cohort. | only assessed patients with severe AKl and exploration
in earlier stages of AKI or COVID-19 with normal function would have been important to
establish the temporal relationship between vascular changes and AKI onset. Covid patients
were unmatched for the duration of admission, although the duration of RRT was no
different. Novel biomarkers would have provided greater insight into the mechanism of injury

in the covid cohort.

14.5 Conclusion

Renal perfusion is significantly reduced in patients with COVID associated AKI, independent
of macrovascular alterations and RBF. Perfusion tended to be worse in covid than in sepsis
and these patients had lower urine output and required RRT far longer than the septic cohort.
This suggests perfusion assessment can predict the severity and duration of acute kidney

injury in AKI that does not have a septic aetiology.
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15 Final Discussion and Conclusion

Progress in reducing the morbidity of sepsis associated AKI is hampered by definitions,
diagnostics and a limited understanding of the pathogenesis. The often rapid and profound
loss of renal function is not explicable through histopathological features and functional
alterations are predominant*3. Whilst the existing paradigm describes shock causing reduced
global flow, ischaemia-reperfusion and cell death, it is now clear that these processes are not
primary in its development and widespread damage is largely absent*3343470 Experimental
studies have shown that alterations in the microcirculation are one of several cornerstones in
the development of sepsis associated AKI, but difficulties remain in confirming such findings
in patients3%°. Using contrast ultrasound amongst other techniques, this thesis provides new
insight into the renal microcirculation, hypoperfusion and its involvement in human AKI

development from sepsis.

Accurate in vivo measurement of renal perfusion is challenging in critical illness; patients are
inherently unstable, non-compliant and often position dependent, reducing the possibility of
functional cross-sectional imaging, or even repositioning within the bedspace. Invasive
measurements of renal blood flow are not practicable in clinical research. DCE-US is a
relatively novel technique in this context but has the potential to selectively monitor organ
perfusion in such patients and has shown potential as an imaging modality in pilot studies,

being safe, feasible and reproducible in both cardiac surgery and septic shock6%424,

For DCE-US imaging to be applicable at the bedside the technique required further

development from its radiology-predominant base. The initial chapter describes this
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development making it more practical and easier to perform. It demonstrates a degree of
inter-user variability with the analysis phase, but possibly minor in comparison to the relative
changes seen between patient groups. It demonstrates the intra-user variability of someone
with sufficient training is low and region selection is largely reliable. This chapter also
develops a pragmatic method of measuring RBF at the bedside, noting prior criticisms of
Doppler based quantification®*, but using CEUS to enhance the renal artery diameter, time
averaged mean velocities for flow waveform analysis and referencing the technique in healthy
controls all helped refine the method. Importantly this chapter defined normal values for

renal perfusion and provided a reference for the patient studies.

The bulk of work in this thesis is dedicated to the Microshock Renal study; a relatively complex
prospective, longitudinal observational study of the renal microcirculation in sepsis
associated AKI. By comparing it to multiple other factors and variables, it enables a better
understanding of the role of perfusion in AKI development and persistence. The key
observation is that renal microcirculatory alterations are universal in patients with septic
shock, but only those with the more severe alterations manifest an AKI phenotype. This was
demonstrated with DCE-US and the same findings were true of cell-cycle arrest and tubular
injury, where the minimum TIMP2*IGFBP7 admission value for all patients was more than
three times greater than controls and the average MTT even in those who do not have severe
AKl was 2.5 times greater. Put another way, current clinical measures on which the AKI staging
system depend only identify a proportion, the remainder are not unaffected, but remain
subclinical. Whilst this “tip of the iceberg” observation is not new3® the perfusion data
presented is, and adds further evidence and a new perspective to this argument. By analysing

the data, not just by the development of severe AKI but by perfusion alterations further
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insights are made.

The unique architecture of the renal microvasculature, with afferent and efferent arterioles
and tightly looped vasa recta means the possibilities for vascular interactions are high, indeed
the microvasculature is more of a meshed network of parallel circuits than a continuum of
inert vessels in series>*®. Periglomerular shunts have been suggested to permit movement of
blood directly into the venous system, bypassing much of the cortical and medullary

circulation and could potentially account for these findings.

How the renal microcirculation interacts to recruit shunts and drive hypoperfusion has been
suggested by experiments. The cytokine load, PAMPs and DAMPs present to tubular epithelial
cells both through filtrate and capillaries, leading to immunological interaction and
upregulation of TECs'7%446457 TECs demonstrate paracrine signalling and downregulating
adjacent segments #°>%%6, After TEC activation tight junctions become degraded and the
subsequent oedema impairs tubular flow*>3. TECs are therefore seemingly active in their own
regulation. Another key component of TEC adaptation to sepsis is an alteration in cellular
metabolism. There is now reasonable evidence to support TECs switching to aerobic glycolysis
early in the septic episode, such pathways result in much lower energy expenditure and
generate multiple biochemical intermediaries for future synthesis and repair®*. During the
initial phase TECs enter cell cycle arrest, which again is energy conserving. Both mechanisms
would have less demand and hypoperfusion would be a natural homeostatic response to
match supply. The mechanism of this interaction is not entirely clear, but nitric oxide

production in TECs plays a role, the interaction between eNOS and iNOS, becomes
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unbalanced, increasing iNOS expression and resulting in hypoperfusion373-37>,

Why hypoperfusion would be advantageous has multiple explanations. TECs may produce
these interactions to prevent exposure to cytokine signals, endotoxin and reactive oxygen
species all of which are potentially harmful®’2. Following TEC downregulation, cessation of
active sodium transport would reduce cellular demands and therefore reducing exposure to
filtrate by decreasing GFR would be advantageous. As filtration is passive, alterations in the
vasculature are necessary to induce downstream changes. Another beneficial reason for
hypoperfusion is that cells under stress, such as the conditions created by septic shock, have
increased mitochondrial injury*®4>%482 and this injury is likely to be potentiated if the cellular
workload demands are high. Mitochondrial injury is not benign with the release of multiple
free radicals within the cell. Furthermore, certain regions of the tubule are at an increased
risk of ischaemia due to their anatomical position and relative hypoxia within the kidney*#°.
Reduced perfusion to match these cellular adaptations would be appropriate and its
persistence for as long as cytokine or endotoxin stimulation exists would also be
advantageous. On recovery, when cellular anabolic demands are high and metabolism has
switched back to oxidative phosphorylation, increased perfusion would be necessary to help
restore cellular and whole-organ function. The findings presented in this thesis are congruent
with this evidence. The point on this severity spectrum at which physiological adaptation
becomes pathological is therefore ill-defined. Indeed it could be argued that this process is
not pathological, AKI in such conditions could represent a protective adaptation to the

shocked state, just given the term “acute kidney injury’ by clinicians. It more likely reflects

229



tubular epithelial cells prioritizing survival at the expense of organ function’2,

There is good evidence however that persistent AKI increases the risk of chronicity, fibrosis

and non-recoverable function®?3

, Whereas AKI which fully resolves within a few days has
minimally increased risk after resolution®%. The risks of progression increase with severity
and duration so whilst these mechanisms may be protective at the cellular level, there is
associated harm. The data presented in this thesis demonstrates that a greater degree of
tubular downregulation has a concurrently greater degree of hypoperfusion and if these
changes persist beyond 48 hours higher levels of inflammation, endothelial activation and
glycocalyx disruption are evident. There was an initial spike in cytokines levels in all patients,
but these persisted in those with more severe renal injury and hypoperfusion, whilst resolving
in those without. These patients were also sicker, with a greater burden of organ failure which
again points to an inflammatory component to AKI persistence. Such longitudinal trends are
seldom borne out in experimental study as they are often terminated earlier and use a single
initial septic insult whereas human sepsis is more complex323. The present data demonstrates
how patients with severe hypoperfusion on admission are more likely to have persistent
injury and require RRT for longer. It is reasonable to infer that the risk of CKD increases in

such patients as the risk of CKD development is proportional to the duration of AKI. Patients

with hypoperfusion are also more likely to die.

Whilst no differences in RBF could be detected, other macrovascular variables were different
in those who developed severe AKI. They had higher venous pressures and atrial stretch. They
were on higher doses of inotropes and vasopressors and were on a second vasopressor more
frequently. All these factors are known to be associated with AKI development3444% but
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interestingly the association was seen more in AKI than in hypoperfusion per se, again
suggestive that these macrovascular factors are related to disease severity and the severity
of shock and sepsis, but it is the intrinsic factors which are more determinative of
hypoperfusion, whilst these factors do have renal interactions they may not underpin

alterations in perfusion.

Another key finding is that renal hypoperfusion follows a unique time course and has only a
limited association with systemic measures of shock, be it biochemical or through direct
assessment of the tissue bed. Immediate changes occur in both the sublingual and renal
microcirculations but those in the kidney persist whilst systemic measures resolve rapidly or
lead to death. There is little prior evidence demonstrating this in solid organ perfusion3®>47
and none comparing the renal microcirculation in a clinical study. Shock related variables also
demonstrates little association between arterial blood lactate and solid organ hypoperfusion,

a long-held opinion for lactate generation in such circumstances>*.

Examination of large datasets, across a broad array of variables and without the inherent
biases of investigators has become possible due to the widespread adoption of machine
learning and artificial intelligence. These methods have identified in multiple studies distinct
subphenotypes within AKI, one related to heart failure and fluid overload and the other a
hyperinflammatory state?34248487,488,549 "\We set to identify these groups within the current
dataset and discovered that a high inflammatory subphenotype had distinct differences in
renal perfusion after 48-96 hours from the onset of septic shock. The prior studies suggest a
preferential response to vasopressin in the lower inflammatory subphenotype and the
present study therefore adds further information, that such a finding may be due relatively
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maintained cortical perfusion in this group, as opposed to the hyperinflammatory group who

had more severe and persistent hypoperfusion.

Sepsis causes multiple alterations along the nephron®#°. Those of tubular downregulation and
injury are described above and were associated with hypoperfusion. Assessment of filtration
in this study is limited, both by available biomarkers and the widespread use of RRT in the
study population, but notably albuminuria increased between day 0 and day 2, which largely
reflects filtration®®>. This rise may be due to proximal tubular dysfunction as it is responsible
for albumin reabsorption, or it may be because glomerular alterations occur during

hypoperfusion which are associated with degradation of the glomerular glycocalyx*>*.

DCE-US had a similar ability to predict severe AKI as novel and conventional biomarkers but
was imperfect (AUROC 0.84). Potentially some patients develop AKI with preserved perfusion,
or the use of RRT for non-standard reasons diminished the outcome measure. Alternatively it
points to a limitation of the technique and the requirement for further refinement if imaging

is to find a place alongside biomarkers in this setting.

DCE-US requires a contrast capable ultrasound platform, analysis software and a trained
operator. As renal perfusion assessments are not a routine part of practice, developing the
technique outside of a research environment was difficult. Ultrasound is an increasingly
ubiquitous tool in ICUs, but contrast capability is not common and further equipment and
training would be necessary if this technique were to be more broadly adopted into clinical

research. Novel biomarkers also require specialist equipment and either laboratory support
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or a dedicated device. The two methods should not be considered exclusive however as both
provide valuable information to the status of the injured kidney. DCE-US has distinct
advantages, providing a real-time functional assessment and repeatability. Biomarkers
remain elevated for several days and as yet they cannot be used monitor fluid or vasopressor
use, nor can DCE-US, but it has potential. DCE-US provides a new window and permits

targeted renal resuscitation to be observed.

A cohort of patients with COVID-19 associated AKI is lastly presented, demonstrating
hypoperfusion and again preservation of macrovascular flow. This chapter demonstrates that
hypoperfusion is not unique to sepsis associated AKI, but also points to the utility of the
technique in assessing critically ill patients with kidney injury from other causes. All the
patients in this study had stage 3 AKI, but the covid group had lower urine output and took a
far longer period until free from RRT. Therefore the COVID-19 group probably had a more
severe injury and it is interesting that their perfusion values were uniform and slightly worse
those with sepsis, the lack of significance possibly relating to the small cohort size in the covid

group and warrants repeat in other studies with other causes of AKI.

15.1 Limitations

Components of the design, operation and analysis of this study have been complex. Firstly, it
is not possible to determine a gold-standard measurement of cortical perfusion in clinical
studies preventing a comparative analysis. The same is true for the measurement of RBF. A
perfect standard for diagnosing AKI is also lacking; novel biomarkers are predominately
research tools and have individual limitations, whereas clinical indicators such as creatinine

have multiple flaws. AKI staging reduces a continuum of disease severity into a small number
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of ordinal outcomes and stage 3 is in part, based on whether the clinician commences RRT. A
proportion of the patients in this study were commenced on RRT who had not met the now
clinically accepted indications>'%°12 which diminished the outcome measure. By analysing the
data according to whether renal perfusion was above or below average was ultimately key as

perfusion was the principal focus of this thesis and provided additional insight.

The use of ultrasound to assess blood flow within the renal artery has previously been
criticised. There is no reliable quantification method for the assessment of RBF in clinical
studies of critical illness. We sought to overcome some of these limitations by combining
Doppler assessment with contrast derived measurements of the renal artery diameter and
calibrating this technique to normal RBF using a healthy control cohort. The use of time
averaged mean velocities was also considered more reliable. It is pragmatic but needs to be

validated against a gold standard in a further study.

There is a risk of bias in these studies, they are single-centre and single operator dependent.
From acquisition through to analysis there are multiple steps where bias could occur. It is
reassuring that the findings reflect the literature and the pilot study®?, but that in itself could
represent confirmation bias. A more thorough reliability assessment would be beneficial,
particularly in image acquisition. Given further time and funding it would be insightful to
compare DCE-US based quantification to fMRI. Alternatively an ex vivo model could be used
such as a large animal kidney on machine perfusion, as is used in transplantation, where exact

RBF and invasive measures of cortical perfusion could be compared to DCE-US. It would a

Iso be insightful to study medullary perfusion and attempt to develop a quantitative
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assessment tool with ultrasound.

Finally this is a relatively small, single-centre, single-operator study. However, | feel we have
provided a wealth of hypothesis-generating data and would hope this study could inform
future, larger, confirmatory studies with less intense study protocols but with equal ambition

to develop effective personalised management of acute kidney injury.

15.2 Conclusion and suggestions for further work

Renal alterations including TEC downregulation and hypoperfusion are present in all patients
with septic shock but more so in patients who go on to develop the AKI clinical phenotype.
Despite this reduction in cortical perfusion large vessel supply is preserved. This renal
hypoperfusion bears limited association and persists far longer than systemic perfusion
abnormalities in shocked patients. Prolonged hypoperfusion is associated with increased
inflammation and could partly explain recently described subphenotypes. Differences in
venous congestion and inotrope dose were more associated with wider AKI development
than hypoperfusion per se. Intrarenal shunting mechanisms are likely, permitting large vessel
flow but reducing small vessel perfusion. The reduction in perfusion is likely to be
orchestrated by TECs, providing them with multiple survival advantages during sepsis. Indeed,

such changes may well be protective of organ survival despite the temporary loss of function.

DCE-US can accurately predict AKI in septic shock and performs comparably to recently
described novel renal biomarkers. The additional advantage of repeated examination makes

it a promising tool to guide future studies.
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Such future studies should aim to maximise the potential of DCE-US guided perfusion
assessment and its distinct advantages. This includes investigating the potential for
individualised renal-centred care, such as the perfusion alterations induced by different
inotropes and fluid therapy, determining if perfusion can be altered and if it is beneficial or
harmful. Additional work should also further examine the reliability of DCE-US. The
acquisition phase could be compared between users and compared to a gold-standard such
as functional MRI. Invasive measures of RBF could be compared to the method used in this
thesis. Finally, there is hidden information within the medulla which is difficult to extract. If

the technique could examine this region, it would certainly provide important data.
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