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Abstract

Intra-dialytic haemodynamic instability is a common and disabling problem which may lead to morbidity

and mortality though repeated organ ischaemia, but it has proven di�cult to link any particular blood

pressure threshold with hard patient outcomes. The relationship between blood pressure and downstream

organ ischaemia during haemodialysis has not been well characterised. Previous attempts to predict and

prevent intra-dialytic hypotension have had mixed results, partly due to patient and event heterogeneity.

Using the brain as the indicator organ, we aimed to model the dynamic relationship between blood

pressure, real-time symptoms, downstream organ ischaemia during haemodialysis, in order to identify

the most physiologically grounded, prognostic definition of intra-dialytic decompensation. Following on

from this, we aimed to predict the onset of intra-dialytic decompensation using personalised, probabilis-

tic models of multivariate, continuous physiological data, ultimately working towards an early warning

system for intra-dialytic adverse events.

This was a prospective study of 60 prevalent haemodialysis patients who underwent extensive, con-

tinuous physiological monitoring of haemodynamic, cardiorespiratory, tissue oxygenation and dialysis

machine parameters for 3-4 weeks. In addition, longitudinal cognitive function testing was performed at

baseline and at 12 months.

Despite their use in clinical practice, we found that blood pressure thresholds alone have a poor trade

o↵ between sensitivity and specificity for predicting downstream tissue ischaemia during haemodialysis.

However, the performance of blood pressure thresholds could be improved by stratification for the pres-

ence or absence of cerebral autoregulation, and personalising thresholds according to the individual lower

limit of autoregulation. For patients without autoregulation, the optimal blood pressure target was a

mean arterial pressure (MAP) of 70mmHg. A key finding was that cumulative intra-dialytic exposure to
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cerebral ischaemia, but not to hypotension per se, corresponded to change in executive cognitive function

over 12 months. Therefore we chose cerebral ischaemia as the definition of intra-dialytic decompensation

for predictive modelling.

We were able to demonstrate that the development of cerebral desaturation could be anticipated from

earlier deviations of univariate physiological data from the expected trajectory for a given patient, but

sensitivity was limited by the heterogeneity of events even within one individual. The most useful phys-

iological data streams included peripheral saturation variance, cerebral saturation variance, heart rate

and mean arterial pressure. Multivariate data fusion techniques using these variables created promising

personalised models capable of giving an early warning of decompensation. Future work will involve the

refinement and prospective testing of these models. In addition, we envisage a prospective study assess-

ing the benefit of autoregulation-guided blood pressure targets on short term outcomes such as patient

symptoms and wellbeing, as well as longer term outcomes such as cognitive function.
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Dedicated to Sebastian Rupert

With icy roar, the tide crashed through the wall

And erstwhile shadows from the surf broke free

My clouded, shrouded eyes again could see

For miles, pain whipped away on coastal squall:

And there you stood, forever, proud and tall

The salty dampness of the Hebrides

Fresh on my ravaged cheeks, kissed by the sea

My heart swells, scrambling rocks to heed your call -

But cruel mirage! Awaits no beating chest!

Cruel trick of id, duplicitous caress!

The lights turn on, the colour ebbs away

Despair resurges with harsh glare of day

Cruel trick of time and tide, to bring so near

Then sweep yet further still what we hold dear
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Chapter 1

Introduction and Background

1.1 Objectives

The primary objectives of this thesis are:-

• To model the dynamic relationship between blood pressure, real-time symptoms, and downstream

organ ischaemia during haemodialysis, in order to identify the most physiologically grounded, prog-

nostic definition of intra-dialytic hypotension.

• To predict the development of intra-dialytic hypotension and/or cerebral ischaemia using per-

sonalised, probabilistic models of multivariate, continuous physiological data, ultimately working

towards an early warning system for intra-dialytic adverse events (as defined in part one).

Secondary objectives include:-

• To quantify deterioration in cognitive function over time in haemodialysis patients and make a

preliminary estimate of whether this is associated with intra-dialytic hypotension or cerebral de-

saturation.

• To assess the agreement between Finometer- and oscillometer-derived measures of blood pressure

in haemodialysis patients.

• To assess the agreement between Finometer-derived and other potential non-invasive measures of

continuous blood pressure (e.g. pulse transit time) in haemodialysis patients.
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1.2 Background

The prevalence of end stage renal failure (ESRF) in the UK is 861 per million population[1]. Almost

50% of these patients are supported with haemodialysis (HD), which is often the modality of choice for

the increasing number of frail elderly patients with multiple comorbidities, who are not fit for trans-

plantation. Despite advances in technology, many patients experience drops in blood pressure during

treatment, often with symptoms suggestive of end-organ hypoperfusion such as dizziness or chest pain.

This phenomenon is known as intra-dialytic hypotension (IDH). The pathogenesis of IDH has yet to

be fully elucidated. However, factors implicated include excessively rapid ultrafiltration (fluid removal)

with inadequate refilling of the intravascular space; suboptimal compensation for ultrafiltration due to

autonomic and cardiac dysfunction; and a rise in body temperature with subsequent vasodilation, due

to the use of warmed dialysate and the intrinsic generation of heat during dialysis [2].

IDH is certainly a problem: from the patients’ perspective, it is associated with disabling symptoms,

and from the nursing perspective, it increases workload. However, proving that it is associated with hard

outcomes has been problematic. The internationally accepted Kidney Disease Outcomes and Quality

Initiative (KDOQI) definition requires an acute drop of 10mmHg in mean arterial pressure (MAP), or

20mmHg in systolic blood pressure (SBP), temporally associated with relevant symptoms: however, this

definition has not been proven to correlate with patient outcomes [3].

Only one definition of IDH has been decisively linked with an independently increased risk of mortality,

namely an intradialytic SBP nadir below 90mmHg regardless of symptoms, and this from a retrospective

review of datasets with limited blood pressure and symptom data [4] . This is likely a surrogate measure

for the most severe hypotension. Two earlier epidemiological studies did not prove an independent rela-

tionship with any measure of hypotension and mortality [5, 6]. One of these was a large, observational

study of Japanese prevalent HD patients: non-invasive blood pressure (NIBP) data was recorded from

a single HD session, and then patients were followed up for two years. The authors did report that

SBP nadir was significantly associated with mortality, but they did not control for other comorbidities,

particularly cardiovascular disease: the paucity of physiological and demographic data available limited

any conclusions [5].

Tisler et al performed a similar prospective study in prevalent HD patients, but with superior method-
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ology, assessing intra-dialytic stability with data gathered over a 10 month period rather than a single

session. IDH was defined a priori as a sudden drop in SBP to <90mmHg or of >30mmHg from baseline,

associated with symptoms and necessitating resuscitation. After sound adjustment for confounders, no

independent relationship was found between frequency of IDH and mortality. Similarly, a large, multi-

centre randomised controlled trial of haemodiafiltration (HDF) versus HD found that whilst the former

modality significantly reduced the risk of IDH (SBP <90mmHg, or symptomatic drop in SBP >25mmHg

requiring intervention), this did not translate into reduced morbidity or mortality over the subsequent 3

years [7].

Why has it proven so di�cult to define the level of hypotension that causes harm? Firstly, haemo-

dynamic status is known to vary considerably between sessions and over time, and in particular there

is a di↵erent pattern after the ”long break” (i.e. 3 as opposed to 2 days) from HD [8]. A surprising

majority of studies have attempted to make models and predictions using haemodynamic data from only

one treatment, and patients may have been incorrectly classified by these methods.

Secondly, accurate measurement of blood pressure outside critical care is a challenge: most studies

of IDH have relied on NIBP, which has a large measurement error, especially in the context of real-

world practice, and can only provide very intermittent data [9, 10, 11, 12]. SBP is the most used blood

pressure index amongst nurses and clinicians outside anaesthetics and critical care, as reflected by the

number of IDH definitions and studies which have focused near exclusively on it [6, 5, 13, 14, 15, 16].

However, non-invasive SBP has a far greater measurement error than non-invasive MAP when compared

to intra-arterial readings, and is particularly sensitive to changes in cu↵ size and position [10, 9, 12].

This may be partly because NIBP devices measure MAP directly, and SBP is then estimated using a

manufacturer-specific algorithm. Finger pulse wave methods of estimating blood pressures (e.g. the

Finometer) similarly su↵er from greater error for systolic readings, as systolic pressures change most

between central and peripheral arteries, and to highly variably degree depending on individual vessel

sti↵ness. Systolic pressures are unduly a↵ected by changes in arterial sti↵ness, which will alter pulse

pressures but not necessarily change downstream perfusion pressure. Whilst pulse pressure and systolic

pressures may be more prognostic as regards complications of long term hypertension in the elderly, MAP

is a more appropriate measure of adequate organ perfusion pressure during hypotension, yet has been

relatively ignored in the IDH literature [17, 18].
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Thirdly, it must be remembered that blood pressure is not the real index of interest. Returning

to physiological principles, measuring blood pressure is useful because it is a surrogate for downstream

tissue perfusion pressure, which is a surrogate for adequacy of cellular oxygen supply. Any increase in

mortality would be due to repeated end-organ ischaemia: leading to complications such as cardiac failure,

cognitive impairment, bacterial translocation across the gut, and ultimately mortality. However, the rela-

tionship between systemic blood pressures and tissue oxygen balance is not straightforward. Reductions

in regional blood flow may occur without any change in systemic blood pressure, due to compensatory

changes in arteriolar and venous tone, and this has been demonstrated even in the HD population [19, 20].

Moreover, reduced regional blood flow does not necessarily lead to cellular ischaemia: this depends on

the extent of the fall, the oxygen content of the blood, the functional capillary density, position on the

oxygen dissociation curve, cellular oxygen demand and mitochondrial health (i.e. capacity for aerobic

respiration) among other factors [21]. Any threshold for ischaemia is likely to vary between organs, and

between patients, depending on factors such as intact regional autoregulation.

1.3 Tissue Perfusion

Techniques to bypass systemic blood pressure and look directly at the adequacy of tissue oxygenation are

in early stages of development. There have been an explosion of studies investigating the microcirculation

and cellular/tissue oxygenation in the critical care literature, including key publications investigating the

relationship between MAP, tissue oxygenation and ultimately organ dysfunction or mortality [22, 21].

These studies are generally in the context of animal models or septic shock in critically ill patients

[23, 24, 25, 26]. The situation may be di↵erent in the outpatient HD population, who are more likely

to have intact endothelial function, autonomic function and autoregulation. Given that most methods

of measuring the microcirculation (or indeed macroscopic organ function) are invasive, expensive, inter-

mittent or highly operator-dependent, it is likely that blood pressure monitoring will be the standard for

routine outpatient HD treatment for the foreseeable future. Bearing this in mind, is it possible to identify

which blood pressure thresholds, if any, are associated with end-organ ischaemia or dysfunction in HD

patients, in order to find a more physiological and prognostic definition of IDH? There are a paucity of

studies which have examined the relationship between systemic blood pressure and either tissue oxygena-

tion, end-organ dysfunction or regional blood flow in HD patients; here I review the existing literature.
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1.3.1 Cardiac Perfusion

The majority of relevant studies have chosen the heart as the indicator downstream organ, using direct and

indirect measures of cardiac perfusion including ECG, myocardial perfusion scintigraphy, single-photon

emission computed tomography (SPECT), echocardiography, PET (positron emission tomography) and

MRI. Early studies using continuous ECG monitoring as a rough surrogate for adequate coronary per-

fusion found that asymptomatic ST depression during HD was a common phenomenon, even in patients

with normal coronary arteries [27, 28, 29]. One such study combined online ECG monitoring with SPECT

in 10 patients, scanning before and after the HD session, as well as at the onset of any ST depression.

They found that asymptomatic ST depression correlated with MAP; however, perfusion defects appeared

to have no relationship with either ST depression or blood pressure, frequently being present at baseline,

and in some cases resolving during dialysis. Similar results were reported from a crossover study in

20 patients, where scintography was used assess myocardial perfusion during HD as compared to HDF

(which generally a↵ords greater haemodynamic stability) [30]. Again most patients had perfusion defects

at baseline, which tended to increase in number and size during treatment (regardless of modality) but

sometimes resolved. There was no association between perfusion defects and blood pressure. The small

numbers and sparse haemodynamic data (infrequent NIBP) limits conclusions from both these myocar-

dial perfusion studies.

In a series of small, single centre studies, a UK group have demonstrated that regional wall motion

abnormalities (RMWAs) frequently develop during HD, and that this may be associated with magnitude

of blood pressure change [13, 14, 15, 16]. In the largest and most useful study, 70 prevalent patients

underwent monitoring with NIBP and two hourly echocardiography for a single dialysis session [13].

Maximum reduction in SBP was significantly associated with the development of RWMAs, along with

pre-dialysis (not post-dialysis) troponin, ultrafiltration volume and age. Pre-dialysis troponin and age

are likely to be markers of sicker patients with underlying cardiovascular disease, who may be prone to

both hypotension and to RWMAs independently. Knowledge of the temporal relationship between these

outcomes would be invaluable, but unfortunately echocardiograms and NIBP can only be performed

intermittently: therefore, it is equally possible that the RWMAs preceded rather than followed the blood

pressure changes. The majority of these patients underwent a second monitored session 12 months later:
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it was found that intra-dialytic RWMA development (though not specified if during the baseline or fol-

low up session) was associated with deteroration in resting ejection fraction at 12 months, as well as

the composite outcome of mortality and cardiovascular events. Though tantalising, the study was not

powered for hard outcomes (only 9 deaths occurred and 3 cardiovascular events, which were not defined),

and these outcomes certainly could not be attributed to hypotension.

Two further studies from this group were crossover trials in 10 and 11 patients respectively looking

at the impact of cooling dialysate, with each patient being monitored during one session with dialysate

at 35 degrees and another at 37 degrees [16, 14, 31]. Within the limits of the small numbers and single

level statistical methods (myocardial segments within the same individual being treated as independent

entities), cooling was associated with reduced RWMAs, but it was not clear that this was due to greater

systemic haemodynamic stability: serious and symptomatic hypotensions were not di↵erent between

groups, though minor instability with asymptomatic >10% drops in SBP (regardless of pre-dialysis SBP)

occurred more frequently in control sessions [16, 14].

Similarly, a number of small studies utilising cardiac MRI or MRI-PET have shown both global and

regional drops in myocardial perfusion during dialysis without evidence of haemodynamic instability,

though the study patients were few in number [20, 32]. It is possible that cardiac perfusion deficits, how-

ever measured, are simply markers of sicker patients with underlying cardiac dysfunction, rather than

being a consequence of intra-dialytic hypotension. The relationship of RWMAs with pre- rather than

post-dialysis troponin supports this hypothesis [13].

In summary, whether blood pressure changes are necessary or su�cient for RWMA development,

or whether any associated hypotension represents cause or e↵ect, remains unclear. The role of the my-

ocardium in generating blood pressure confounds its utility as an indicator organ for hypotension-induced

ischaemia.

1.3.2 Cerebral Perfusion

There has long been speculation that haemodynamic instability during HD leads to repetitive cerebral

ischaemia and consequent cognitive decline. Whilst there is certainly an association between duration
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of HD, ischaemic white matter changes and cognitive dysfunction, the evidence is of causation is weak.

Cognitive impairment and white matter abnormalities are independently associated in a dose-related

fashion with renal impairment per se, likely due to increasing burden of cerebral small vessel disease dis-

ease [33, 34, 35, 36]. Patients with cardiovascular disease may be both unstable on dialysis and prone to

subcortical cerebrovascular disease independently. It has been shown that HD patients with subcortical

white matter hyperintensities are at significantly greater risk of all cardiovascular events, independent of

traditional risk factors [37].

Validated cognitive function tests are be a convenient, non-invasive and clinically important mea-

sure of end-organ damage. A recent cross-sectional study found no independent association between

intra-dialytic blood pressure (using data from 12 sessions) and current cognitive function [38]. Another

cross-sectional study using data from the Frequent Hemodialysis Network trials reported similar findings:

whilst cognitive impairment and in particular executive dysfunction was common in HD patients, there

was no independent link with intra-dialytic haemodynamic measures [39].

An alternative approach to functional testing is cerebral imaging. A number of studies have found an

association between HD vintage and the burden of white matter abnormalities on MRI, particularly sub-

tle changes on di↵user tensor imaging (DTI) [40, 41, 42, 43]. Promising data comes from a single-centre

trial where 38 incident dialysis patients were randomised either to dialysis at 37 degrees or at 0.5 degrees

below core body temperature, and followed up for the development of white matter abnormalities [43].

They underwent DTI MRI and continuous blood pressure monitoring (for a single session) at baseline,

and again after 12 months of HD. The patients who had not undergonecooling had significantly more

white matter ultrastructural abnormalities relative to their personal baseline. Whilst cooling is expected

to improve haemodynamic stability by increasing peripheral vasoconstriction and venoconstriction, no

di↵erence was seen in blood pressure between groups in the monitored sessions, even using the very

sensitive definition of a drop of SBP of >10% from baseline. However, there was limited haemodynamic

data, and it cannot be assumed that the single monitored session at baseline was representative of the

subsequent 155 treatments, on average, to which each patient would have been exposed during the inter-

vention period. The clinical significance of these white matter changes was not assessed.

Proving a causative relationship between white matter ultrastructural abnormalities and IDH is dif-
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ficult: these imaging techniques do not allow real-time/continuous monitoring, corresponding haemo-

dynamic data is typically sparse, and most studies are cross-sectional. Moreover, whilst DTI is very

sensitive and specific for detecting ultrastructural changes in white matter, it cannot give an indication

as to pathogenesis: the indexes derived from DTI, e.g. fractional anisotropy, indicate a loss of struc-

tural integrity of nerve axons, which can be the end result of diverse processes including demyelination,

inflammation, oedema or ischaemia [40, 44]. Most studies have not explored the clinical significance

of any radiological abnormalities detected, though some have been able to demonstrate an association

between DTI detected white matter changes and measures of executive function and processing speed in

HD patients [41, 44].

In a di↵erent approach, Kobayashi et al looked directly at regional cerebral blood flow in 54 preva-

lent HD patients using SPECT, and correlated this with cognitive function. They reported a general

reduction in blood flow compared to healthy controls, which worsened with HD vintage. Unfortunately,

there was no intra-dialytic physiological data to indicate whether this was associated with blood pressure

changes [45]. Mini mental state exam (MMSE) score did not correlate with blood flow, but this is not

a sensitive test for cognitive impairment in HD patients, in whom the dysfunction is largely executive

[46, 47].

Some investigators have assessed the relationship between blood pressure and cerebral blood flow

during dialysis with transcranial Doppler (applied by a skilled operator over the middle cerebral artery

(MCA)), with mixed results. Most, but not all, studies report a decrease in MCA blood flow velocity

with HD [48, 49, 50, 51]. A major confounding factor is ultrafiltration-induced haemoconcentration,

which will alter velocity independently of oxygen carrying capacity. Another weakness of transcranial

Doppler is that measurements are usually intermittent, due to the requirement for a trained operator

and careful positioning of the probe. Two investigators have successfully performed transcranial Doppler

continuously throughout dialysis, finding that velocity is highly correlated with ultrafiltration volume

and blood volume changes, but not with blood pressure. [52, 53].

Near-infra-red spectroscopy (NIRS) is a continuous, non-invasive and automatic technique for mea-

suring tissue oxygenation which has existed for decades, but has only recently come into its own following

improvements in technology and awareness. Cerebral oximetry, or cerebral NIRS, relies on the fact that
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infrared light can penetrate the skull: changes in haemoglobin oxygen saturation in the frontal cortex

are estimated from the absorption of di↵erent wavelengths of near-infrared light by oxygenated and de-

oxygenated haemoglobin [54]. NIRS has been shown to correlate well with more invasive or operator

dependent measures of cerebral perfusion, including transcranial Doppler and functional MRI [55, 56].

To date, there has been limited data on the use of NIRS in dialysis patients. In agreement with SPECT

studies, baseline tissue oxygenation as measured by cerebral NIRS has been found to be significantly

lower in dialysis patients than normal controls, and may correlate with HD vintage [57, 58, 59]. A case

report described the use of real-time cerebral NIRS in a HD patient with carotid stenosis [60]. Cerebral

tissue oxygenation was found to drop in tandem with blood pressure until surgical revascularisation. Only

one other study has monitored cerebral NIRS during HD, for a single session in 18 consecutive patients:

cerebral oxygenation was unchanged and did not appear to be associated with blood pressure, but there

was no haemodynamic instability (and again only infrequent NIBP measurements) [57].

1.3.3 Splanchnic perfusion

The gut has been used as another ”indicator” organ of hypoperfusion during HD. The splanchnic circula-

tion may be compromised early in order to direct blood to more vital organs such as the brain and heart.

In a crossover study using radiolabelled erythrocytes, Yu et al demonstrated contraction of the splanchnic

circulation during rapid ultrafiltration on dialysis, but not during dialysis without fluid removal [61]. This

was a small study of 8 prevalent HD patients, and there was no haemodynamic instability in any sessions.

There has been speculation that elevated endotoxin levels in HD patients may be due to asymptomatic

gut ischaemia during treatment, leading to bacterial translocation across the gut wall. If confirmed, this

would be a convenient, non-invasive marker of end-organ ischaemia, which could be retrospectively cor-

related with blood pressure. However, endotoxin levels may be influenced by a myriad of factors beyond

gut ischaemia; renal impairment itself is associated with endotoxaemia, possibly due to phagocyte dys-

function (reduced clearance), fluid overload (with gut oedema), and increased incidence of cardiovascular

disease [62]. Once established on HD, the dialysis water serves as a second source of endotoxin [63]. This,

together with reduced residual renal function, is likely to account for a reported jump in endotoxin levels

in 18 incident HD patients [64]. A cross-sectional study reported that pre-dialysis, but not post-dialysis,

endotoxin levels were associated with the development of RWMAs and maximum SBP or DBP drop
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(assessed by NIBP) [64]. This suggests confounding by comorbidities: pre-existing cardiac dysfunction,

vascular disease, fluid overload or reduced residual renal function may predispose to both endotoxaemia

and haemodynamic instability on HD. Moreover, peritoneal dialysis patients, whose treatment does not

involve haemodynamic changes, had equally high levels of endotoxin [64]. Therefore it would appear that

endotoxin levels are not a reliable marker of gut hypoperfusion.

A study by Jakob et al has provided rare and invaluable direct measurements of splanchnic blood

flow and oxygen extraction during dialysis, albeit in acute renal failure [19]. Pulmonary artery, femoral

artery, femoral vein, radial artery and hepatic vein catheters were inserted into 9 haemodynamically

stable patients undergoing HD in a critical care environment. Splanchnic blood flow was estimated by

infusing indocyanine green dye via the femoral artery, resampling at the hepatic vein and radial artery,

and applying the Fick principle (see [65] for method). Cardiac output was estimated using thermodilu-

tion (Fick principle) via the pulmonary artery catheter. Systemic and regional oxygen consumptions were

estimated as the product of the relevant blood flow and arterio-venous oxygen di↵erence. In addition, the

adequacy of tissue oxygenation was simultaneously estimated using gastric tonometry. Gastric tonometry

is essentially a method of measuring gastric CO2 levels, which reflect mucosal PCO2 levels. When there is

inadequate mucosal perfusion, cells switch to anaerobic respiration, with accumulation of lactic acid: the

excess of hydrogen ions translate to a rise in tissue CO2 production. Arterial pH and PCO2 are measured

to adjust for any systemic changes. The authors found that stroke volume and splanchnic blood flow fell

during dialysis but blood pressure was maintained, reflecting a compensatory increase in venoconstriction

and peripheral vasoconstriction, and possibly redirection of blood elsewhere. Elegantly demonstrating

that reduced blood flow or perfusion does not necessarily equal ischaemia, splanchnic oxygen consump-

tion and gastric tonometry measures did not change. There is one other study of gastric tonometry in

dialysis, which concluded that HD patients significantly higher baseline gastric CO2 compared to controls

(controlling for systemic pH), but there was no corresponding haemodynamic data [66].

1.3.4 Other

Hinchli↵e et al performed continuous transcutaneous oxygen tension on the dorsum of the foot of 10

diabetic patients, and found a non-significant trend to reduced oxygenation during haemodialysis, but

no haemodynamic data was gathered. [67].
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1.3.5 Section Summary

In summary, the existing dialysis literature is of limited guidance in developing an evidence-based def-

inition for IDH, and has not reliably identified a blood pressure threshold associated with either tissue

ischaemia or hard outcomes such as mortality. Notably, the role of symptoms as a potentially valuable

indicator of tissue hypoxia has not been investigated at all. The limitations of NIBP frequently impact on

the quality of research in this area, and an a↵ordable method of non-invasive continuous blood pressure

measurement is highly desirable. Techniques to bypass systemic blood pressure and look directly at the

adequacy of tissue oxygenation are in early stages of development, and with the possible exception of

NIRS, they would not be suitable for routine outpatient dialysis monitoring.

1.4 Preventing adverse events on haemodialysis

There are various potential strategies to both predict and prevent hypotension during dialysis, most of

which have been extensively reviewed in recent literature [68, 69]. Interventions to counteract haemo-

dynamic instability include varying the dialysate sodium concentration, cooling the dialysate, reducing

the speed of ultrafiltration or adding in a convective component to treatment (i.e. HDF). If frank de-

compensation occurs, the patient is usually lowered into the Trendelenberg position and given a fluid

bolus. Ideally intervention should occur before this point, and a number of physiological parameters

have been investigated for their potential to o↵er early warning of deterioration. Variables which have

been reported to predict intra-dialytic haemodynamic instability include relative blood volume (RBV),

variability of peripheral saturations, heart rate variability (HRV), amplitude of the pulse plethysmogram

(PPG), blood pressure trend, or non-invasive surrogates for continuous blood pressure including pulse

transit time (PTT) [70, 71, 72, 73, 74, 75, 76]. RBV is essentially the change in haematocrit from

baseline, and reflects intravascular refilling from the interstitial space in response to ultrafiltration. Of

these predictors, only RBV and blood pressure have been prospectively tested in patients; the others

remain theoretical, derived using machine learning techniques applied retrospectively to small databases.

Patient and event heterogeneity are problematic: for example, the RBV at which decompensation occurs

is hugely variable, certainly between (and probably within) patients, and can be confounded by other
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physiological factors [70].

There have been a number of trials of ”biofeedback dialysis”, where an input signal with informa-

tion about the patient’s physiology is used to adjust the dialysate conductivity or ultrafiltration rate

accordingly, in order to prevent overt hypotension [76]. The input is occasionally blood pressure (which

problematically becomes both predictor and outcome) but more commonly RBV, which can be measured

online and continuously. There is considerable disagreement as to the predictive value of RBV changes

[70, 77]. Nevertheless, a recent meta-analysis of existing biofeedback trials found that overall, biofeedback

dialysis did appear to improve haemodynamic stability (albeit very variably defined), but warned that

the studies were small and of poor quality, with no hard outcomes [76].

Cooled dialysate and convective modalities can improve cardiovascular stability compared to stan-

dard di↵usive dialysis with dialysate temperature at 37 degrees [78, 69]. The improved haemodynamic

stability seen with convective techniques is probably due to a cooling e↵ect [79]. Cooling and online HDF

are not more expensive than standard dialysis [80] . Although cooling is generally well tolerated, some

patients will develop unpleasant symptoms related to falling body temperature. Cooling and convection

are slow acting interventions, and thus cannot easily be applied in response to deterioration as part of

a biofeedback loop: rather they are set as part of the fixed dialysis prescription and applied throughout

treatment, regardless of physiological information.

Similar to the biofeedback techniques, both HDF and cooling reduce rather than abrogate adverse

events [81, 7, 69]. For example, a real-world, prospective, observational study comparing cooled dialysis

to HDF found that 16.5% and 25.9% of sessions respectively were still a↵ected by IDH [81]. In addition,

as with biofeedback dialysis, HDF and cooling have not been shown to improve hard outcomes. This

may be because most studies have looked at preventing hypotension rather than preventing ischaemia or

organ dysfunction, which might be expected to correlate more closely with morbidity and mortality. The

exceptions are the small cooling trials discussed above, whose primary outcomes were markers of end-

organ damage, but these were not powered to examine long term morbidity or mortality [43, 14, 16, 31].

The heterogeneity of the underlying pathogenesis of dialysis-induced hypotension and/or ischaemia

may be responsible for the mixed results in the predictive and interventional studies. Any one physio-
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logical variable is unlikely to reliably anticipate hypotensive/ischaemic events in every session in every

patient, and similarly any one intervention is unlikely to be appropriate for all adverse events. It is

unrealistic to prevent all IDH, given that intra-dialytic fluid gains (reflecting patient salt intake) may

sometimes be too large to allow safe removal over 4 or 5 hours by any technique. Cooling may particu-

larly benefit patients with impaired autonomic function, who are sensitive to heat-induced vasodilation,

whereas reduced ultrafiltration would be more suitable for patients that have become truly intravascu-

larly deplete. The physiology of these two groups of patients would be quite distinct. The ideal would

be a system that could detect early deviation from the expected, compensated physiological trajectory

for a given ultrafiltration volume in a given patient, using multiple physiological inputs.

A precedent for this approach is a so called ”data fusion” algorithm developed in the Institute of

Biomedical Engineering at Oxford University, which may have value in the early identification of criti-

cally ill patients [82]. This algorithm fuses five vital signs (blood pressure, pulse, respiratory rate, oxygen

saturation, skin temperature) and compares the distributions of these vital signs (in a five dimensional

space) with a pre-defined normal zone: when a threshold deviation from normality is reached, an alert is

generated, allowing pre-emptive medical intervention. Preliminary clinical data suggests that the com-

bination of physiological inputs provides an earlier and more sensitive warning of patient deterioration

[83, 84]. As HD is a relatively reproducible physiological event that takes place in the same patient

multiple times, it should be possible to identify which physiological patterns are normal for an individual

patient, and which precede the occurrence of symptoms and clinical events.

1.5 Summary

Intra-dialytic haemodynamic instability is a common and disabling problem which increases nursing

workload, but there is no definition which consistently or strongly associates with hard patient outcomes.

There are interventions which can prevent intra-dialytic instability, but to optimise performance they

need to anticipate the onset of hypotension, and be tailored to the underlying physiological abnormality.

A number of approaches have been taken to predict the onset of hypotension using univariate physiolog-

ical parameters at the population level, but results have been mixed.

A more physiological approach would be to look beyond intra-dialytic blood pressure at intra-dialytic
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organ perfusion and oxygenation, which would be expected to correlate more closely with morbidity and

mortality. Given the ease and familiarity of measuring blood pressure over the complexity and expense

of measuring tissue oxygenation, it would be ideal if the blood pressure threshold typically associated

with downstream tissue hypoxia in HD patients could be identified. However, the literature investigat-

ing end-organ ischaemia or dysfunction during HD is sparse, and there is not enough data for such an

estimate. Moreover the threshold is likely to vary substantially between patients, particularly given the

huge heterogeneity of the dialysis population. The ideal would be to anticipate and prevent end-organ

ischaemia itself rather than its surrogate hypotension. There are precedents to suggest that a multi-

variate physiological model, particularly one personalised to the individual patient, would have superior

predictive power to the current univariate approaches.

To recap the primary objectives of this thesis, therefore:-

• To model the dynamic relationship between blood pressure, real-time symptoms, and downstream

organ ischaemia during haemodialysis, in order to identify the most physiologically grounded, prog-

nostic definition of intra-dialytic haemodynamic instability.

• To predict the development of intra-dialytic hypotension and/or cerebral ischaemia using per-

sonalised, probabilistic models of multivariate, continuous physiological data, ultimately working

towards an early warning system for significant intra-dialytic adverse events (as defined in part

one).
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Chapter 2

Generic Methods and Data collection

2.1 Trial Structure

All patients were eligible provided they had been established on HD for at least a month, were over 18

years of age, and were able to give consent. In total, 60 patients were recruited. The majority of patients

(39) were unstable, defined as the need for nursing intervention (regardless of symptoms) on at least two

occasions in the month preceding the study. The remainder were recruited as more stable controls for

comparison and underwent slightly less monitoring, as outlined below. Continuous physiological data was

prospectively gathered from each patient on consecutive HD sessions for a month, aiming for a minimum

of 9 monitored treatments per patient. Ultimately, data was gathered from 635 HD sessions in 58 of

patients: 85% of unstable patients and 81% of stable patients had successful data collection from 9 or

more sessions.

At baseline all patients underwent physical assessment of dry weight, cognitive assessment using the

modified mini-mental state test (3MS) and the Trail Making Test B (TTB), and screening for depression

using the Patient Health Questionnaire (PHQ-9). Demographic data gathered included: age, sex, HD

access (central line (Tesio) or arterio-venous fistula (AVF)), HD vintage, ESRF vintage, renal diagnosis,

presence/duration of diabetes, cerebrovascular disease (CVD, i.e. previous transient ischaemic attack or

stroke), known ischaemic heart disease (IHD, categorized into medically managed, need for angiographic

intervention and need for surgical intervention), presence of peripheral vascular disease (PVD), current

medications, erythropoetin responsiveness (index based on dose/weight), alcohol and smoking history,

education level, socioeconomic class, marital status, exercise tolerance, independence of activities of daily
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living and dialysis prescription. Laboratory data included serum albumin, haemoglobin, calcium, and

dialysis adequacy (kt/V, a dimensionless measure of clearance normalised to body water volume).

All patients were followed up for two years after enrolment, with short cognitive tests repeated at 12

months if still alive.

All patients underwent monitoring of:

• Continuous blood pressure (volume-clamp method, Finometer Pro or Finometer Midi, Finometer

Medical Supplies)

• Continuous cerebral tissue oxygenation (Cerebral NIRS, INVOS system, Covidien)

• 30 minute NIBP (Oscillometry, BBraun)

• Continuous RBV and access saturations (Crit-Line, Fresenius)

• Continuous dialysis machine parameter monitoring including access pressures, ultrafiltration rate/volume,

blood flow and dialysate flow (Nexadia software, Braun).

The unstable patients were additionally monitored for:

• Continuous cardiac output (Finometer Pro, calibrated by ultrasound dilution performed at baseline

and 2 hours, Transonic HD03 monitor, Kimal)

• Respiratory rate, ECG, PPG, PTT and pulse oximetry (Visi Black Shadow, Stowood Scientific

Instruments)

• Real-time recording of type, onset and o↵set of symptoms, with a patient-friendly computer inter-

face and response pad (Cedrus handset with Superlab software)

Any symptoms in the stable group were recorded on paper notes. If the Finometers failed for any

reason, NIBPs were taken every 15 minutes until resolution. If patients required nursing attention or

intervention for symptoms, they were able to attract the attention of their dialysis nurse with their call

28



bell as usual. Dialysis nurses made medical records as per standard practice on a purpose-designed flow

sheet: data gathered included nursing interventions (e.g. saline infusion, bed tipping, slowing down ul-

trafiltration rate), symptoms reported and any concerns about the patient. As part of a related study,

the unstable patients were also filmed during dialysis with a high resolution camera. One computer was

used as a time server to all other devices in order to ensure that the multiple data streams were tightly

synchronised. The Crit-Line monitor alone could not be linked into the multiple computer network, but

was synchronised with the time server every morning. Any paper-recorded symptoms alone had potential

for error, but where accompanied by an intervention, the timestamp could be confirmed from changes in

dialysis machine parameters.

2.1.1 Dialysis procedures

Outpatient HD or HDF treatments on our unit are performed Monday to Saturday with three slots

every day: the morning group starts at 7am, the afternoon group at 12 noon, and the twilight group

at 5pm. Eight individuals underwent HDF and the remainder HD, all with Dialog+ Haemodialysis Sys-

tems, (BBraun). For HD we used high flux BBraun Diacap polysulfone dialysers, either the PS18 High

(membrane area 1.8m2, K
UF

55 ml/hr/mmHg, K0A 911 ml/min) or PS20 High (membrane area 2.0m2,

K
UF

58 ml/hr/mmHg, K0A 1005 ml/min) depending on clearance requirements. For HDF we used the

Fresenius polysulfone FX100 dialyser (membrane area 2.2m2, K
UF

73 ml/hr/mmHg, K0A 1351 ml/min).

No alterations were made to usual dialysis prescriptions: blood flow (Qb), dialysate flow (Qd), acid

concentrate, and the filter itself were individualised according to patient characteristics and monthly

bloods, including KT/V. Qd was 500-800ml/min in all cases. Qb for tesios was usually 250-300ml/min,

and for arteriovenous fistulae 250-400ml/min depending on fistula characteristics and clearance require-

ments. The acid concentrates in use (BBraun) could provide a dialysate sodium 135-140mmol/L, potas-

sium 2-4mmol/L, ionised calcium 1.25-1.75mmol/L, magnesium 0.5-1.0mmol/L, acetate 2-3mmol/L, chlo-

ride 100-116mmol/L, and glucose 1g/L. Bicarbonate was provided with the BBraun Sol-cart B cartridge,

which produced a dialysate bicarbonate of 32-36mmol/L. The temperature of the dialysate was matched

to the temperature of the patient (measured using ear probe at the start of each session) except for

those with repeated intra-dialytic hypotension, in which case it would be set to 1oC lower than body

temperature. For patients undergoing HDF, replacement fluid was given pre-dilution at a starting rate
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of 30% of Qb, increased up to 60% of Qb if needed for clearance. The main reason for switching from

HD to HDF in our unit is refractory intra-dialytic hypotension despite cooling of dialysate, usually in

those with severe cardiovascular disease.

Clinical sta↵ and patients were blinded to all data except RBV and NIBP, so this could not influence

symptom reporting or intervention. Oscillometry was performed automatically every 30 minutes and

displayed on the front of the dialysis machine.

2.2 Measurement techniques

2.2.1 Finometer

Continuous blood pressure monitoring was achieved using Finometer devices, which detects blood pres-

sure using volume clamp technology [85]. The patient wears a finger cu↵ which incorporates an inflatable

bladder in combination with an infra-red plethysmograph. The point of maximum arterial unloading

is determined, i.e. when cu↵ pressure equals intra-arterial pressure so that transmural pressure across

the arterial walls is zero. The arterial diameter at this cu↵ pressure is estimated from the absorption

of infra-red light. The artery is then ”clamped” at this diameter by varying the cu↵ pressure so as to

dynamically unload the finger arterial walls: the cu↵ pressure is therefore an indirect measure of intra-

arterial pressure. There are regular automatic recalibrations of arterial size to compensate for changes in

smooth muscle tone and haematocrit, so-called Physiocal calibrations. The interval between calibrations

is determined by the signal quality and stability. A transforming function is applied to the finger arterial

pressure waveform to estimate the brachial arterial pressure waveform, and a height sensor corrects for

position of the finger relative to the heart. The Finometer devices have been extensively validated against

intra-arterial measurements in several populations [86, 87, 88, 89, 90, 91, 92, 93]. They have also been

used by a number of groups to monitor continuous blood pressure in the dialysis population, in whom

readings correlate reasonably well with blood pressures measured by non-invasive oscillometric techniques

[20, 94, 95, 31]. The more recent Finometer models use ”Return to Flow” (RTF) calibration to refine

the absolute systolic estimate, which has the most error (due to di↵erences in pulse pressure between

patients). An upper arm cu↵ occludes the brachial artery completely, and the arm cu↵ pressure at which

flow returns to the finger signals the systolic intra-arterial brachial pressure, allowing adjustment of the
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Finometer estimate. All unstable patients in the trial underwent regular RTF calibrations. Although

most of the stable patients used an earlier model of the Finometer, absolute mean and diastolic pressures

(as well as trends for all indices) have been shown to meet British Hypertension Society (BHS) and

US Association for the Advancement of Medical Instrumentation (AAMI) standards even without RTF

calibration [87].

The Finometer gives an estimate of continuous cardiac output measurement derived from a pulse

contour analysis algorithm, with estimation of aortic diameter refined by demographic data [85]. How-

ever, the Finometer is better at detecting relative changes in cardiac output, and a gold standard method

is still needed to obtain absolute values [96, 97]: we therefore used ultrasound dilution to calibrate the

Finometer cardiac output, as outlined below.

In this trial, the Finometer finger cu↵ was sized to the individual patient, and positioned on the

non-AVF arm. Hand warmers were used when necessary to improve signal. Fingers were rotated for

patient comfort.

2.2.2 Transonic monitor

In dialysis patients dialysing via an AVF, ultrasound dilution (measured using a Transonic device) is a

validated technique for acquiring accurate absolute values for cardiac output, but it can only be done

intermittently [98]. The blood flow through the dialysis circuit is set at a fixed rate (200ml/min). A

known volume of warmed saline is injected into the dialysis venous line, just before re-entry into the

patient’s circulation. This bolus then circulates through the patient, mixing fully in the left atrium,

and returning to the dialysis arterial line. Doppler is used to measure the speed of blood flow in the

venous and arterial lines over a minute following the injection. Reduced haematocrit resulting from a

fluid bolus will proportionally increase the speed of flow depending on how much the fluid has diluted

the blood. For the blood returning to the arterial line, this depends on the flow of blood at the point of

maximum mixing, i.e. the cardiac output. Comparing the signal at the arterial and venous lines allows

the ratio of dialysis circuit flow to cardiac output to be calculated. This technique can only be used where

there is no access recirculation, i.e. a well functioning arteriovenous fistula. In suitable patients, we used

ultrasound dilution to calibrate the Finometer cardiac output readings at 0 and 2 hours into each session.
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2.2.3 Near-infrared Spectroscopy

Cerebral NIRS (Covidien, INVOS device) was used as a continuous, non-invasive measure of cerebral

tissue oxygenation during HD, providing a measure of the adequacy of major organ perfusion down-

stream from blood pressure. Cerebral NIRS relies on the fact that infra-red light can penetrate the

skull: changes in haemoglobin oxygen saturation in the frontal cortex are estimated from the absorption

of di↵erent wavelengths of near-infra-red light by oxygenated and deoxygenated haemoglobin [54]. The

INVOS device uses two wavelengths of light at 730 and 810 nm, either side of the isosbestic point (the

wavelength absorbed equally well by oxygenated and deoxygenated haemoglobin). In addition, it uses

two photodiode detectors at a distance of 3 and 4 cm, a technique called spatially resolved spectroscopy.

The light reaching the proximal detector has taken a shallower course through the more superficial tissues

such as the scalp and skull, whilst the signal at the distal detector has passed through both superficial

and deep tissues: by subtracting the proximal from the distal signal, the oxygen saturation from cortical

tissues can be isolated. Scattering of light by the skull and other tissues means that the true path length

of light is not known, therefore it is di�cult to estimate absolute values of oxygenated haemoglobin,

though there are a number of algorithms in use to model scattering.

Cerebral NIRS has been shown to correlate well with more invasive or operator dependent measures

of cerebral perfusion, including transcranial Doppler and functional MRI [55, 56]. Moreover desaturation

detected by NIRS is associated with hard outcomes. In surgical populations, the length and severity of

intra-operative cerebral desaturation as measured by cerebral NIRS correlates with post-operative decline

in cognitive function, as measured by the MMSE and similar tests [99, 100, 101, 102]. In addition, cerebral

desaturation appears to correlate with measures of other organ failure (eg length of intensive care stay,

cardiac events, ventilator days and acute kidney injury) suggesting that the brain may serve as a useful

index organ, in other words, that cerebral tissue oxygenation is a marker of a more widespread systemic

insult [103, 104, 105, 106]. There are not enough randomised controlled trials yet to be certain that

improving NIRS-measured tissue oxygenation improves outcomes, but summated results are promising

[107]. There is increasing experience with cerebral NIRS as a monitor of cerebral oxygenation in non-

surgical situations, eg after stroke or traumatic brain injury, during exercise, and at altitude [108, 109].
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The INVOS sensor was placed on one side of the forehead, after cleaning of the skin. If the case

of previous anterior circulation stroke, the non-a↵ected hemisphere was chosen. All patients underwent

clinical examination for carotid stenosis at baseline, and if positively identified, the opposite hemisphere

was used. There was a large range of baseline cerebral oxygenation values. Therefore we did not use

absolute but relative change in oxygenation from baseline to allow comparison across the population.

2.2.4 Visi Black Shadow

The Visi Black Shadow (Stowood Scientific Instruments) is a small portable monitor which was used to

gather continuous three lead ECG, finger PPG, pulse oximetry and respiratory rate (using an individually

fitted inductance belt). PTT was also outputted using an algorithm based on the distance from the R

wave to the PPG upstroke.

2.2.5 Cognitive function tests

The 3MS is a test of global cognitive function including concentration, language, praxis, and memory.

The TTB is a test of executive function, cognitive flexibility and processing speed. The PHQ-9 is a

validated screening tool for depression, which may a↵ect performance on the 3MS and TTB. Most in-

vestigators have found that cognitive dysfunction in dialysis patients is largely executive, eg. planning,

managing time and space [35, 47]. Although the MMSE and 3MS have been widely validated as mea-

sures of global cognitive function, with components for orientation, language, attention and memory,

they are less sensitive for detecting executive dysfunction. Conversely, the Trails Tests specifically assess

executive function and processing speed. All of these assessments have been employed extensively in the

dialysis population [110, 111, 47, 39]. They are not significantly di↵erent before and after dialysis, and

repeatability is reasonable [46, 112, 113].
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2.3 Signal Quality Indexes (SQI)

2.3.1 Finometer SQI

The Finometer waveform (data recorded at 200Hz) was divided into 30 second windows, with a sliding

interval of 5 seconds. Physiocal calibrations were detected by searching for a square wave signal. The

interval between Physiocal calibrations depends on the quality and stability of the PPG signal, and each

calibration takes approximately 2 seconds. If more than 7.5 seconds in a given window consisted of cali-

brations, an SQI of 0 (poor) was assigned. The remaining windows underwent removal of outliers (+/-

3 standard deviations from the mean amplitude for each window): if there was more than 0.5 seconds of

outlying values, an SQI of 0 was assigned. A peak detector was then applied using a maximum/minimum

threshold technique, with an initialisation period of 1.5 seconds to detect a sample peak and trough:

subsequent peaks were discounted if they did not reach 40% of the preceding peak-trough amplitude.

Windows with a physiologically implausible heart rate were assigned an SQI of 0. The waveform quality

of remaining windows was assessed with a correlation method: the minimum acceptable average correla-

tion coe�cient was set at 0.8.

2.3.2 Belt SQI

The SQI for the belt waveform was based on the combination of two methods for assessing the degree of

sinusoidality, and was originally designed by Dr David Clifton at the IBME, Oxford University, with some

adaptations for the current data. The belt waveform was detrended and subject to a low pass filter, after

removal of extreme outliers (+/- 2 standard deviations from the mean amplitude for an entire session

recording). The waveform was analysed in 60 second windows. The 4096 point discrete Fourier transform

(FFT) for each window of filtered waveform was calculated (belt data recorded at 64Hz, so there are

3840 data points over 60 seconds, and the next power of 2 is 4096). Cut-o↵ points were chosen as the

frequencies corresponding to breathing rates between 8 and 35. The spectrum between these cut-o↵s was

divided into 0.0624Hz intervals (roughly 4 breaths per minute), and the power summed for each interval.

The interval with the maximum summed power was selected, and the summed power for this interval

was divided by the total summed power for all intervals. This was the first signal quality indicator (SQI-

FFT). The waveform was then downsampled to 2 Hz using spline interpolation, and the autoregression

spectrum and poles (using order 7) found for each downsampled window. The breathing rate was taken
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as the dominant pole between frequencies corresponding to 8 and 35 breaths per minute. The autore-

gression calculation was repeated using order 5 in order to establish the two most dominant poles. The

second quality measure was the amplitude of the dominant pole (i.e. the estimated the breathing rate)

divided by the amplitude of the second largest pole (SQI-AR). The combination of an SQI-FFT >0.3

and SQI-AR >1.1 and <2.7 was required for a window of belt waveform to be assigned an SQI of 1 (good).

2.3.3 PPG SQI

The PPG waveform was analysed in 15 second windows, with a 5 second sliding interval. Extreme out-

lying values were removed (+/- 2 standard deviations from the mean amplitude for an entire session

recording). A peak detector was then applied using a maximum/minimum threshold technique, with an

initialisation period of 1.5 seconds to detect a sample peak and trough: subsequent peaks were discounted

if they did not reach 30% of the preceding peak-trough amplitude. Windows with a physiologically im-

plausible heart rate were assigned an SQI of 0. The quality of the waveform of remaining windows was

assessed with a correlation method: the average correlation coe�cient between beats had to be 0.8 or

above for the window to be assigned an SQI of 1.

2.3.4 ECG SQI

The ECG was analysed in 120 second windows, with a 30 second sliding interval. The raw ECG was

band pass filtered between 3-25Hz to remove low and very high frequency noise (mains frequency, muscle

tremor). Although the cardiac frequency falls below the lower limit, any QRS complexes are su�ciently

large by comparison to the baseline wander that they are attenuated rather than removed. The filtered

data was then di↵erentiated, squared and integrated to exaggerate the signal from QRS peaks. A peak

detector based on a modification of the Hamilton-Tomkins algorithm was used [114]. Once peaks were de-

tected on the filtered ECG signal, the amplitude and width of the associated QRS complex was compared

to that expected for a QRS complex in that patient. If the peak passed this assessment, the morphology

of the QRS complex was compared to previous complexes. Only if the correlation was su�cient was the

peak deemed to be a true ”R”. QRS complexes that were too wide, too high, or otherwise failed the

correlation criteria were labelled as low quality complexes. Peaks in the signal that were three times

higher than the maximum expected for a QRS were labelled as artefact (likely to be due to movement).
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If a 120 second window was identified as having more than 10 low quality complexes , or more than 10

physiologically implausible or outlying RR intervals (more than 2.58 standard deviations away from the

mean for that window ), then that window was not used for analysis.

2.4 Demographics

The demographics and baseline parameters for the 60 recruited patients are shown in Table 2.1.

2.5 Statistics and Modelling Overview

Statistical modelling and analysis was all done with the programmes Matlab and R. The detailed method-

ology for each individual question is outlined in the relevant results chapter, but an overview is given here.

In all cases, statistical significance was considered to be a p value of 0.05 or less. Correlation statistics,

linear regression and Bland-Altman plots were used to assess the agreement between di↵erent methods

of measuring the same physiological variable. For simple comparison of means of normally distributed

continuous variables, the appropriate Student’s t test was used. If the variable was continuous but not

normally distributed, the Wilcoxon rank sum or Kolmogorov-Smirnov test was used to detect location

shift. The Pearson’s chi squared test was used to compare counts of categorical variables between groups.

Performance of binary classifiers was assessed using ROC curves (sensitivity and specificity) and recall-

precision curves (sensitivity and positive predictive value (PPV)), e.g. MAP threshold to classify presence

or absence of cerebral ischaemia.

Linear regression was used to model continuous outcome variables, after appropriate transformation

of covariates to ensure a linear relationship with the dependent variable. Ordinary least squares was

used to estimate covariates. Goodness of model fit was initially assessed with the adjusted R2 measure

(essentially the proportion of total variance which is explained by the model, adjusted for the number

of covariates). Checks were performed to ensure normal distribution and homoscedasticity of residuals.

Competing models were compared for goodness of fit to the data using the log likelihood ratio statistic,

tested against a chi square distribution. Where there were multiple measures within the same patient,

multilevel linear regression was tested.
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Table 2.1: Demographics

Age [years (median, IQR)] 60.0 (51.5-76.0)
Sex (% male) 76.7
Race (% Caucasian) 86.7
Duration ESRF [years (median,IQR)] 20.5 (7.5-42)
Duration HD [months (median, IQR)] 19 (5-41)

Renal Diagnosis (%)

Diabetic Nephropathy 21.7
Hypertensive/Renovascular Disease 16.7
Glomerulonephritis 31.7
Polycystic Kidney Disease 3.3

Access (%)
Tesio 26.7
Fistula 73.3

Regular Alcohol Consumption (%) 15.4
Current Smoker (%) 20.0

Marital Status (%)
Married/Partner 46.7
Widowed/Separated 33.3
Single 20.0

Education (%)
O level/equivalent or above 60.0
A level/equivalent or above 35.3
University level 16.7

Socioeconomic class* (%)
Class 1-2 26.7
Class 3 28.3
Class 4-5 45.0

Known CVD (%) 15.0
Known IHD (%) 30.0
Known PVD (%) 8.3

Diabetes (%)
Any form 38.3
Insulin dependent 16.7
Type 1 10.0

Anti-hypertensives (%)
ACE/ARB 20.0
Beta Blocker 21.7
Other 40.0

Darbopoetin Dose (%)
Responsive (<0.45 mcg/kg/week) 55.0
Intermediate 35.0
Resistant (>1 mcg/kg/week) 9.9

Statin use (%) 65.0
Anti-platelet use (%) 50.0

Haemoglobin [g/dL (median, IQR)] 11.05 (9.2-12.8)
Total Calcium [mmol/L (median, IQR)] 2.30 (2.22-2.39)
Total Albumin [g/L (median, IQR)] 38.0 (35.0-40.0)
KT/V (median, IQR) 1.51 (1.23-1.66)

*based on occupation, NS-SEC [115]
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Generalised linear models (GLMs) were used for categorical outcome variables, with an appropri-

ate link function (usually logit or Poisson depending on the distribution of the dependent variable).

Iteratively re-weighted least squares was used to find the maximum likelihood estimates for covariates.

Goodness of model fit was initially assessed with Akaike’s Information Criteria and the residual deviance.

Competing models were compared for goodness of fit to the data using the log likelihood ratio statistic,

tested against a chi square distribution. Where there were multiple measures within the same patient,

mixed modelling was used.

For the comparison of probability distributions of univariate physiological data from normal and

eventful HD sessions, Kullback-Leibler or Kolmogorov-Smirnov tests were applied. For multivariate

analysis, data fusion techniques were used to create multidimensional probabilistic models of normality.

The neuroscale algorithm, a radial basis function neural network, was used to map the multidimensional

data to a two dimensional space, for ease of visualisation [116]. The neuroscale method first represents

input data (here the data from normal HD sessions) as a Gaussian mixture model with a set number of

”centres”, determined by the Expectation-Maximisation algorithm. Each centre then becomes the centre

for a Gaussian radial basis function. Essentially each input data point ”activates” each centre according

to distance from that centre. The final two dimensional output of the network is a linear combination

of weighted outputs from the radial basis functions, the weights being determined by Sammon mapping

to minimise the ”stress” (basically Euclidean distance) between the multi-and two-dimensional repre-

sentations of each data point. New data (i.e. from a new HD session) can then be fed into the neural

network, and plotted against the ”normal” map . In this way, early deviations from the predefined zone

of normality for a given patient at a given stage of HD could be detected.
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Chapter 3

Association of blood pressure with

cerebral ischaemia and symptoms

during haemodialysis

3.1 Introduction

As discussed in the Introduction chapter, it has proved di�cult to prove that IDH is associated with

hard outcomes. To date, only one definition of IDH has been linked with an independently increased

risk of mortality, namely an intradialytic SBP nadir below 90mmHg, and this in a retrospective review

of datasets with limited blood pressure and symptom data [4]. Rather than looking at epidemiolog-

ical data, we have taken a complementary, physiological approach to the problem, and prospectively

and continuously monitored blood pressure, real-time symptoms and cerebral NIRS in a large number

of haemodialysis sessions. As outlined in the Methods chapter, cerebral NIRS is not only a validated

measure of regional cerebral tissue oxygenation (rSO2), but has been shown to correlate with ischaemic

impairment of other organs [103, 104, 105, 106]. Our objective was to assess the relationship between

blood pressure, symptoms, and downstream organ ischaemia in order to 1) identify which if any blood

pressure threshold, absolute or relative, best predicted tissue hypoxia during dialysis on the population

level, and 2) identify whether the presence of symptoms improved this prediction.
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3.2 Methods

See the Methods chapter for details of the trial and data collection. Continuous blood pressure monitor-

ing was performed using the Finometer device. The beat-to-beat blood pressure data was processed by

removal of extreme outliers (3 standard deviations from mean or more) and low pass filtering (Hamming

window based with cuto↵ 0.083Hz) to attenuate high frequency noise. Data was discarded if it did not

meet the standards of an SQI based on waveform quality, as described in the methods chapter. Miss-

ing segments were not interpolated. Blood pressure data was downsampled to a frequency of 0.0167Hz

(i.e. one data point every minute) for the analyses in this chapter. For stable patients with the older

Finometer model, baseline blood pressure was defined as the median value from a window beginning 2

minutes after recording start (to allow time for Physiocal calibration) and ending at the point of bleed-

out, i.e. when the patient’s blood enters the dialysis circuit and treatment commences. For the unstable

patients with the Finometer Pro, the start point of the window was instead completion of RTF calibration.

Cerebral rSO2 was measured with the INVOS NIRS device, sampled at 5 second intervals. Data was

processed with removal of extreme outliers (4 standard deviations from mean or more) and application of

a low pass filter (Hamming window based with cuto↵ 0.083Hz) to attenuate noise. Data was downsam-

pled to a frequency of 0.0167Hz for the analyses in this chapter. Baseline rSO2 was taken as the median

of good quality data spanning the first 2-6 minutes of recording.

There is no consensus on the rSO2 cuto↵ value which should be considered abnormal or harmful.

Healthy baseline values in the general population range from 60 to 80%. Thresholds for cerebral is-

chaemia have included absolute rSO2 ranging from 40 to 60%, absolute drops from baseline ranging from

15 to 25%, and relative drops from baseline ranging from 20 to 30% [117, 118]. However, some have

suggested that an absolute drop of 10% should be the point for intervention, given that there appears

to be definite harm once a 15% drop occurs [117]. In our dialysis population, although baseline rSO2

was still normally distributed, it was markedly shifted to the left: the 5th and 95th percentiles for rSO2

were 35% and 67% respectively, with mean 52%. An absolute drop of 10% is likely to have di↵erent

significance for a population with a mean baseline rSO2 of 70% and a population with a mean baseline

of 52%, representing a 14% and a 27% relative change in oxygenation respectively. Therefore, accepting

the limitations of any arbitrary threshold, we chose a relative drop of 15% of the baseline value as the

cuto↵ for potential cerebral ischaemia.
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3.2.1 Analysis 1: Overview of association between MAP thresholds and adverse

events

For the first part of the analysis, we identified drops in MAP below predefined thresholds, and then looked

for temporally related symptoms, interventions or new onset cerebral desaturation. The aim of this anal-

ysis was to get an overview of the frequency of MAP drops, and temporally associated consequences.

The thresholds were either absolute (e.g. 90mmHg, 80mmHg, 70mmHg, 60mmHg, 50mmHg ,40mmHg)

or relative to baseline (e.g. -10mmHg, -15mmHg, -20mmHg, -25mmHg, -30mmHg, -40mmHg), and had

to be sustained for a minimum of 2 minutes. Recovery was defined as the sustained return of MAP to

above the threshold, again for a minimum of 2 minutes. New onset ischaemia was defined as a sustained

(2 minutes minimum) drop in rSO2 below the 15% threshold within a window of -10 to +20 mins around

the MAP change. If oxygenation had already dropped 15% or more from baseline before start of this

window, temporally related ischaemia was defined as a further 5% drop, e.g. from 20 to 25%. Symptoms

had to occur within a window of +/-20 minutes. These windows include a short anticipatory period

as the thresholds are arbitrary, and in addition, symptoms may precede a decompensation. This strict

protocol was designed to assess the temporal relationship between phenomena. For comparison, data

segments of the same length (30 minutes) where the MAP did not fall below the given threshold were

used as controls. The control segments were taken from sessions where the MAP remained above the

threshold throughout, or from sessions before the first drop occurred.

3.2.2 Analysis 2: Sensitivity, specificity and predictive value of MAP changes for

cerebral ischaemia

The key event for this analysis was the achievement of rSO2 threshold rather than blood pressure thresh-

old. We identified the time of onset of new cerebral ischaemia, defined as above. The median MAP from

a window of +/-5 minutes minutes around the time of rSO2 threshold achievement was taken as the

blood pressure threshold at which ischaemia occurred. For comparison, any NIBP measurements in the

20 minute period preceding ischaemia onset were identified. Symptoms were deemed to be temporally

associated if they occurred within +/-20 minutes of ischaemia onset. The MAPs at which ischaemia

occurred were binned into 5mmHg categories. The cumulative occurrence of cerebral ischaemia at or
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below each 5mmHg threshold, and above each threshold, was calculated. Control segments were taken

from sessions where the rSO2 remained above the threshold throughout, or from sessions before the first

drop occurred. Confusion matrices were constructed to compare sensitivity, specificity, PPV and negative

predictive value (NPV) of di↵erent MAP thresholds (with or without contemporaneous symptoms) for

predicting cerebral ischaemia. PPV is important as ischaemic segments were relatively rare compared to

the number of control segments: in this situation, specificity may be misleadingly high due to the large

number of correctly identified true negatives, masking the number of false positives.

3.2.3 Analysis 3: Modelling total ischaemia AUC during a haemodialysis session

Creating artificial categories can lead to the loss of important information. In addition, achievement of

the ischaemia threshold is probably not as important as the time spent below the threshold, and how far

below the threshold, i.e. the area under the curve (AUC). For each session, the AUC below the cuto↵

of a relative 15% drop was calculated, known hereafter as the ischaemia AUC (min*%). There was a

huge excess of zeros, i.e. most dialysis sessions remained above the threshold throughout. For those

that did cross the threshold, the square root of the ischaemia AUC resembled a Poisson function (see

Figure 3.1). The most appropriate model for this data is a zero-hurdle Poisson GLM, with the option of

adjusting for random e↵ects (repeated measures within patients). The zero-hurdle model is essentially a

two part model: the first part (zero part) predicts the binary outcome of whether the ischaemia threshold

is achieved or not using logistic regression; the second part (count part) models the depth and duration

of the ischaemia once the threshold is crossed, using a truncated Poisson model with a log link function

(with the ischaemia AUC rounded to the nearest integer to generate counts).

The AUCs below di↵erent MAP thresholds, relative and absolute, were calculated for each session.

MAP AUC values were highly positively skewed with an excess of zeros: in order to minimise the impact

of extreme positive values and create a more interpretable scale, they were transformed by square root.

They were then tested in turn as univariate covariates (+/- adjustment for baseline MAP) in both parts

of the model, in order to identify the blood pressure measure which provided most information. Goodness

of fit was compared with the log likelihood ratio, tested against a chi square distribution.

Symptom data was then added to see if this improved model fit over blood pressure alone. Finally
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a select number of demographic and dialysis parameters were tested as additional covariates, including

age, HD vintage, ultrafiltration volume and presence of vascular disease (i.e. history of IHD, PVD or

CVD). These were chosen on the basis of biological plausibility for increasing vulnerability to cerebral

ischaemia. After the models were calculated, count model covariates were transformed to express their

relationship to ischaemia AUC rather than the square root of ischaemia AUC. MAP AUC coe�cients

were back transformed so that odds ratios (OR) were in units ofmmHg*min rather than the square root

ofmmHg*min. The delta method was used to find the relevant back-transformed standard errors.

To validate the findings, avoiding any arbitrary categories for ischaemia, we constructed a mixed

linear model to predict the rSO2 nadir, using the same covariates.

Figure 3.1: Counts for cerebral desaturation AUC ((%* minutes below threshold)0.5 ) for
sessions where ischaemia threshold was reachedHistogram of ceiling(Hypo15AUC[Hypo15AUC > 0]^0.5)

TiO2 AUC <15% baseline value (sqrt %*min)

Fr
eq
ue
nc
y

0 10 20 30 40

0
5

10
15

20
25

30

3.2.4 Analysis 4: Predicting symptoms during a haemodialysis session

Multilevel logistic regression was used to identify significant predictors of symptoms during a HD session:

separate models were made for cramp symptoms and non-cramp symptoms as it became apparent that
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these were quite distinct groups. Covariates included a number of demographic and dialysis parame-

ters including maximal blood pressure change, maximal cerebral desaturation, age, diabetes vintage, HD

vintage, ultrafiltration volume and di↵erence in serum and dialysate electrolytes (calcium, sodium and

magnesium).

3.3 Results

There was physiological data on 635 dialysis sessions in 58 patients. Two patients were found to have

such severe vascular disease that the Finometer could not detect a finger pulse, and only NIBP measure-

ments were available. Two other patients declined cerebral NIRS. In total, 576 sessions had Finometer

monitoring, 583 NIRS monitoring and 521 had both. Demographics are summarised in the methods

chapter.

3.3.1 Analysis 1: Overview of association of between MAP and adverse events

Sustained hypotensive episodes were extremely common. Using the KDOQI blood pressure threshold of a

drop in MAP of 10mmHg from baseline, there was 889 events in 502 sessions, of the 576 with Finometer

monitoring (see table 1). As expected, most of these hypotensions were not detected with 30 minute

NIBPs. The proportion of Finometer hypotensions that were detected within -10 to +20 minutes by

NIBP was approximately 20% for all blood pressure thresholds; either there was no NIBP measurement

in this window, resolution had occurred in the time lag to the next NIBP, or there was disagreement

between the measurement methods.

There were 166 interventions in total, of which 43% were associated with symptoms. 25 interventions

occurred at times when the MAP was within 10mmHg of baseline: 12 of these were associated with

symptoms (mainly cramp and feeling hot), and 11 were in response to an asymptomatic NIBP reading

which was not confirmed by the Finometer.

In total, 24.9% of sessions featured symptoms, including 10.9% cramp, 8.8% nausea or sweating, 7.6%

dizziness and 3.6% headache or back pain. In addition, 23.5% of sessions had at least one episode of cere-

bral ischaemia as defined above. The temporal association of relative changes in MAP with symptoms,
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interventions and cerebral desaturation is shown in table 3.1; the equivalent for absolute MAP thresholds

is shown in table 3.2.

Although there was an highly significant linear relationship between relative thresholds of MAP and

incidence of temporally related ischaemia, it was not of large magnitude. On simple univariate linear

regression, there was a 3% increase in cerebral desaturation per 10mmHg drop from baseline, p <0.001,

R

2 0.87 (see figure 3.2). For absolute MAP thresholds, the relationship was better described by a neg-

ative exponential, with a sharp increase in cerebral desaturation below MAP 60mmHg (see figure 3.3).

On simple univariate linear regression (with log transformation of cerebral desaturation incidence), every

20mmHg drop was associated with a doubling of the rate of ischaemia, p <0.001, R2 0.88.

The onset of a sustained drop of MAP of 10mmHg or 10% from baseline, the KDOQI definition,

was associated with new ischaemia in 38/889 incidences (4.7%), rising to 20/116 (17.2%) for a change

of 40mmHg (see table 3.1). For comparison, 10.8% of sustained drops in MAP below 60mmHg were

associated with new onset ischaemia, rising to 35.3% for a MAP below 40mmHg (see table 3.2).

There was also a highly significant linear relationship between relative thresholds of MAP and inci-

dence of symptoms, but the e↵ect size was again not large (4% increase per 10mmHg drop from baseline,

R

2 0.89, p <0.001, see table 3.1). Absolute thresholds of MAP again had a more exponential relation-

ship with symptoms, with a sharp rise in incidence below 60mmHg (doubling in symptom incidence per

24mmHg drop in MAP, R2 0.69, p = 0.021, see table 3.2). The symptom breakdown revealed that dizzi-

ness, nausea and feeling hot or sweaty correlated most closely with blood pressure changes. In fact, there

was no significant correlation between cramp and absolute blood pressure thresholds. The adjusted rela-

tionship between symptom type and physiology is fully explored in analysis 4, and confirms this overview.

45



Table 3.1: Events associated with MAP change from baseline
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Table 3.2: Events associated with absolute MAP
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Figure 3.2: Univariate relationship between relative MAP threshold and onset of cerebral
desaturation
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Figure 3.3: Univariate relationship between absolute MAP threshold and onset of cerebral
desaturation
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3.3.2 Analysis 2: Sensitivity, specificity and predictive value of MAP changes for

cerebral ischaemia

The sensitivity, specificity, PPV and NPV of di↵erent MAP thresholds for predicting cerebral desatu-

ration, independent of symptoms, are shown in tables 3.3 and 3.4. The sensitivity and specificity are

depicted visually in figures 3.4 and 3.5. The sensitivity, precision and specificity of MAP thresholds

combined with non-cramp symptoms are shown in tables 3.5 and 3.6. The number of false positives is

dramatically reduced by the requirement for symptoms, but at the expense of sensitivity, i.e. non-cramp

symptoms are useful when present, but most cerebral desaturations appear to be asymptomatic.

Table 3.3: Sensitivity and specificity of change in MAP for predicting cerebral desaturation

Change in MAP (mmHg) Sensitivity Specificity PPV NPV
Any fall 0.88 0.18 0.05 0.97
>10 0.69 0.50 0.06 0.97
>15 0.57 0.63 0.06 0.97
>20 0.44 0.74 0.07 0.97
>25 0.33 0.83 0.08 0.97
>30 0.26 0.88 0.09 0.96
>35 0.18 0.92 0.10 0.96
>40 0.13 0.95 0.10 0.96
>45 0.08 0.97 0.12 0.96

Table 3.4: Sensitivity and specificity of absolute MAP for predicting cerebral desaturation

Absolute MAP (mmHg) Sensitivity Specificity PPV NPV
<90 0.74 0.57 0.05 0.98
<85 0.66 0.66 0.06 0.98
<80 0.55 0.75 0.06 0.97
<75 0.50 0.82 0.07 0.97
<70 0.41 0.87 0.08 0.97
<65 0.33 0.92 0.09 0.97
<60 0.27 0.95 0.12 0.97
<55 0.19 0.98 0.13 0.96
<50 0.14 0.99 0.21 0.96
<45 0.08 0.99 0.24 0.96
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Table 3.5: Sensitivity and specificity of change in MAP with symptoms for predicting cerebral
desaturation

Change in MAP (mmHg) Sensitivity Specificity PPV NPV
Any fall 0.13 0.98 0.25 0.96
>10 0.12 0.99 0.28 0.96
>15 0.10 0.99 0.28 0.96
>20 0.09 0.99 0.27 0.96
>25 0.07 1.0 0.28 0.96
>30 0.06 1.0 0.31 0.96
>35 0.04 1.0 0.29 0.96
>40 0.03 1.0 0.29 0.96
>45 0.02 1.0 0.39 0.96

Table 3.6: Sensitivity and specificity of absolute MAP with symptoms for predicting cerebral
desaturation

Absolute MAP (mmHg) Sensitivity Specificity PPV NPV
<90 0.12 0.99 0.26 0.97
<85 0.11 0.99 0.27 0.97
<80 0.11 0.99 0.28 0.97
<75 0.11 0.99 0.29 0.97
<70 0.11 0.99 0.32 0.97
<65 0.11 0.99 0.36 0.97
<60 0.10 1.0 0.47 0.97
<55 0.06 1.0 0.52 0.96
<50 0.05 1.0 0.68 0.96
<45 0.04 1.0 0.77 0.96
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Figure 3.4: Sensitivity and specificity of change in MAP for predicting onset of cerebral
ischaemia
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Figure 3.5: Sensitivity and specificity of absolute MAP for predicting onset of cerebral is-
chaemia
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3.3.3 Analysis 3: Modelling total ischaemia AUC during a haemodialysis session

The most appropriate model for the outcome distribution of cerebral ischaemia AUC was a mixed two

part model, essentially a multilevel zero-hurdle Poisson GLM, as explained in the methods. Blood pres-

sure indices tested included AUCs below absolute MAP 50mmHg, 60mmHg and 70mmHg, and AUC

below �MAP of 10mmHg, 20mmHg, 30mmHg and 40mmHg from baseline.

At the population level, univariate analysis suggested that relative MAPs were more closely associ-

ated with cerebral ischaemia. Univariate analysis was performed with adjustment for repeated measures

and for baseline MAP (according to three simple categories, <80mmHg, 80-100mmHg, and >100mmHg).

For both parts of the model, i.e. the zero part (achieving the threshold for ischaemia or not) and the

count part (the depth and duration of ischaemia once threshold crossed), AUC below �MAP 40mmHg

provided the best fit. AUC below absolute MAP of 60mmHg provided a very similar fit.

On multivariate analysis, again AUC below �MAP 40mmHg resulted in the best fit, followed closely

by AUC below absolute MAP <60mmHg. Non-blood pressure terms which were significant included

non-cramp symptoms, diabetes vintage and ultrafiltration volume: these covariates were significant only

for the zero part of the model, i.e. the binary outcome of whether the cerebral ischaemia threshold was

reached or not, but not the severity and duration of ischaemia. RBV, though not in itself significant,

substantially improved the model fit. Patient specific intercepts significantly improved the model, indi-

cating that there were further, unidentified patient-level variables determining susceptibility to cerebral

ischaemia. The final model using AUC below �MAP 40mmHg is shown in Figure 3.6, and the variation

in patient-level intercepts (i.e. individual variation in presence and severity of ischaemia after taking into

account other covariates) in Figure 3.7.

The model using AUC below MAP 60mmHg had the same non-blood pressure covariates with nearly

identical coe�cients. This is unsurprising, as the two indices contained overlapping information, with

correlation 0.17 (p <0.001). The odds ratios (OR) for every additional min*mmHg below 60mmHg were

as follows: for baseline MAP <80mmHg, OR 1.02 zero part, OR 1.01 count part; for baseline MAP

80-100mmHg, OR 1.03 zero part, OR 1.02 count part; for baseline MAP >100mmHg, OR 1.16 zero part,

OR 1.03 count part.
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A linear mixed model predicting maximum drop in rSO2 (to avoid the arbitrary ischaemia threshold

of 15% which we had chosen) confirmed the same significant covariates, though this time AUC below a

MAP of 60mmHg slightly outperformed AUC below �MAP 40mmHg. Again, RBV was not significant in

itself but contributed significantly to the best model. Exploratory analyses using the linear mixed model

structure confirmed that SBP indices were inferior to MAP indices for modelling.

Figure 3.6: Best two part model for total cerebral ischaemia during a HD session

Count&model&covariates&
(predic3ng&total&cerebral&ischaemia&in&%*min&once&
threshold&crossed)&

Coefficients&
(incidence&rate&ra3o)&

&95%&confidence&
intervals&

p&value&

ΔMAP%>40%mmHg%AUC%
%(per%mmHg*min)%

Baseline%MAP<80mmHg% 1.04% 1.01>1.08% 0.005%

Baseline%MAP%80>100mmHg% 1.03% 1.02>1.04% <%0.001%

Baseline%MAP%>100mmHg% 1.01% 1.01>1.02% <%0.001%

Zero&hurdle&model&covariates&
&(predic3ng&if&ischaemia&threshold&is&reached&or&not)&

Coefficients&
(odds&ra3o)&

&95%&confidence&
intervals&

p&value&

UF%volume%(normalised%to%dry%weight,%per%ml/kg)% 1.05% 1.02>1.08% 0.003%

Non>cramp%symptoms%(present%at%any%Pme%during%
session)%

2.69% 1.38>5.21% 0.003%

Diabetes%vintage%(per%years)% 1.05% 1.01>1.08% 0.009%

RelaPve%blood%volume%per%(%%decrease)% 1.03% 1.00>1.06% 0.112%

ΔMAP%>40%mmHg%AUC%
(%per%mmHg*min)%

Baseline%MAP<80mmHg% 21.13% 0.29>112.00% 0.165%

Baseline%MAP%80>100mmHg% 1.18% 0.98>1.38% 0.060%

Baseline%MAP%>100mmHg% 1.08% 1.02>1.14% 0.008%
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Figure 3.7: Patient specific intercepts for (a) the count and (b) the hurdle parts of the model,
with 95% confidence intervals (log odds)
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3.3.4 Analysis 4: Predicting symptoms during a haemodialysis session

We investigated symptomatology with multilevel logistic regression, looking for covariates which distin-

guished sessions featuring symptoms from those without symptoms. Significant predictors of non-cramp

symptoms were found to be maximum drop in MAP, maximum drop in rSO2, age and years on HD. MAP

nadir could be substituted for � MAP, and resulted in a near identical model, with marginally inferior fit.

SBP indices again were inferior to MAP indices. HD vintage and age were actually mitigating factors,

i.e. younger patients who were new to HD were more likely to report symptoms. The final equation was:

Y

ij

=
e

1.96+µ0j+0.02⇤MAP nadir+0.05⇤�rSO2�0.04⇤Age�0.02⇤HD Vintage

1 + e

1.96+µ0j+0.02⇤MAP nadir+0.05⇤�rSO2�0.04⇤Age�0.02⇤HD Vintage
(3.3.1)

where Y
ij

=probability of non-cramp symptoms; j indicates the patient and i the HD session; MAP nadir

is the minimum MAP during the dialysis session inmmHg; �rSO2 is the maximum drop in cerebral oxy-

genation, measured as percent of baseline; HD Vintage is years on HD; Age is patient age in years; and

µ0j is the patient-specific intercept.

The equivalent ORs are shown in table 3.7:

Table 3.7: Factors significantly associated with symptomatic HD

Covariate Odds Ratio 95% Confidence Intervals p value
Maximum drop in MAP 1.04 permmHg 1.01-1.06 0.003
Maximum drop in rSO2 1.06 per % baseline 1.02-1.10 0.005
Age 0.95 per year 0.92-0.98 <0.007
Dialysis Vintage 0.98 per year 0.96-1.00 0.052

On a single level model, ultrafiltration volume and di↵erence between serum and dialysate sodium

concentration were significantly associated with cramp. Once patient clustering was accounted for, ultra-

filtration volume alone remained significant, with OR 1.67 (1.25-2.22) , p 0.023; the di↵erence between

serum and dialysate sodium concentration was borderline with OR 1.17 (0.98-1.39), p 0.08. Of the total

residual variance, 44% was explained by between-patient variation, suggesting that important patient

level factors were unidentified.
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3.4 Discussion

As expected, we found a significant, temporal relationship between change in MAP and the onset of both

end organ ischaemia and symptoms. It is clear that the lower the blood pressure, the greater the risk

of both symptoms and cerebral desaturation: however, the majority of blood pressure drops were not

associated with downstream tissue ischaemia or symptoms, even when they were severe. Conversely, in

a small but important minority, ischaemia occurred without a drop in MAP.

There was no clinically useful compromise between sensitivity and specificity for predicting cerebral

desaturation using blood pressure thresholds alone. Symptoms substantially improved specificity and

precision, but nevertheless the majority of ischaemic episodes were asymptomatic. Relative MAP per-

formed better than absolute MAP on ROC analysis, which is not surprising given the huge range of

baseline MAPs across the population. In addition, a third of the patients had monitoring with the earlier

Finometer model, which is better at detecting trends than absolute pressures (though for MAP and DBP

it performs to internationally accepted standards).

Both before and after adjusting for relevant covariates and repeated measures, the duration and

magnitude of excursions either below a � MAP 40mmHg or absolute MAP of 60mmHg best predicted

the ischaemia AUC for a given HD session. The median baseline MAP was 98.8mmHg, explaining the

near identical models obtained with these MAP AUC indices. These indices, like the study of Flythe et

al, likely represent the most extreme hypotension in the population [4]. A large epidemiological study of

pulse pressure in HD patients has found that the relationship between MAP and SBP is well described

by the equation[119]:

SBP = 10.6 + 1.3 ⇤MAP (3.4.1)

Therefore a MAP threshold of 60mmHg would on average be expected to correlate to a SBP of

88.6mmHg, close to the threshold identified by Flythe et al [4]. However, from the sensitivity and

specificity tables 3 and 4, it can be seen that waiting until a MAP of 60mmHg for all patients would

result in over two thirds of ischaemic events being missed over the whole population. Also, whilst speci-

ficity appears high, this is largely driven by the large number of true negatives (large predominance of

both segments where the MAP was maintained over 60mmHg and segments without ischaemia) rather

than a low number of false positives: looking at the precision in table 1, it can be seen that only 10% of
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segments where the MAP dropped below 60mmHg featured new onset or worsening cerebral desaturation.

In agreement with the univariate sensitivity/specificity analysis, the presence of non-cramp symptoms,

in addition to change in MAP, significantly improved the prediction of ischaemic events in the adjusted

model. Previous studies that have not found symptoms helpful may have su↵ered from poor symptom

recording and/or temporal resolution. Cramp is frequently included as a symptom consistent with muscle

hypoperfusion and ischaemia. However, unlike symptoms such as dizziness, nausea and sweating, it was

not associated with cerebral desaturation or even blood pressure once fluid and electrolyte changes had

been taken into account. Conversely, cerebral desaturation was significantly associated with non-cramp

symptoms. Despite being highly correlated with rSO2 nadir, change in MAP was also independently as-

sociated with non-cramp symptoms, albeit with a weaker relationship. As the patients were not blinded

to NIBP blood pressure readings, it may be that knowledge of hypotension influenced symptomatology

above and beyond actual tissue ischaemia. Moreover, the physiological processes involved in compensating

for hypotension may themselves cause symptoms long before actual ischaemia occurs (e.g. tachycardia,

sweating)

Many factors may a↵ect the occurrence of symptoms. Firstly, the threshold for reporting symptoms,

even using a bedside electronic system which does not require nurse attendance, will vary between pa-

tients. Younger people who are new to HD appear more likely to experience symptoms after controlling

for blood pressure and rSO2 changes. This may partly reflect di↵erences in expectations, anxiety levels or

interpretation of physical sensations during HD. There was an inverse relationship between age and score

on the PHQ-9 test, which screens for depression (Pearson’s correlation coe�cient -0.28, p 0.01). ESRF is

likely to have a greater burden on career, family and finances in people of working and child-bearing age,

and in addition there is less peer support for young HD patients; these factors may translate to greater

psychological distress. It has been shown that low mood may be associated with increased sensitivity to

acute ischaemic pain [120, 121, 122]. In addition, beliefs about the meaning of physical sensations can

make a di↵erence as to whether they are perceived as noxious or not [123]. Finally, ageing itself can

modulate pain thresholds [124].

Other non-blood pressure indices which contributed significantly to the model included normalised

ultrafiltration volume and RBV, which indicate respectively the magnitude and one facet of the response
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(re-filling) to the challenge of fluid removal. These added information over and above blood pressure

indices: blood pressure may be a late sign of decompensation, and it is possible that adverse e↵ects at

the tissue level occur before hypotension. The only demographic which added independently significant

information to the model was diabetes vintage: this is likely a surrogate for autonomic dysfunction, and

perhaps loss of the ability to autoregulate. Hypotension would be expected to have a more predictable

adverse e↵ect in the absence of autoregulation.

The relationship between systemic blood pressures and tissue oxygen balance is not straightforward.

The results of this study explain why it has proven so di�cult to link blood pressure changes (except for

the most extreme hypotension) to hard outcomes, and highlights the shortcomings of current definitions

of IDH. Any threshold for ischaemia is likely to vary between organs, and between patients, depending on

factors such as intact regional autoregulation. In normotensive, healthy individuals, cerebral blood flow is

held steady between systemic MAPs of 60 and 150mmHg; outside these limits cerebral blood flow varies

linearly with MAP [125]. However, cerebral autoregulation thresholds vary substantially between individ-

uals. Stratifying IDH thresholds for the presence or absence of cerebral autoregulation, or personalising

thresholds according to the individual lower limit of autoregulation, may have much greater sensitivity

and precision for predicting ischaemia and/or symptoms, and this will be the subject of our next analysis.

The key limitation of this study is that we looked at surrogate measures (rSO2) rather than hard

patient outcomes, and moreover there is no consensus on what change in rSO2 is harmful. However, a

convincing body of studies have now shown that rSO2 changes do correlate with morbidity and mortality

in other populations [99, 100, 101, 102, 103, 104, 105, 106]. In Chapter 8, we furthermore demonstrate

that decline in cognitive function in this population is associated with exposure to intra-dialytic cerebral

ischaemia, as defined here.

3.5 Conclusions

At the population level, blood pressure thresholds alone have a poor trade o↵ between sensitivity and

specificity for predicting downstream tissue ischaemia during HD. Extreme drops in blood pressure (e.g.

MAP below 60mmHg) and the presence of non-cramp symptoms have a reasonable PPV, but their ab-

sence does not rule out ischaemia. Other factors which provided predictive information over and above
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blood pressure alone included diabetes vintage (autonomic function), ultrafiltration volume and RBV,

which likely describe the cardiovascular challenge and response. Personalised models taking into account

cerebral autoregulation thresholds are likely to be fruitful, and may allow the identification of clinically

useful individualised or stratified MAP targets.
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Chapter 4

Cerebral autoregulation and

vulnerability to ischaemic insults

4.1 Introduction

In the last chapter we showed that, at the population level, blood pressure thresholds alone have a poor

trade o↵ between sensitivity and specificity for predicting cerebral ischaemia during HD. We further

speculated that stratifying IDH thresholds for the presence or absence of cerebral autoregulation, or

personalising thresholds according to the individual lower limit of autoregulation, would have greater

clinical utility for the prediction and prevention of intra-dialytic ischaemic events.

Most physiology textbooks state that in normotensive, healthy individuals, cerebral blood flow is

held steady between systemic MAPs of 60 and 150mmHg. However, in real world patients, cerebral au-

toregulation thresholds vary substantially between individuals, and the lower limit may be much higher

[126, 125]. Early studies in human subjects used pharmacological or mechanical methods to induce large

changes in blood pressure, and estimated simultaneous changes in cerebral blood flow [126]. One of the

first such studies, in 19 normotensive adults, found that cerebral blood flow started to fall at a MAP

as high as 80mmHg in some individuals [127]. However, oxygen uptake only became significantly im-

paired in a proportion of patients in whom the MAP fell below 60mmHg; the authors hypothesised that

vasodilation and increased oxygen extraction o↵ered some reserve, so that reduced blood flow did not

immediately result in hypoxia. Finnerty et al employed a similar protocol in 44 patients of varying ages

and baseline blood pressures, and found that clear symptoms of cerebral ischaemia developed at similar
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cerebral blood flows in all patients, but that the MAP at which this occurred varied hugely: in those

with malignant hypertension, the average MAP was 89mmHg, whereas in young, healthy patients, the

average MAP was 35mmHg [128]. An analogous study in 10 patients with very severe hypertension found

that the mean lower limit of autoregulation was as high as 120mmHg [129]. More recent studies using

transcranial Doppler or NIRS to estimate cerebral blood flow have reported similar ranges [130, 131, 132].

It is clear that ischaemia does not necessarily result as soon as the lower limit is reached: this depends

on other factors such as the ability to increase oxygen extraction. However, multi-organ morbidity and

mortality have been shown to increase with AUC below the lower limit of cerebral autoregulation during

cardiac surgery, suggesting it is a reasonable threshold to target clinically [106]. Other vascular beds

may lose autoregulation at higher thresholds, with lower limits reported to be 70mmHg for coronary and

renal circulations: in keeping with this, AUC below the cerebral autoregulation lower limit also appears

to correlate with measures of other organ failure (eg length of intensive care stay, cardiac events, venti-

lator days and acute kidney injury) [103, 104, 105, 106, 133, 134]. Therefore it is likely to be beneficial

to maintain MAP above the lower limit of cerebral autoregulation in settings where blood pressure is

manipulated, including HD.

The objectives of this chapter are: 1) to characterise cerebral autoregulation in a population of HD

patients; 2) to model the lower threshold of cerebral autoregulation using demographic and clinical factors

(so that results may be generalised without the need to monitor each patient with NIRS); 3) to assess

the specificity and sensitivity of the lower limit of cerebral autoregulation, when intact, for predicting

tissue ischaemia during HD; 4) to identify the optimal MAP for patients without autoregulation.

4.2 Methods

See the Methods chapter for details of the trial and data collection. Continuous blood pressure monitor-

ing was performed using the Finometer device. The beat-to-beat blood pressure data was processed by

removal of extreme outliers (3 standard deviations from mean or more) and low pass filtering (Hamming

window based with cuto↵ 0.083 Hz) to attenuate high frequency noise. Data was discarded if it did not

meet the standards of an SQI based on waveform quality, as described in the Methods chapter. Missing

segments were not interpolated. For stable patients with the older Finometer model, baseline blood
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pressure was defined as the median value from a window beginning 2 minutes after recording start (to

allow time for Physiocal calibration) and ending at the point of bleedout, i.e. when the patient’s blood

enters the dialysis circuit and treatment commences. For the unstable patients with the Finometer Pro,

the start point of the window was instead completion of RTF calibration.

Cerebral rSO2 was measured with the INVOS NIRS device, sampled at 5 second intervals. Data was

processed with removal of extreme outliers (4 standard deviations from mean or more) and application

of a low pass filter (Hamming window based with cuto↵ 0.083 Hz) to attenuate noise. Baseline rSO2 was

taken as the median of good quality data spanning the first 2-6 minutes of recording.

As discussed in the last chapter, there is no consensus on the rSO2 cuto↵ value which should be

considered abnormal or harmful, and accepting the limitations of any arbitrary threshold, we again chose

a relative drop of 15% of the baseline value as the cuto↵ for potential cerebral ischaemia.

4.2.1 Analysis 1: Cerebral autoregulation limits

Cerebral autoregulation curves were constructed for each patient and for the population as a whole. We

first estimated autoregulation limits by fitting curves to the relationship between MAP and rSO2. This is

a well-documented method which has been in use for decades, albeit more often with cerebral blood flow

rather than cerebral oxygenation measurements [128, 129]. For this analysis, both NIRS and Finometer

data were downsampled to a frequency of 0.0167 Hz (i.e. one data point every minute). The MAP data

was grouped into 5mmHg bins (sliding every 1mmHg) and the mean of the corresponding rSO2 values

were found for each bin. If there was less than half an hour of data for a given bin, it was discarded.

For two patients in whom the Finometer could not read blood pressure due to severe vascular disease,

MAP values were taken from NIBP measurements. There is a reasonable body of evidence that the

cerebal autoregulation curve is best modelled with a third degree polynomial with positive first coe�-

cient [135, 136, 137]. In comparison, the in the absence of autoregulation, regional blood flow and tissue

saturation vary linearly with blood pressure. For the population as a whole, and then for each patient,

we assessed whether the relationship between MAP and rSO2 was best modelled with an appropriate

polynomial or an appropriate (i.e. positive gradient) straight line: goodness of fit was compared using

the F test statistic (based on residual sum of squares for each model) against an F distribution. If the
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polynomial provided a statistically significant better fit, then upper and lower autoregulation limits were

estimated by drawing a horizontal straight line from the peak of the positive inflection and the nadir of

the negative inflection respectively, and identifying where they intersected the ascending and descending

limbs of the polynomial (see Figure 4.1).

For comparison, we also estimated the autoregulation limits using a recently described moving corre-

lation method [55]. A low pass filter was applied to the beat-to-beat MAP data to remove information

with period above 25 seconds. We then resampled both NIRS and MAP data at 0.1Hz, and calculated a

moving correlation coe�cient over 5 minute sliding windows, updated every minute. For each patient, and

then for the population as a whole, we took the average correlation value for 5mmHg bins of MAP, again

sliding every 1mmHg. Confidence intervals were calculated for each value. If there was less than half an

hour of data for a given bin, it was discarded. Essentially a value of 0 indicates no relationship between

blood pressure and perfusion, whereas a value of 1 indicates complete dependence of oxygenation upon

blood pressure. Laboratory data suggests that a correlation of 0.3 and above is sensitive and specific for

loss of autoregulation [55]. The lower and upper thresholds of autoregulation were defined as the points

at either end of the range where the correlation value first rose to 0.3 or above. Absent autoregulation

was defined as as a correlation uniformly above 0.3 at all pressures. The Pearson’s correlation coe�cient

between the two methods was calculated.
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Figure 4.1: Curve fitting method of determining limits of cerebral autoregulation
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4.2.2 Analysis 2: Predicting presence of autoregulation and its lower limit

Logistic regression was used to model the binary outcome of present or absent autoregulation. Covari-

ates were transformed as necessary to maximise the spread of data. Covariates tested were age, sex

and comorbidities including diabetes vintage, HD and ESRF vintage, known IHD and CVD. For those

with autoregulation, a linear model was constructed to predict the lower limit of autoregulation, with

covariates including age, diabetes vintage, number of blood pressure medications and baseline MAP. All

covariates in both models were chosen on the basis of biological plausibility and previous literature. The

best model was selected using comparison of log likelihoods, against a chi square distribution.

4.2.3 Analysis 3: Sensitivity, specificity and predictive value of autoregulation lower

limit for cerebral ischaemia

We identified the time of onset of new cerebral ischaemia, defined as above. The median MAP from a

window of +/-5 minutes minutes around the time of rSO2 threshold achievement was taken as the blood

pressure threshold at which ischaemia occurred. For those patients with autoregulation, the MAP was

re-expressed as relative to the lower limit of autoregulation; for patients without autoregulation, absolute

MAP was used. The MAPs at which ischaemia occurred were binned into 5mmHg categories. Two

atypical individuals consistently developed ischaemia after bleedout (ie when the patient’s blood first fills

the dialysis circuit) in the absence of change in blood pressure. These events, by their number, risked

dominating the population analyses, which were therefore performed with and without data from these

patients. The cumulative occurrence of cerebral ischaemia at or below each 5mmHg threshold, and above

each threshold, was calculated. Control segments were taken from sessions where the rSO2 remained

above the threshold throughout, or from sessions before the first drop occurred. Confusion matrices were

constructed to compare sensitivity, specificity, PPV and NPV of di↵erent MAP thresholds for predicting

cerebral ischaemia in patients with and without autoregulation. PPV is important as ischaemic segments

were relatively rare compared to the number of control segments: in this situation, specificity may be

misleadingly high due to the large number of correctly identified true negatives, masking the number of

false positives. As well as looking at sensitivity versus specificity at the population level, we looked at

the individual patient level to see whether personalised MAP thresholds performed better.
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4.3 Results

There was physiological data on 635 dialysis sessions in 58 patients. Two patients were found to have

such severe vascular disease that the Finometer could not detect a finger pulse, and only NIBP measure-

ments were available. Two other patients declined cerebral NIRS. In total, 576 sessions had Finometer

monitoring, 583 NIRS monitoring and 521 had both. Demographics are summarised in the methods

chapter.

4.3.1 Analysis 1: Cerebral autoregulation limits

Of the 56 patients who underwent cerebral NIRS monitoring, 37 had intact autoregulation (best fit third

degree polynomial) and 18 had no autoregulation (best fit linear); the remaining patient had insu�cient

data, having only been monitored on one stable session. A typical curve for a patient with intact autoreg-

ulation is shown in Figure 4.2. In contrast, Figure 4.3 shows the relationship for a 90 year old patient,

which is clearly linear. The alternative definition of absent autoregulation, a moving correlation value of

>0.3 at all MAPs, occurred in none of our patients.

Using the curve fitting method (which also allowed parameters to be estimated for the two patients

with only NIBP readings), a lower limit could be identified for 27 of the 37 patients. The remainder did

not experience su�cient range of MAP to allow accurate modelling of the lower limit, but clearly had

autoregulation. Using the moving correlation method, a lower limit could be identified for only 15 of the

patients with intact autoregulation. The correlation between both methods of identifying the lower limit

of autoregulation was 0.89, p <0.001, though there was a small o↵set of approximately 5mmHg (moving

correlation lower). The relationship between MAP and cerebral saturations for the whole population

is shown in Figure 4.6. The moving correlation between continuous MAP and rSO2, plotted against

median MAP, is shown for the whole population in Figure 4.5. For the remainder of the analysis we used

the results from the curve fitting method, which appeared more appropriate to the monitoring methods.

Mean lower limit of autoregulation was 74.1mmHg, with standard deviation 17.6mmHg (Figure 4.4). For

a couple of young patients with chronically uncontrolled, severe hypertension, autoregulation was lost at

MAP values as high as 105mmHg (Figure 4.7), representing extreme right shift.
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Figure 4.2: MAP versus cerebral rSO2 in a patient with intact autoregulation, third degree
polynomial fitted
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Figure 4.3: MAP versus cerebral rSO2 in a patient with no autoregulation, linear model
fitted
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Figure 4.4: Histogram of probability densities for lower limit of cerebral autoregulation
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Figure 4.5: Relationship between MAP and COX at the population level
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Figure 4.6: Relationship between MAP and cerebral rSO2 at the population level
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Figure 4.7: Example of a chronically hypertensive patient with loss of autoregulation at
unusually high MAP
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4.3.2 Analysis 2: Predicting presence of autoregulation and its lower limit

Factors which independently predicted loss of autoregulation on multivariate logistic regression were age

with OR 1.08 per year (1.03-1.16, p = 0.006), and diabetes vintage with OR 1.07 per year (1.01-1.14, p

=0.034). The model remained a fairly poor fit suggesting that there were a number of relevant variables

which had not been accounted for.

For those patients with intact autoregulation for whom a lower limit could be identified (27 individu-

als), by far the most important factor in determining autoregulation limits was the baseline MAP. Figure

4.8 shows the unadjusted relationship between baseline MAP and lower limit of autoregulation (Pearson’s

correlation 0.73, p <0.001). In addition, increasing age was independently associated with shift of the

lower limit to a higher MAP. This pattern was confounded by a distinct group of young patients with

extreme hypertension: the best fitting model included an adjustment for the interaction between age and

baseline MAP. The final equation was:

Lower Limit = 2.69 ⇤Age + 2.13 ⇤ BP� 0.02 ⇤ (BP:Age)� 162 (4.3.1)

where BP is baseline MAP before bleedout, averaged over all sessions for that patient.

In other words, the autoregulation threshold increased by 2.69mmHg for every year of age (0.19-5.19,

p 0.026), and 2.13mmHg permmHg increase in baseline MAP (0.87 -3.40, p 0.002).This was a reasonable

model with R

2 0.62. The relationship between the predicted lower limit using this model, and the actual

lower limit, is shown in figure 4.9.
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Figure 4.8: Relationship between baseline MAP and lower limit of autoregulation (with line
of best fit, Pearson’s correlation 0.73)
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Figure 4.9: Predicted versus actual lower limits of autoregulation
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4.3.3 Analysis 3: Sensitivity, specificity and predictive values of autoregulation lower

limit for cerebral ischaemia

The sensitivity, specificity, PPV and NPV of absolute MAP thresholds for predicting cerebral desat-

uration in patients WITHOUT cerebral autoregulation, independent of symptoms, are shown in table

4.1. The sensitivity and specificity for each MAP bin are depicted visually in Figure 4.10 and the ROC

curve in Figure 4.11. It can be seen that the patients without autoregulation appear to be a much more

homogenous group, and taking a MAP of 70mmHg as the threshold for intervention would have a sensi-

tivity of 81% and specificity 74% for cerebral ischaemia. For the patients with identifiable autoregulation

lower limits, the sensitivity and specificity of MAP thresholds relative to personalised lower limit are

shown in table 4.2, and depicted visually in Figure 4.12. There is a clear improvement in sensitivity and

specificity compared to models using MAP relative to baseline, or absolute MAP (see previous chapter).

For example, if intervention occurred when MAP fell within 10mmHg of the predicted lower limit of au-

toregulation, 63% of ischaemic events would be prevented, with a 29% false positive rate. Including the

two patients with atypical ischaemia at bleedout further lowered the sensitivity, as events were essentially

occurring at baseline (not shown).
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Table 4.1: Association of cerebral ischaemia with absolute MAP thresholds in patients WITH-
OUT autoregulation

Threshold MAP Sensitivity Specificity Positive Predictive Negative Predictive
(mmHg) Value Value
<90 0.98 0.36 0.08 1.0
<85 0.98 0.45 0.09 1.0
<80 0.95 0.54 0.10 1.0
<75 0.91 0.65 0.11 0.99
<70 0.81 0.74 0.16 0.99
<65 0.67 0.80 0.18 0.98
<60 0.59 0.86 0.21 0.98
<55 0.45 0.89 0.20 0.97
<50 0.38 0.95 0.30 0.97
<45 0.29 0.98 0.42 0.96

Table 4.2: Association of cerebral ischaemia with MAP thresholds relative to lower autoreg-
ulation limit

MAP relative to Sensitivity Specificity Positive Predictive Negative Predictive
lower limit (mmHg Value Value

+ 10 0.63 0.71 0.05 0.99
0 0.35 0.92 0.09 0.98
-10 0.15 0.98 0.15 0.98
-15 0.13 0.99 0.24 0.98
-20 0.11 1.0 0.62 0.98
-25 0.07 1.0 0.63 0.98
-30 0.06 1.0 0.67 0.98
-40 0.04 1.0 1.0 0.98
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Figure 4.10: Sensitivity and specificity of absolute MAP thresholds for onset of cerebral
ischaemia in patients WITHOUT autoregulation
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Figure 4.11: ROC curve: absolute MAP thresholds for predicting onset of cerebral ischaemia
in patients WITHOUT autoregulation
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Figure 4.12: Sensitivity and specificity of MAP thresholds relative to lower autoregulation
limit
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Performance of MAP as a predictor of cerebral desaturation was substantially better at the patient

level, regardless of whether autoregulation was present or absent, i.e. personalised ROC curves had a

larger AUC. MAP was less useful in the two patients who appeared to have recurrent ischaemic events

independent of systemic pressures. Examples of personalised sensitivity and specificity curves for four

very di↵erent patients are shown in Figure 4.13.
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Figure 4.13: Performance of MAP for predicting cerebral desaturation: personalised models
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(a) 53 year old man with polycystic kidneys on transplant
waiting list, intact autoregulation
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(b) 70 year old man with 30 years of ESRF, previous
CVA, absent autoregulation
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(c) 34 year old man with uncontrolled hypertension and
fluid overload, intact autoregulation
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(d) 82 year old woman with unexplained cerebral desat-
uration at bleedout, independent of blood pressure
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4.4 Discussion

Over a third of the HD patients sampled had absent autoregulation, according to the curve fitting method.

The structure of the trial means that sicker, less stable patients were recruited more often, so this figure

may be lower in the HD population as a whole. For comparison, patients undergoing cardiac surgery have

been reported to have 20% incidence of absent autoregulation [138]. In contrast, the moving correlation

definition of absent autoregulation (a correlation coe�cient of greater than 0.3 at all pressures) was not

achieved in any of our patients despite many having a clearly passive relationship between MAP and

rSO2. The moving correlation method of assessing cerebral autoregulation was introduced in the mid

1990s, and is based on the relationship between spontaneous fluctuations in arterial blood pressure and

cerebral blood flow, either in the time or frequency domain [139]. The main advantage of the moving

correlation method is that it is dynamic, continuous, and in real-time. However, it requires a sensitive,

continuous method of measuring both arterial pressure and cerebral blood flow (or a surrogate of blood

flow such as tissue oxygenation) and has a small signal to noise ratio compared with methods that induce

rapid and large changes in blood pressure [139]. Our data suggests that the substitution of the Finometer

signal for an arterial line, at least in our awake and moving patients, reduces the true signal further. The

correlation coe�cient of 0.3 as a cuto↵ for absent autoregulation derives largely from animal studies

and patients undergoing cardiopulmonary bypass, where subjects are anaesthetised and generally have

intra-arterial lines, so the data is likely to be much cleaner [105, 55, 140].

For those patients with autoregulation, the mean lower limit was 74mmHg, but varied widely, with

95% confidence intervals from 38.9mmHg to 109.3mmHg. Estimations of autoregulation limits were sim-

ilar for curve fitting and moving correlation methods, but more patients could be characterised with the

former. This range is compatible with the results of the physiological studies described in the introduc-

tion, and highlights the inadequacy of using one target MAP for all patients [127, 128, 129, 130, 131, 132].

A contemporary study using cerebral NIRS and the moving correlation method found that the 95% con-

fidence limits for the lower limit of cerebral autoregulation were 43 to 90mmHg (mean 66mmHg) in a

comorbid population undergoing cardiopulmonary bypass [140]. This is very similar to the distribution

in our population, albeit slightly left shifted, as expected with the higher incidence of hypertension in

HD patients.

It has long been clinical practice for anaesthetists and intensivists to estimate the lower limit based
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on age, comorbidities and pre-existing blood pressure, an approach which is likely to have large inaccu-

racies at the patient level [126]. It is now possible to measure real-time cerebral autoregulation limits

using bedside techniques such as transcranial Doppler and cerebral NIRS, and this is an increasingly

common approach in cardiac surgery and neurointensive care [139, 141] . However, it is not feasible

to do this for all patients, particularly not in the outpatient dialysis setting, so a reasonably accurate

method of estimating autoregulation limits using demographic and clinical factors would be useful. Our

results suggest that baseline MAP is the key determinant of the lower limit in HD patients, with age also

contributing independent information. These two variables accounted for most of the variation in this

particular cohort, and the model was a good fit. Validation in an external cohort is needed, but it reas-

suring that several other studies have independently reported an excellent correlation between baseline

MAP and lower limit of autoregulation, with the latter typically occurring after a drop of approximately

25% baseline value [126]. Joshi et al did not find evidence that any clinical factors, including baseline

blood pressures, a↵ected the lower limit in a population undergoing cardiac surgery, but used baseline

SBP and pulse pressure instead of baseline MAP [140]. Other investigators have found that the use of

ACE-inhibitors, but not beta-blockers, can alter the limits of cerebral autoregulation [142, 132]; we did

not find any impact of anti-hypertensives in our study.

We took the approach of considering our patients in two broad groups: those with intact cerebral

autoregulation, and those in whom cerebral oxygenation varied passively with MAP. Isolating patients

without cerebral autoregulation resulted in a very respectable ROC curve for MAP alone as a predictor of

ischaemic events. These patients appeared to be a much more homogenous group, and taking a MAP of

70mmHg as a cut o↵ would result in a sensitivity of 81% and a specificity of 74% for the onset of cerebral

ischaemia, a reasonable trade o↵. If the absence of autoregulation could be reliably predicted on the basis

of demographic and clinical factors, without a the need for monitoring cerebral blood flow or oxygenation,

this threshold could potentially be generalised to a substantial proportion of the HD community. Whilst

age and diabetes were significant (and expected) risk factors for loss of autoregulation, this model did

not explain most of the variation, and would be insu�cient to classify patients. A myriad of factors have

been shown to be associated with impaired autoregulation, including acute ischaemic stroke, diabetes,

liver disease, traumatic brain injury and even dementia, but predicting intact cerebral autoregulation in

an individual patient is more problematic [138, 125].
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For those patients with intact autoregulation, there was a clear improvement in sensitivity and speci-

ficity using MAP relative to lower limit of autoregulation, compared to models using MAP relative to

baseline, or absolute MAP. A caveat is that the lower limit determined by the curve fitting method is by

definition likely to be associated with ischaemic events, but there was excellent agreement between the

curve fitting and moving correlation results in the patients with the best quality data. Our definition of

ischaemia was a 15% drop of the baseline rSO2 value for each session (variable even within a patient),

whereas absolute rSO2 was used to construct the autoregulation curves. If intervention occurred when

MAP fell within 10mmHg of the predicted lower limit of autoregulation, 63% of ischaemic events would

be prevented, with a 29% false positive rate. It may not be possible to increase the sensitivity much

further, as systemic blood pressure is only one of several factors that can determine tissue ischaemia: the

final third of events may be related to changes in haemoglobin oxygen saturation for example. For this

reason, including the two patients with atypical ischaemia at bleedout further lowered the sensitivity, as

events were essentially occurring at baseline.

A major caveat is that, both for patients with and without autoregulation, specificity is heavily in-

fluenced by the large number of true negatives (ischaemia was a relatively rare event for most patients).

Therefore the PPV, although improved, was still suboptimal. For example, in this population, amongst

patients without autoregulation, intervening every time the MAP reached 70mmHg would result in 5

unnecessary treatments for every ischaemic episode prevented. Of course, if targeted at a higher risk

population, i.e. individuals previously known to develop intra-dialytic cerebral ischaemia, performance

would be much better. In addition, it may be deemed a worthwhile trade o↵, particularly if the interven-

tion was simple and did not result in significant fluid loading, e.g. brief reduction in ultrafiltation rate

alone.

Limitations of this study include the fact that the definition of ischaemia is essentially arbitrary:

there is no consensus on what change in rSO2 is harmful, because rSO2 is a surrogate measure rather

than a hard patient outcome. However, a convincing body of studies have now shown that rSO2 changes

consistent with those seen in this study do correlate with morbidity and mortality in other populations

[99, 100, 101, 102, 103, 104, 105, 106]. In Chapter 8, we furthermore demonstrate that decline in cognitive

function in this population is associated with exposure to intra-dialytic cerebral ischaemia, as defined

here. Another limitation is that we could not take into account factors that may have dynamically altered
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the autoregulation threshold, particularly PaCO2 (which would be expected to rise with the bicarbonate

load on dialysis). We had simultaneous data on respiratory rate and peripheral/access saturations, and

these did not vary substantially in most patients during HD. Nevertheless, the occurrence of so many

events in the 10mmHg window above the limit may point to inaccuracies in our estimates of the lower

limit.

Overall, our results suggest that most promising approach of all would be personalised modelling.

Even within the impaired autoregulation group there is considerable variation in the MAP at which

ischaemia occurs. The ROC curves were generally far better when using a personalised absolute MAP

threshold for each individual patient, both for patients with and without autoregulation. Given potential

inaccuracies of predicting both the presence of autoregulation and its limits using demographic factors

alone, this may require patients to undergo monitoring with cerebral NIRS for a number of dialysis ses-

sions, su�cient to construct their individual autoregulation curve and estimate their personal threshold

for onset of ischaemia. Whilst a method of continuous blood pressure monitoring would be ideal, we

have shown that it is possible to construct autoregulation curves with NIBP measurements at 15 minute

intervals. As the autoregulation limits can shift with time, this process would have to be repeated at

intervals, e.g. if baseline blood pressure underwent significant changes. To temper the cost and inconve-

nience, this could be limited to incident or vulnerable patients, so that only one NIRS machine would be

needed for a renal unit.

4.5 Conclusion

In summary, this is the first study to construct cerebral autoregulation curves for HD patients, and we

have shown that this approach has utility in deciding the MAP threshold at which intervention should

occur for an individual patient. The optimal MAP for patients without autoregulation, typically the

elderly and longstanding diabetics, would appear to be 70mmHg or above. For the remainder of patients,

a predicted lower limit of cerebral autoregulation can be calculated using baseline MAP and age: main-

taining MAP above the lower limit plus 10mmHg would be expected to prevent two thirds of ischaemic

episodes. Personalised ischaemia thresholds have the best performance, and would be most accurately

determined by monitoring the patient with cerebral NIRS for several HD sessions.
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Chapter 5

Comparison of oscillometric and finger

volume-clamp blood pressure

measurements in the haemodialysis

population

5.1 Introduction

The gold standard measurement of arterial blood pressure measurement is that derived from an intra-

arterial line, where arterial pressure is measured directly, usually at the radial or brachial artery. Central

aortic pressure is the real index of interest, and so transducer position is adjusted to control for the

impact of gravity at the measurement site relative to the level of the left atrium. Intra-arterial lines allow

for waveform analysis, as well as direct measurement of systolic, mean and diastolic pressures. Outside

the anaesthetic and critical care environment, such invasive monitoring is not practical, and the gold

standard is ausculatory blood pressure monitoring. A mercury sphygmomanometer is used, with the cu↵

at heart level, and the practitioner listens over the brachial artery with a stethoscope whilst the cu↵

gradually deflates: the SBP is taken at the point where the pulse can first be heard as a clear tapping

sound, and DBP as the point where silence returns. This requires a skilled operator present at the bed-

side, and alternative automatic methods using oscillometry have become popular. Oscillometry is similar

in that a cu↵ is placed around the upper arm at heart level, and pressure in the cu↵ is measured as it

is slowly deflated: however, the primarily measure is the point of maximal oscillations, which correlates
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with MAP. SBP and DBP are then estimated using an algorithm specific to the manufacturer.

In order to meet BHS standards, new oscillometric devices must be tested against ausculatory mea-

surements made by trained practitioners. The agreement should be within 5mmHg for at least 50% of

measurements, within 10mmHg for 75% of measurements, and within 15mmHg for 90% of measurements

[143]. The AAMI standards use a similar distribution, specifying that the mean di↵erence should be

less than 5mmHg with standard deviation less than 8mmHg [144]. These generous acceptance limits are

surprising given that changes as small as 5mmHg are used to make clinical decisions, and highlight the

challenge of accurate blood pressure measurement.

Neither the BHS or AAMI make use of the ultimate gold standard of intra-arterial lines, for practical

and ethical reasons [143]. Existing studies report relatively poor agreement between intra-arterial mea-

surements and NIBP measurements (ausculatory or oscillometric), typical limits of agreement being +/-

20mmHg for MAP, and considerably wider for systolic and diastolic pressures [12, 11, 9, 10, 145]. SBP

is generally underestimated by oscillometric techniques, and DBP overestimated. In everyday clinical

practice there tends to be even larger errors, due to inappropriate cu↵ sizing or site, patient position,

lack of training or di�cult environments [9, 10, 11, 146]. A reasonably large, well-conducted trial demon-

strated that ensuring the correct sized cu↵, well-trained sta↵, ideal measurement conditions and a state

of the art oscillometric device, improved the agreement for MAP to -2.4 +/- 11.8mmHg (oscillometric

lower) [147]. The lack of agreement can be partly explained by the impossibility of obtaining simulta-

neous measurements of non-invasive and invasive blood pressures in the same limb, as all cu↵ methods

require the cessation of arterial blood flow to the limb at the start of measurement. More importantly,

NIBP monitoring is intermittent, giving just a single snapshot at a moment in time, whereas true blood

pressure is a continuously varying, dynamic system.

There has been a large body of research over recent decades into reliable non-invasive methods of

obtaining continuous arterial pressure measurements. Probably the most investigated to date are the

Finometer devices, which use volume clamp technology [85]. The Finometer devices have been exten-

sively validated against intra-arterial measurements in several populations, with generally very good

results [86, 87, 88, 89, 90, 91, 92, 93]. Not unexpectedly, intra-arterial pressures appear to have closer

agreement with Finometer readings than auscultatory readings, despite auscultation being considered the
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non-invasive gold standard. Although volume-clamp technology has been used by a number of groups to

monitor continuous blood pressure in the HD population, there are no published studies validating the Fi-

nometer against ausculatory, oscillometric or intra-arterial measurements in these patients [20, 94, 95, 31].

In unpublished thesis work, Hakim et al compared Finometer and oscillometric blood pressure mea-

surements, performed sequentially in the non-access arm, in 25 HD patients [94]. They found a bias for

SBP of 0.6mmHg (oscillometer higher) with limits of +/- 30mmHg, whereas bias for MAP was 1.44mmHg

with limits of +/- 23mmHg. However, findings were limited by the following features: each patient only

had two oscillometric measurements, resulting in a very small dataset of 50 paired measurements; there

was no signal quality index for the Finometer waveform; there was an ”approximately five minute” delay

between Finometer and oscillometric readings; Finometer data for comparison was variably selected from

the period before or after oscillometric measurement; repeated measures were not accounted for.

The objectives of this chapter are as follows: to examine the agreement between Finometer and

oscillometric blood pressure readings during haemodialysis in a very large, robust dataset; to identify

whether there is better agreement for trends in blood pressure relative to baseline than for absolute blood

pressure; to look at patient specific factors that may impact on agreement.

5.2 Methods

See the Methods chapter for details of the trial and data collection. Continuous blood pressure moni-

toring was performed using the Finometer PRO (unstable patients, n=39) or Finometer MIDI (stable

patients, n=19). The beat-to-beat blood pressure data was processed by removal of extreme outliers (3

standard deviations from mean) and low pass filtering (Hamming window based with cuto↵ 0.083Hz) to

attenuate high frequency noise. Data was discarded if it did not meet the standards of an SQI based

on waveform quality, as described in the Methods chapter. Missing segments were not interpolated. For

stable patients with the older Finometer model, baseline blood pressure was defined as the median value

from a window beginning 2 minutes after recording start (to allow time for Physiocal calibration) and

ending at the point of bleedout, i.e. when the patient’s blood enters the dialysis circuit and treatment

commences. For the unstable patients with the Finometer Pro, the start point of the window was instead

completion of RTF calibration.
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All patients had oscillometric NIBP before and after dialysis, and at least every 30 minutes during

the procedure itself. There was no pre-processing of the NIBP data. One computer was used as a time

server to ensure all data streams were tightly synchronised. Both NIBP cu↵ and Finometer cu↵ were

placed on the non-access arm. Inflation of the arm cu↵ led to brief cessation of blood flow to the fingers,

and hence loss of Finometer waveform, but not for long enough that the Finometer stopped running.

This impact of cu↵ inflation on the Finometer waveform was useful to confirm the timing and duration

of the oscillometric measurements. The NIBP timestamp was outputted once the cu↵ had fully deflated

and the waveform had returned to normal, approximately one minute after cu↵ inflation began. The

earliest point that arm cu↵ inflation could start was therefore conservatively considered to be 80 seconds

before the NIBP timestamp. The median of the 10 beats of Finometer data surrounding the -90 second

point was taken as the ”pre” measurement. If there was no data at the -90 point itself, the nearest data

within the -150 to -90 second window was accepted. For comparison, the first Finometer timestamp to

follow the NIBP timestamp was identified, and a median of the 10 beats surrounding this point was taken

as the ”post” measurement (provided there was not a gap of more than 60 seconds between the NIBP

timestamp and the next Finometer timestamp). If the SQI for Finometer data at either the pre or post

points indicated suboptimal data quality, these readings were discarded.

Bland-Altman plots were constructed for the agreement between absolute and relative to baseline

SBP, DBP and MAP on the population level. Modified standard deviations were calculated to account

for repeated measures within patients, using ANOVA as recommended by Bland and Altman [148]. In

addition, plots were examined for each individual patient. Linear models were constructed to explain

patient-level variability in agreement for MAP using clinical covariates including age, vascular disease

(CVD, PVD or IHD), BMI, sex, median pre-dialysis oscillometric MAP, diabetes vintage and HD vintage.

5.3 Results

There was physiological data on 635 dialysis sessions in 58 patients. Two patients were found to have

such severe vascular disease that the Finometer could not detect a finger pulse: in total, 576 sessions

in 56 patients had Finometer monitoring. Demographics are summarised in the Methods chapter. Al-

together, there were 4868 pairs of strictly time-matched pre-cu↵ inflation Finometer and oscillometer
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measurements, and 4734 pairs of post-cu↵ inflation Finometer and oscillometer measurements. More

of the pre-NIBP than post-NIBP Finometer readings met the stringent SQI criteria (3946 compared to

3125), largely because Physiocal calibrations became increasingly frequent in response to the waveform

distortion and eventual loss associated with arm cu↵ inflation.

5.3.1 Population-level agreement between methods

The agreement between methods for absolute MAP, SBP and DBP are shown in table 5.1 (oscillometer

minus Finometer for all calculations). It was apparent that the match between Finometer and oscillome-

ter readings was highly variable from patient to patient, with some having a substantial bias in either

direction. Hence, whilst the overall mean tended towards 0, there was a large standard deviation on the

population level. Excluding the small number of patients with technical di�culties in blood pressure

measurement (3 patients in whom an NIBP cu↵ of appropriate size could not be found due to body

habitus, and 6 patients with upper limb peripheral vascular disease) improved the overall agreement

meaningfully. The results excluding these patients are shown in table 5.2. These 9 patients not only

had increased variability, but markedly outlying bias: the median patient bias for MAP in this subgroup

was +12.2mmHg (in keeping with under-reading of Finometer due to vascular stenosis, or over-reading

of NIBP due to an undersized arm cu↵) . The remaining 47 patients had median bias of -3.4mmHg. The

Bland-Altman plots for all patients and for the subgroup without technical di�culties in blood pressure

measurement are shown in figures 5.1 to 5.3. Overall, MAP outperformed SBP for both bias and varia-

tion. In clinical practice, wide limits of agreement are more problematic than bias, and were considerably

greater for SBP than MAP or DBP.

Other methods of assessing agreement between the methods include correlation and linear regression.

A simple plot of Finometer (pre-arm cu↵ inflation) versus oscillometric MAP measurements, including

all data, is shown in figure 5.4. The linear regression equation for the relationship between oscillometric

and Finometer pressures is:

Finometer MAP = 0.74 ⇤NIBP MAP + 24.01 (5.3.1)

The R

2 for the linear model was 0.41. The correlation between absolute MAP as measured by os-

93



cillometric and volume-clamp methods was 0.68, p <0.001. Excluding patients who had not had RTF

calibrations (i.e. who had been monitored with the Finometer MIDI rather than the Finometer PRO)

did not improve agreement.

Table 5.1: Agreement between oscillometer and Finometer absolute blood pressure at popu-
lation level, all patients

Index Bias (Oscillometer-Finometer,mmHg) Standard deviation (mmHg)
MAP (before arm cu↵ inflation) -1.3 16.8
MAP (after arm cu↵ inflation) 0.5 17.4
DBP (before arm cu↵ inflation) 0.9 16.3
DBP (after arm cu↵ inflation) 2.0 16.4
SBP (before arm cu↵ inflation) -3.1 23.4
SBP (after arm cu↵ inflation) -1.4 23.4

Table 5.2: Agreement between oscillometer and Finometer absolute blood pressure at popu-
lation level, excluding 9 patients where there were technical di�culties with measurement

Index Bias (Oscillometer-Finometer,mmHg) Standard deviation (mmHg)
MAP (before arm cu↵ inflation) -3.5 14.0
MAP (after arm cu↵ inflation) -1.0 14.8
DBP (before arm cu↵ inflation) 0.1 14.3
DBP (after arm cu↵ inflation) 1.9 14.2
SBP (before arm cu↵ inflation) -6.9 19.6
SBP (after arm cu↵ inflation) -4.4 20.3
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Figure 5.1: Bland-Altman plots for di↵erence between oscillometer and Finometer MAP
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(b) Excluding those with technical di�culties in measurement
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Figure 5.2: Bland-Altman plots for di↵erence between oscillometer and Finometer SBP
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(b) Excluding those with technical di�culties in measurement
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Figure 5.3: Bland-Altman plots for di↵erence between oscillometer and Finometer DBP
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Figure 5.4: Finometer versus oscillometer MAP, all patients
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There was not an improvement in agreement using relative changes (i.e. trend) in MAP or SBP as

shown in table 5.3 and table 5.4.

Table 5.3: Agreement between oscillometer and Finometer relative blood pressure at popu-
lation level, all patients

Index Bias (Oscillometer-Finometer,mmHg) Standard deviation (mmHg)
MAP (before arm cu↵ inflation) -3.8 17.8
MAP (after arm cu↵ inflation) 0.9 18.7
SBP (before arm cu↵ inflation) -3.3 23.2
SBP (after arm cu↵ inflation) 0.1 24.1

Table 5.4: Agreement between oscillometer and Finometer relative blood pressure at popu-
lation level,excluding 9 patients where there were technical di�culties with measurement

Index Bias (Oscillometer-Finometer,mmHg) Standard deviation (mmHg)
MAP (before arm cu↵ inflation) -2.6 15.0
MAP (after arm cu↵ inflation) 0.4 15.3
SBP (before arm cu↵ inflation) -3.4 20.3
SBP (after arm cu↵ inflation) 0.3 20.9

5.3.2 Patient-level agreement between methods

Even excluding the patients with technical di�culties in measurement, there was considerable patient-

level variation in bias and limits of agreement, as depicted in figure 5.5. Linear models were constructed

to investigate clinical factors determining bias and standard deviation of di↵erences for a given patient

(using MAP as index, and all patients included). For bias, as expected from the subgroup analysis,

PVD, obesity and diabetes vintage increased positive o↵set (i.e. oscillometer greater than Finometer).

Vascular disease was associated with an additional +8.74mmHg bias (0.93-16.55mmHg, p=0.029); BMI

was associated with an increased +0.36mmHg per kg/m2 (0.04-0.69mmHg, p=0.030); diabetes vintage

was associated with an increased +0.19mmHg per year (0.00-0.38mmHg, p=0.049). However, approx-

imately three quarters of the variance remained unexplained. Diabetes vintage also had a significant

impact on the standard deviation of di↵erences between Finometer and oscillometer: every year of di-

abetes increased the standard deviation by 0.12mmHg (0.04-0.21mmHg, p=0.006). In addition, those
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patients with baseline blood pressures in the highest quartile showed more variability, with an increased

2.44mmHg in standard deviation compared to those in the interquartile range (0.33-4.55mmHg, p=0.024).

Again the model was suboptimal, with 80% of variance unexplained.

It is perhaps unsurprising that higher absolute pressures should be associated with higher absolute

variation, but overall there was no relationship between absolute blood pressure and agreement between

methods. Within individual patients di↵erent patterns could be seen. Examples of BA plots for di↵erent

patients are shown in figures 5.6; the axis limits are all identical to facilitate comparison. The first

patient, a 53 year old man with polycystic kidneys and no major comorbidities, had a negative linear

relationship between MAP and agreement (gradient of line of best fit -0.4), with the oscillometer tending

to overestimate lower pressures and underestimate high pressures compared to the Finometer; bias was

-1.6mmHg, with limits +/- 20.8mmHg. The next patient was morbidly obese (figure 6 (b)). In addition

to cu↵ size issues, obesity introduces error because the oscillometric pulses become weaker and weaker

with increasing arm circumference. It can be seen that there is a positive bias, presumably due to over-

reading by an undersized arm cu↵, and broad limits of agreement (6.8mmHg, +/- 34.2mmHg). There is

also a positive linear relationship between MAP and agreement (gradient of line of best fit 0.6).

In contrast, the patient in figure 6 (c), who had no major comorbidities, shows no pattern between

MAP and agreement, with good agreement throughout (bias -2.8mmHg and limits +/- 13.8mmHg). The

patient depicted in figure 6 (d) had suspected upper limb vascular disease, and the plot supports a step

change in blood pressure between the arm and the finger, with a strikingly positive bias of 22.9mmHg.

There is a negative linear relationship between MAP and agreement, and particularly wide limits once

MAP fell below 70mmHg, perhaps because of poor perfusion of the finger at lower driving pressures

(+/- 34.2mmHg). Figure 6 (e) shows a patient with end stage cardiac failure, chronic hypotension and

slow atrial fibrillation; again the agreement appears worse at extremely low pressures (-12.4mmHg, +/-

21.8mmHg). The final plot, figure 6 (f), is from a patient who started dialysis only a month previously

with glomerulonephritis: he was hypertensive but had no non-renal comorbidities, and the agreement

was equally good throughout all pressures (2.0 +/- 16.8mmHg). It can be seen that considering all

measurements together at the population level may not be informative for the individual patient.
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Figure 5.5: Patient-average means and standard deviations for di↵erence between oscillometer
and Finometer measurements
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Figure 5.6: Bland Altmann plots for individual patients
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(a) 53 year old man with no major comorbidity
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(b) Morbidly obese 60 year old lady with undersized arm cu↵

40 60 80 100 120
−30

−20

−10

0

10

20

30

40

50

60

MAP (mmHg)

O
sc

illo
m

et
er

 M
AP

 −
 fi

no
m

et
er

 M
AP

(Oscillometer MAP + Finometer MAP)/2 
                         (mmHg)

(c) 55 year old man with failed transplant, very stable on
dialysis
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(d) 83 year old man with peripheral vascular disease
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(e) 69 year old man with end stage cardiac failure and chronic
hypotension
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(f) Hypertensive 55 year old man with glomerulonephritis and
no major comorbidity
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5.4 Discussion

Accurate measurement of blood pressure outside critical care is a challenge: most studies of IDH have

relied on oscillometry, which has a large measurement error compared to the true intra-arterial blood

pressure, particularly in the context of real-world practice, and can only provide very intermittent data

[9, 10, 11, 12]. We found that the agreement between oscillometer and Finometer measured blood pres-

sures was suboptimal, though not much worse than that reported between oscillometer and intra-arterial

line measurements, where typical MAP bias ranges from -2 to -5mmHg (oscillometer higher) with limits

+/- 20mmHg [12, 11, 9, 10, 145]. Excluding the small number of patients with technical di�culties

in blood pressure measurement, for MAP bias was -3.5mmHg (oscillometer higher), with limits of +/-

27mmHg. There was not improved agreement between methods at the population level when looking at

trends rather than absolute values. This is expected, given that most of the error appeared to be random

rather than systematic. It is a common misconception that a trend is easier to measure accurately than

an absolute value: where there is random error (the majority of cases), the converse is true.

The limits of agreement are wider than those reported for oscillometer versus intra-arterial measure-

ments. There are a number of potential reasons for this. Firstly, the Finometer is only a surrogate for

intra-arterial measurements. Secondly, these studies were almost universally performed in a clinical trial

setting, and moreover in a critical care environment where patients are sedated with one-to-one care.

McMahon et al used real world data from an aeromedicine setting, and reported an agreement of +/-

23mmHg between oscillometry and intra-arterial line measurements [9]. Finally, none of these studies

included renal patients, in whom blood pressure measurement may present particular challenges. There

are a number of factors known to impact on the accuracy of oscillometry, which are particularly relevant

for HD patients: these include arterial sti↵ness, diabetes, obesity and atrial fibrillation [149, 150, 151].

Moreover, HD is an outpatient environment, where patients are moving, talking and eating, and arm cu↵s

may be incorrectly sized and have to be placed over clothing. It has been shown that pre-dialysis blood

pressure varies hugely between ”usual care” oscillometric measurement, and ”standardised” ausculatory

measurement (sitting quietly, accurately sized cu↵, skilled operator, repeated measures) [146].

Concerning the ESRF population specifically, there are only two studies to date which have validated

NIBP against intra-arterial measurements, and none that have validated the Finometer in this population

[150, 152]. Chen et al measured intra-arterial and oscillometric blood pressures in 41 HD patients and
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found that non-invasive SBP was hugely inaccurate, with a bias of -30mmHg (oscillometer lower) +/-

20mmHg compared to the gold standard [150]. DBPs were reasonably similar, and MAP not reported.

The extent of the SBP discrepancy was significantly associated with vascular disease, as indicated by

peak carotid artery systolic velocity [150]. Lodi et al assessed the same oscillometer used in our trial,

the Colin BX-100 (Colin Corporation, Aichi, Japan), which is incorporated into the Braun dialysis ma-

chines [152]. As a substudy, they compared the oscillometer against intra-arterial measurements on 11

HD patients in a critical care environment. The agreement was reasonable, being 3.4 +/- 19.6mmHg for

SBP, but conclusions were limited by the fact there were only 16 paired measurements, done under ideal

conditions in sedated patients.

We found substantial di↵erences between patients in bias, agreement limits, and relationship between

absolute MAP and agreement. On linear models, some of this could be explained by diabetes vintage

(which increased both bias and variability), as well as obesity and PVD (which predominantly a↵ected

bias). Neither of the methods used in this study represent the true gold standard, an intra-arterial line, so

it is not possible to say which method accounted for most of the measurement error, or which method was

most a↵ected by these clinical conditions. However, in existing literature, the Finometer performs better

against intra-arterial lines than either sphygmomanometers or oscillometers. Indeed, obesity, vascular

disease or diabetes are all factors which are known to impact on the accuracy of oscillometric measure-

ments. Diabetes and vascular disease are also likely to impact on the quality of blood pressure waveform

detected in the finger, though we used a robust SQI on the Finometer data. Obviously it is not possible

to apply an SQI to NIBP readings - from the NIBP data alone, it cannot be ascertained, for example,

whether the patient was moving, or the cu↵ had slipped down the arm.

In agreement with previous literature, we found that bias and limits of agreement were much worse

for SBP than MAP, being -6.9mmHg and +/- 38mmHg respectively. SBP is the most used blood pressure

index amongst nurses and clinicians outside anaesthetics and critical care, as reflected by the number

of IDH definitions and studies which have focused near exclusively on it [6, 5, 13, 14, 15, 16]. However,

non-invasive SBP has a far greater measurement error than non-invasive MAP when compared to intra-

arterial readings, and is particularly sensitive to changes in cu↵ size and position [10, 9, 12]. This may be

partly because NIBP devices measure MAP directly, and SBP is then estimated using a manufacturer-

specific algorithm. Volume clamp methods similarly su↵er from greater error for systolic readings, as
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systolic pressures change most between central and peripheral arteries, and to a highly variably degree

depending on individual vessel sti↵ness. Arterial sti↵ness will alter pulse pressures but not necessar-

ily change downstream perfusion pressure. Whilst pulse pressure and SBP may be more prognostic as

regards complications of long term hypertension in the elderly, MAP is probably a more appropriate

measure of adequate organ perfusion pressure during hypotension [17, 18].

5.5 Conclusion

There were substantial di↵erences between oscillometer and Finometer blood pressure measurements in

HD patients, though the discrepancy was not much greater than that seen between oscillometer and

intra-arterial line measurements in non-renal populations. It is likely that much of the error comes from

the oscillometer, given the findings in previous literature, and the particular clinical factors that were

associated with increased bias and variability. However, direct comparison of Finometer against intra-

arterial measurements in the HD population is needed for any definitive conclusions. In agreement with

other studies, MAP appears to involve substantially less measurement error than SBP.
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Chapter 6

Cardiac Output Measurement

6.1 Introduction

The Finometer devices use volume clamp technology to estimate continuous blood pressure non-invasively.

Whilst they have been validated in many patient groups, including the elderly and those with vascular

disease, they have never been tested against gold-standard (an intra-arterial line) in the ESRF popula-

tion. Therefore the validity of secondary measures derived from the blood pressure trace, e.g. baroreflex

sensitivity and cardiac output, is even more questionable in this patient group.

Cardiac output is estimated by the Finometer using a pulse contour analysis algorithm known as the

Modelflow approach. Modelflow estimates aortic flow via a three-element model (aortic characteristic

impedance, arterial compliance, and systemic vascular resistance), with estimation of aortic diameter

refined by demographic data [85]. A number of studies have tested the Modelflow approach against gold

standard Fick principle methods (e.g. thermodilution, dye indication, ultrasound dilution) and found

that trend in cardiac output can be accurately estimated in most situations [85]. However, the Finome-

ter is better at detecting relative changes in cardiac output, and a gold standard method is still needed

to obtain absolute values [96, 97].

In dialysis patients with AVF, it is possible to obtain intermittent gold-standard absolute cardiac out-

put measurements using ultrasound dilution (using the Transonic device) [98]. To date, only one study

has taken advantage of this in order to validate the Modelflow approach in HD patients, and reported

not only a substantial absolute error, but also a lack of correlation between Finometer and ultrasound-
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dilution measurements over time [153]. However, this was a very small study with only 50 measurement

pairs in 25 patients undergoing HD: the aim of this chapter is to assess the agreement between ultrasound

dilution and Finometer estimates of cardiac output for both absolute and relative values in a larger cohort.

6.2 Methods

See the methods chapter for full details on trial structure and data collection, including ultrasound dilu-

tion protocol.

Continuous blood pressure and cardiac output monitoring was performed using the Finometer device.

The beat-to-beat blood pressure data was processed by removal of extreme outliers (3 standard deviations

from mean or more) and low pass filtering (Hamming window based with cuto↵ 0.083 Hz) to attenuate

high frequency noise. Data was discarded if it did not meet the standards of an SQI based on waveform

quality, as described in the methods chapter. Missing segments were not interpolated.

Ultrasound dilution measurements were done on the unstable subset of patients (”study” patients, see

Methods chapter) who were undergoing haemodynamic monitoring with the Finometer Pro. Ultrasound

dilution requires a well-functioning AVF with no recirculation, which meant that some patients in this

group were excluded. The first Transonic measurement was done shortly after bleedout and was used

to calibrate the Finometer reading. The Finometer cardiac output at the time of ultrasound dilution

read-out was recorded as a spot value. For as many eligible sessions as possible depending on availabil-

ity of equipment, a second Transonic measurement was taken 2 hours into HD, and again compared to

the simultaneous Finometer reading. This allowed paired measurements of both absolute and relative

cardiac output. For the purposes of assessing Finometer performance against the standards proposed by

Critchley and Critchley, the median of the SQI-filtered Finometer-measured cardiac output over the 2

minutes preceding each spot value was used, to eliminate the impact of poor quality data.

Correlation and Bland-Altman statistics were used to assess agreement between methods. Modified

standard deviations were calculated to account for repeated measures within patients, using ANOVA

as recommended by Bland and Altman [148]. In accordance with previous literature, the di↵erence be-

tween measurements was expressed both as an absolute value, and as a percentage of the mean of each
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measurement pair. ANOVA was used to look for significant di↵erences in agreement between patients.

Linear mixed models were constructed to identify factors which could explain session-level and patient-

level variation in agreement. Covariates for baseline (absolute) agreement included age, HD vintage,

diabetes vintage, baseline MAP, PVD, IHD, ultrafiltration volume (i.e. degree of fluid overload) and

recent KT/V (as a measure of haemodialysis dose). Covariates for mid-dialysis agreement (relative, as

post calibration) included the above, plus the following intra-dialytic parameters: maximum change in

blood pressure, maximum change in RBV. Models were compared using the log-likelihood ratio, tested

against a chi square distribution.

6.3 Results

There were 27 patients in total who both had AVF access and were monitored with the Finometer Pro.

Three of these patients had recirculation and were excluded. Unfortunately the Transonic monitor was

unavailable for two months of the study period due to equipment breakdown, and at other times was

not always available for research use. In total there were 177 paired ultrasound dilution and Finometer

measures of cardiac output, 124 of which were at baseline (pre-calibration) and 53 mid-dialysis (post-

calibration, i.e. a measure of trend). For most analyses, there was little di↵erence between simultaneous

spot Finometer values and median averaged Finometer values; as spot values were used for real-time

calibration, results displayed here are based on spot rather than filtered values unless specified.

6.3.1 Baseline values

There was a remarkably wide range of baseline cardiac output values. Adjusting for patient cluster-

ing, the significant predictors of baseline cardiac output were age (-0.05 L/min per year), fluid overload

(+0.32 L/min per litre over dry weight), anaemia (+0.34 L/min per g/dl fall in Hb) and fistula flow

(+1.53 L/min per litre). These are physiologically expected covariates.

At baseline, the median di↵erence between Finometer and ultrasound dilution measurements was

1.74 L/min (interquartile range -0.18 to 3.67 L/min). Expressed as a percentage of the mean value of

each measurement pair, the median error was 23.9% (interquartile range -3.4 to 53.2%). The correlation

between absolute measures of cardiac output by the two methods was 0.26, p<0.001. Bland-Altman plots
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for di↵erences in baseline cardiac output between the two measurement methods are shown in figures 6.1

and 6.2.

For two patients with probable upper limb vascular stenosis, who had a substantial o↵set between

the brachial cu↵ pressure and finger pressure, the cardiac output was substantially underestimated by

the Finometer. For the majority of patients, the Finometer overestimated the absolute cardiac output

before calibration. There was substantial variation between patients (p<0.001 on ANOVA). Figure 6.3

illustrates patient-specific box plots for the agreement between Transonic and Finometer-estimated abso-

lute cardiac output. A mixed linear model was constructed to determine factors a↵ecting the agreement

between baseline (absolute) measurements for each session. Covariates which significantly influenced the

agreement of the two measurement methods before calibration included presence of PVD, haemodialysis

vintage and age (with a term to adjust for the interaction between years on dialysis and years of age).

29% of residual variance was due to unexplained between-patient rather than within-patient factors. The

final model was:

Y

ij

= 72.5 + µ0j � 44.1 ⇤ PVD� 4.2 ⇤HD� 1.0 ⇤Age + 0.1 ⇤Age*HD + ✏

ij

, (6.3.1)

where Y

ij

=% di↵erence in cardiac output between methods (Finometer minus ultrasound dilution); j

indicates the patient and i the dialysis session; µ0j is the patient-specific intercept; PVD is 1 when PVD

present, 0 otherwise; HD is years on haemodialysis; Age is years of age; and ✏

ij

is residual error.
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Figure 6.1: Measurement di↵erences between Finometer and ultrasound dilution cardiac
output, expressed as percentage of absolute cardiac output
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Figure 6.2: Measurement di↵erences between Finometer and ultrasound dilution cardiac
output, absolute values
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Figure 6.3: Box plots of within-patient di↵erences between Finometer and ultrasound dilution
cardiac output measurements
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6.3.2 Trend over haemodialysis

For trends over a 2 hour period, agreement was much better. The median di↵erence between calibrated

Finometer and ultrasound dilution measurements mid-dialysis was -0.16 L/min (interquartile range -1.02

to 0.39 L/min). Expressed as a percentage of the mean value of each measurement pair, the median

error was -3.9% (interquartile range -22.3 to 8.7%). The correlation between the two methods for abso-

lute change from calibrated baseline was 0.60, p<0.001. The linear relationship between Transonic and

Finometer-measured change from calibrated baseline is shown in figure 6.4. It can be seen, as expected,

that cardiac output falls during haemodialysis in most cases.

Whilst bias, interquartile range and correlation were substantially improved when relative rather than

absolute cardiac output was considered, the 95% limits of agreement on Bland-Altmann plots remained

wide, suggesting a number of influential outliers. The acceptable 95% limits of agreement between gold

standard and novel measures of cardiac output are conventionally +/-30% [154]. Using filtered, SQI-

passed Finometer values instead of spot values (i.e. so that spot values taken from periods of poor

quality data were censored), the mean bias in this study was -5.2%, with 95% limits of agreement +/-

57.5%. Bland-Altmann plots for the di↵erences in relative cardiac output between the two measurement

methods (using SQI-passed Finometer values) are shown in figures 6.5 and 6.6.

A mixed linear model was constructed to determine factors a↵ecting the agreement between mid-

dialysis (relative) measurements for each session. ANOVA did not reveal significant di↵erences between

patients, and in keeping with this, a random e↵ects term (i.e. to adjust for patient clustering) did not

improve the model. Covariates which significantly influenced the agreement of the two measurement

methods 2 hours after calibration included maximum change in MAP and ultrafiltration volume.

Y

ij

= 1.7� 15.1 ⇤UF� 0.8� ⇤MAP+ ✏

ij

, (6.3.2)

where Y

ij

=% di↵erence in cardiac output between methods (Finometer minus ultrasound dilution);

j indicates the patient and i the dialysis session; UF is the ultrafiltration volume in litres; � MAP is the

maximum change in MAP inmmHg; and ✏

ij

is residual error. However, it was a poor fitting model, with

less than 10% of variance explained. Modelling was limited by small numbers.

114



Figure 6.4: Relative change in cardiac output between baseline and mid-dialysis
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Figure 6.5: Measurement di↵erences between calibrated Finometer and ultrasound dilution
cardiac output, two hours after calibration (expressed as percentage of absolute cardiac out-
put)
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Figure 6.6: Measurement di↵erences between calibrated Finometer and ultrasound dilution
cardiac output, two hours after calibration (absolute values)
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6.4 Discussion

In this population of HD patients, we found a large error, both random and systematic, in absolute

cardiac output values obtained from the Finometer. There was minimal bias and reasonable correla-

tion for trends, although limits of agreement remained suboptimal. The only other study to address

this question in HD patients was performed by Cordtz et al [153]. These investigators looked at 25

HD sessions in 25 patients, who underwent continuous monitoring with the Finometer, plus ultrasound

dilution measurements at baseline and mid-dialysis, i.e. 50 paired measurements [153]. We replicated

this study with a much larger number of measurements, 177 pairs in total, from 21 patients, using the

same methodology. Cordtz et al reported that the di↵erence between absolute Finometer and ultrasound

dilution measurements was 20% with 95% limits of agreement +/- 70%; we found similar results in our

population, with bias 25% and limits +/- 75%. Cordtz et al did not repeat Bland-Altman analysis for

trends, instead looking for correlation between Finometer and ultrasound dilution estimates of relative

change, and found that there was no significant relationship [155, 148]. In contrast, we found a highly

significant, moderately strong correlation between the methods for change in cardiac output. This dis-

crepancy may be explained by our larger numbers and use of a robust Finometer SQI to exclude regions

of poor quality waveform.

Correlation statistics have a number of weaknesses, and Bland-Altman methodology is preferable for

comparing measurements. Bland-Altman analysis showed that post-calibration agreement was reason-

able, with minimal bias, but the limits of agreement were too wide to meet clinical standards. Critchley

and Critchley proposed that acceptable 95% limits of agreement between gold standard and novel mea-

sures of cardiac output were +/-30%, which allows for the error in gold standard measurements themselves

[154]. In this study, the limits of agreement for change in cardiac output were +/- 57%, although the

tails of the distribution were long, and in fact two thirds of relative measurements fell within the 30%

bracket. Interestingly, change in fluid balance and blood pressure were significant predictors of greater

error in trend; it is possible that these dynamic physiological changes introduced more drift. The heating

e↵ect of HD may also contribute to drift: a small study in normal volunteers has shown that warming

core temperature by 1oC introduced substantial error into Modelflow estimates of cardiac output trends

[156].

On mixed modelling, HD vintage was predictive of greater error in absolute cardiac output estimates.
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This is physiologically plausible as uraemia induces many changes in the cardiovascular system, including

vascular calcification and endothelial dysfunction, as well as autonomic impairment. HD vintage was not

significant for error in relative cardiac output estimates, but the numbers were much smaller for this

analysis.

6.5 Conclusion

In this HD population, Finometer-derived measures of absolute cardiac output were insu�ciently accu-

rate for clinical use. Trend in cardiac output was estimated reasonably well in most cases, although the

limits of agreement were wider than in other populations.
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Chapter 7

Surrogate measures of continuous blood

pressure

7.1 Introduction

Accurate measurement of blood pressure outside critical care is a challenge: most studies of IDH have

relied on NIBP, which has a large measurement error, especially in the context of real-world practice,

and can only provide very intermittent data [9, 10, 11, 12]. As shown in chapter 4, it is likely that

intermittent methods will miss clinically important hypotensive episodes. However, continuous blood

pressure measurement requires either an invasive intra-arterial catheter, or expensive equipment using

volume-clamp technology or tonometry, neither of which are practical for routine outpatient dialysis.

It is possible that surrogate measures of blood pressure could give useful information on trends, whilst

being measured continuously, cheaply and non-invasively. The key objectives of this chapter are to assess

the agreement between Finometer-derived and other potential non-invasive measures of continuous blood

pressure in HD patients: the two major candidates are PTT and vascular access pressures.

PTT is the time taken for a pressure wave to travel from the heart to a given point in the peripheral

vasculature. It is typically measured as the time from the R wave of the ECG to the upstroke of the PPG

measured at the finger. PTT is related inversely to blood pressure as shown in the equation below:-

BP =
�2 lnPTT

↵

+
ln 2r⇢L2

hE0

↵

(7.1.1)
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where BP is blood pressure; PTT is pulse transit time; ↵ is a constant; r is the inner radius of the

blood vessel; ⇢ is density of blood; L is the path length; h is the thickness of the vessel wall; and E0 is

the zero pressure modulus of the vessel wall. Over the range of pressures seen in clinical practice, the

relationship has been shown to approximate to inverse linear. When the PTT is calculated as the time

delay between the foot of proximal and distal waveforms, PTT correlates better with diastolic pressures;

when measured as the ECG R wave to PPG peripheral pulse upstroke, it generally has a closer rela-

tionship with changes in systolic pressures [157]. PTT has been extensively investigated as a method

of tracking change in blood pressure in a wide variety of settings including HD, but as summarised in

a recent systematic review, results have been variable and frequent recalibration may be required [157].

This is likely because the other variables in the equation may not remain constant for more than a few

minutes, e.g. vessel tone is a dynamic process.

Access pressures are relatively unexamined as a source of haemodynamic information. AVFs are usu-

ally created by side-anastomosing an artery, usually the radial or brachial artery, to a reasonably sized

vein. The segment of vein then has mixed venous and arterial blood flowing through it. Due to the

higher inflow pressures, and the reduced peripheral resistance in the limb, the blood flow through the

arterialised vein will increase over time: when su�ciently expanded, the vein can be needled to allow

e�cient HD, e.g. with circuit blood flows of 250-350 ml/min.

There are two small studies showing that directly measured intra-fistula MAP can track changes in

systemic intra-arterial MAP [158, 159]. In the more recent study, Nakane et al threaded a pressure-

transducing catheter through the arterial needle and into the fistula itself; intra-access pressure was

continuously monitored and compared to femoral artery pressure, measured via an intra-arterial line.

Numbers were very small, and the venous blood was returned to a site distant from the fistula, so the

results are not entirely comparable to modern dialysis access. Nevertheless, the authors reported a fairly

constant ratio between systemic MAP and fistula MAP over the course of haemodialysis. However,

they also noted that in some patients the fistula pressure dropped far more than the systemic pressure,

which they hypothesised was due to changes in intravascular volume. There are not only a number of

anatomical and physiological variables a↵ecting the relationship between systemic pressures and intra-

fistula pressures, but there are yet more factors a↵ecting the relationship between intra-fistula pressures

and pressures measured in the dialysis circuit [160]. This is relevant because the arterial and venous
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access pressures measured by dialysis machines are not actually the pressures at the needles, but in the

dialysis circuit (at the pre-pump point and venous bubble trap respectively, see figure 7.2). Whether the

contribution of systemic arterial pressure to the pressure eventually measured in the dialysis circuit is

detectable and clinically useful has yet to be determined.

7.2 Methods

See the methods chapter for full details of the trial and data collection. Button-hole cannulation with

15G needles was used almost universally for AVF access. All patients with AVFs had undergone recent

ultrasound dilution studies (measuring access flow and recirculation) as part of routine clinical care.

Patient movement has been shown to substantially compromise the performance of PTT as a measure

of blood pressure: for this reason, and because PTT has been shown to be comparable between fistula

and non-fistula limbs, we positioned the pulse oximeter on the access arm which was more likely to be

held still [75]. For patients without AVFs who dialysed via Tesio lines (tunnelled dual lumen catheters

in a central vein), pulse oximeter position was left to patient choice.

Blood pressure monitoring was performed using the Finometer PRO (unstable patients, n=37) or the

Finometer MIDI (stable patients, n=19). The beat-to-beat blood pressure data was initially processed

by removal of extreme outliers (3 standard deviations from mean) and application of an SQI based on

waveform quality (see methods chapter).

7.2.1 Pulse transit time processing and analysis

PTT was calculated by the Black Shadow device (Stowood Medical Supplies) as the time between the

peak of the ECG R wave and the mid-point (amplitude) of the PPG upstroke, as illustrated in figure 7.1.

The PTT was initially processed by removal of extreme outliers (3 standard deviations from mean) and

application of an SQI based on PPG waveform quality (see methods chapter). Beat-to-beat PTT proved

too noisy for use. Therefore both PTT and Finometer data (after pre-processing as above) were subject

to a low pass filter with cut o↵ 0.083 Hz, i.e. high frequency noise with a period above 2 minutes was

attenuated, and downsampled to one minute timestamps.
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Figure 7.1: PTT was defined as the time between the R wave (point A) and the mid-point
of the PPG upstroke (point B)

For each session, Pearson’s correlation between PTT and both MAP and SBP was calculated. Factors

influencing the correlation for each session were assessed using linear mixed models, taking into account

patient clustering. Covariates included age, diabetes history, HD vintage, PVD, maximum change in

MAP, baseline MAP, baseline pulse, use of beta blockers, baseline haematocrit, maximum change in

RBV, and ultrafiltration volume.

For each patient, data from all sessions was then pooled. The Finometer-measured blood pressure

(�MAP and �SBP) was plotted against the PTT, with both variables expressed as either absolute values

or change from baseline. In all cases, baseline values were defined as the median of the first 5 values for

which paired data was available. As the relationship between PTT and blood pressure is known to be

inverse linear, simple linear regression was used to model the relationship between relative blood pressure

and relative PTT, and absolute blood pressure and absolute PTT. The coe�cient of variation (R2) was

used as a index of the proportion of variance explained. In addition, Pearson’s correlation coe�cient was

calculated for pooled patient-level data, and linear regression was used to identify patient factors asso-
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ciated with variation in correlation results. Covariates used included age, diabetes history, HD vintage,

PVD, CVD, IHD (confirmed on angiography), typical baseline MAP, typical baseline pulse and use of

beta blockers.

7.2.2 Access pressure processing and analysis

All patients with AVFs dialysed through 15G needles (1.8 mm diameter, 254 mm length). Arterial and

venous access pressure values are recorded by the Braun dialysis machine only at one minute intervals.

The arterial access pressure is actually the pressure before the blood pump in the dialysis circuit, and

the venous access pressure is the pressure at the venous bubble trap before the blood is returned to the

patient (see figure 7.2 [161]). In addition to systemic arterial pressure and intravascular filling, these

pressures will be a↵ected by pump speed, pump stops, haematocrit, any movement of the fistula limb

or needles, and anatomical features of the anastomosis. Access pressure data from periods when the

pump was not at the exact prescribed speed was discarded. In addition, extreme outliers (2 standard

deviations from mean) and values which di↵ered by more than 50mmHg from the preceding measurement

were removed, being suggestive of artefact. In addition, discordant arterial and venous needle pressures

(i.e. when one increased and the other decreased, suggesting that the change was not driven by systemic

pressures) were identified and discarded.
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Figure 7.2: Diagram of a basic HD circuit illustrating the sites of arterial and venous access
pressure measurement [161]

A problem with correlating Finometer and access data is that there is a major di↵erence in temporal

resolution between the two data streams. The Finometer will be sensitive to higher frequency fluctua-

tions in pressure. Moreover, as continuous access pressure waveforms were not available for analysis, it

was unknown whether the values provided by the Braun dialysis machine represented an average over

the preceding minute, or a spot reading (in which case, the access pressures may vary substantially de-

pending on whether the cardiac cycle is in systole or diastole). Simple downsampling of the Finometer

data would therefore be insu�cient to overcome these problems (this was confirmed by first running the

analyses using only downsampling without filtering). Instead both data streams were filtered to ensure

comparable resolution. Finometer data, after the pre-processing described above, was subject to a low

pass filter with cut-o↵ 0.0042 Hz, i.e. fluctuations in blood pressure with a period less than 4 minutes

were attenuated. The access pressure data was subject to a moving average filter with a sliding window
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of 4 minutes, to even out variations associated with the cardiac cycle and artefact. The Finometer data

stream was then downsampled to 0.125 Hz to match the timestamps of the access pressure data.

Paired access pressure measurements for each NIBP recording were identified by taking the median

of pre-processed needle pressures in a window +/- 5 minutes around the NIBP timestamp.

The change in Finometer-measured blood pressure (both �MAP and �SBP) was plotted against the

change in access pressure (both �arterial and �venous) for the population as a whole, and for access type

subgroups, i.e. brachial AVF, radial AVF, any AVF or Tesio. In all cases, baseline values were defined

as the median of the first 3 values for which paired data was available. Simple linear regression was

used to model the relationship between each combination of systemic pressure index and access pressure

index, and the coe�cient of variation (R2) was used as a index of the proportion of variance explained.

Pearson’s correlation coe�cient was also calculated for each combination, i.e. the correlation between

relative changes of pooled population data, regardless of session or patient. For comparison, change in

NIBP-measured blood pressure was also plotted against change in time-matched access pressure mea-

surements. Finally, Bland-Altman plots were constructed for the Finometer- or oscillometer-measured

changes in systemic pressure (again both �MAP and �SBP) and the corresponding changes in needle

pressure (both �arterial and �venous). Both regression and Bland-Altman analyses were then repeated

on the individual patient-level.

The Pearson’s correlation coe�cient between Finometer- or oscillometer-measured absolute pressures

(MAP and SBP) and absolute access pressures was calculated for each session. Factors influencing the

correlation for each session were assessed using linear mixed models, taking into account patient clus-

tering. Covariates included age, diabetes history, PVD, access type, access flow, maximum change in

MAP, baseline MAP, baseline haematocrit, maximum change in RBV, and ultrafiltration volume. Linear

regression models were used to identify patient-level factors a↵ecting the performance of access arterial

pressures as a surrogate for Finometer-measured MAP. Covariates included age, diabetes history, PVD,

access type, access flow, typical ultrafiltration volume, baseline haematocrit, and typical baseline MAP.
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7.3 Results

7.3.1 Pulse transit time

Session-level analysis

A total of 397 sessions in 35 patients had Finometer and PTT data of su�cient quality for analysis. The

median session-level correlation between absolute PTT and MAP was -0.15, interquartile range -0.44 to

0.11: a histogram of session-level results is shown in figure 7.3. The median correlation between absolute

PTT and SBP was -0.15, interquartile range -0.47 to 0.11 (see figure 7.4). 31% of sessions had a statisti-

cally significant negative correlation of magnitude at least 0.3 between MAP and PTT (though 12% had a

statistically significant positive correlation of 0.3 or above). 34% of sessions had a statistically significant

negative correlation of magnitude at least 0.3 between SBP and PTT (though 11% had a statistically

significant positive correlation of 0.3 or above). On mixed modelling, only baseline pulse rate significantly

influenced the session-level correlation between PTT and blood pressure (either MAP or SBP), and there

was a strong patient e↵ect. For correlation between MAP and PTT, the coe�cient for pulse rate was

0.007 per beats/min increase, i.e. a 10 beats/min increase strengthened negative correlation by -0.07

points. 24% of residual variance was at the inter-patient level. The patient-specific intercepts are shown

in figure 7.9. Correlation statistics may undervalue the potential of PTT. Figures 7.5 to 7.8 show exam-

ples of sessions where, visually, the PTT tracks the blood pressure well. However, the correlation values

vary widely, with the fourth example having a statistically significant positive correlation on account of

long periods where both blood pressure and PTT do not change.
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Figure 7.3: Session-level correlations between PTT and Finometer MAP
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Figure 7.4: Session-level correlations between PTT and Finometer SBP
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Figure 7.5: MAP versus PTT for a haemodialysis session in a 53 year old man with polycystic
kidneys, R= -0.69, p <0.001
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Figure 7.6: MAP versus PTT for a haemodialysis session in a 30 year old man with hyper-
tensive renal disease and fluid overload, R= -0.76, p <0.001
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Figure 7.7: MAP versus PTT for a haemodialysis session in a 56 year old man with long-
standing diabetes, R= -0.51, p <0.001
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Figure 7.8: MAP versus PTT for a haemodialysis session in the same patient as figure 19,
R= +0.20, p <0.002
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Figure 7.9: Patient-specific intercepts for session-level correlation between PTT and MAP
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Patient-level analysis

Most patients showed a statistically significant negative linear relationship between absolute PTT and

blood pressure, but all were relatively weak. The patient-specific linear model terms and goodness of fit

for the relationship between PTT and MAP are shown in table 7.1. The linear models for the relationship

between SBP and absolute PTT provided very similar goodness of fit to the MAP models in all patients;

in all cases, the SBP model coe�cient was approximately 0.63 times the MAP model coe�cient, with a

near identical constant. The regression plots for the patient with the best fit are shown in figures 7.10 to

7.13.

The median patient-level correlation for PTT and MAP (i.e. all data for each patient pooled) was

-0.14, interquartile range -0.34 to 0.03. The median patient-level correlation between absolute PTT and

SBP was -0.18, interquartile range -0.30 to 0.00. The patient-level correlations between relative PTT

and relative blood pressure, i.e. data expressed as change from the baseline, were very similar (note not

identical as each session had di↵erent baseline values). For 26 out of 35 patients, the relationship between

�PTT and � blood pressure was weaker than that for absolute values.

Linear modelling found that a third of the variance in patient-correlation between absolute PTT and

absolute MAP could be explained by the presence of vascular disease and the use of beta blockers (an

e↵ect which interestingly was unrelated to average baseline pulse). PVD on its own was significantly

predictive of less negative correlation; the presence of vasculopathy in at least two regions (PVD, IHD

or CVD) was an even stronger predictor, with +0.44 less negative correlation, p<0.001. In addition, the

use of beta blockers increased negative correlation by -0.21, p=0.005, presumably due to the reduction of

pulse rate throughout dialysis sessions (the average baseline pulse gives no information about heart rate

during the rest of the monitoring period).

We did not attempt to pool absolute data at the population level, as the absolute value depends on a

large number of patient-specific factors beyond blood pressure. However, we did pool � PTT and � blood

pressure, and found a highly significant but weak correlation of -0.1 using MAP, and -0.12 using SBP.
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Table 7.1: Patient-specific linear regression terms for PTT=� MAP + constant (only patients
with at least four sessions of data)

Patient (sex, age [years]) Linear model � Linear model constant Linear model R2

M, 34 -0.44 336.15 0.29
M, 53 -0.42 331.9 0.16
M, 83 -0.39 308.0 0.08
F, 45 -0.21 284.7 0.04
F, 59 -0.73 319.4 0.14
M, 87 -0.09 265.3 0.01
M, 73 -0.52 345.9 0.11
M,47 0.06 349.2 0.00
M, 58 -0.87 407.9 0.26
M, 56 -0.05 273.1 0.00
M, 69 -0.06 336.9 0.00
M, 43 -0.33 332.3 0.06
M, 54 0.06 246.7 0.00
F, 60 -0.12 293.5 0.01
F, 72 0.14 364.5 0.00
M, 78 -0.26 400.6 0.02
M, 56 -0.27 361.4 0.02
F, 59 -0.41 316.0 0.11
M, 30 -0.30 289.2 0.12
M, 77 0.34 272.1 0.13
M, 60 -0.50 377.5 0.09
F, 79 -0.62 357.1 0.27
M, 83 0.70 374.6 0.03
M, 26 -0.55 318.8 0.10
M, 75 0.59 298.1 0.04
F, 35 -0.24 292.8 0.05
M, 50 -1.19 377.0 0.14
M, 39 0.11 296.6 0.01
F, 84 -0.20 314.2 0.02
M, 80 -0.12 280.3 0.00
M, 77 -0.37 299.1 0.16
F, 52 0.41 243.6 0.04
M, 63 -0.55 315.3 0.09
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Figure 7.10: Absolute MAP versus absolute PTT for all sessions in a 34 year old male patient

40 60 80 100 120 140 160 180
220

240

260

280

300

320

340

360

P
u

ls
e

 T
ra

n
si

t 
T

im
e

 (
m

s)

Mean Arterial Pressure (mmHg)

 

 
Data
Line best fit

y = −0.44x + 336.15

R2 = 0.29

137



Figure 7.11: Relative MAP versus relative PTT for all sessions in a 34 year old male patient
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Figure 7.12: Absolute SBP versus absolute PTT for all sessions in a 34 year old male patient
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Figure 7.13: Relative SBP versus relative PTT for all sessions in a 34 year old male patient
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7.3.2 Access pressures

Pooled data statistics

There were 521 sessions with su�cient data to assess the relationship between Finometer pressures and

access pressures: of these, 144 sessions used Tesio access, 142 radial AVFs and 235 brachial AVFs. Of

the AVFs, two were PTFE grafts, both supplied by the brachial artery; one of these patients had no

Finometer data for comparison due to severe PVD, and the other was considered in the brachial AVF

group. On recent ultrasound dilution Doppler studies, 4 AVFs had been found to have at least some

recirculation. The median access flow was 1635 ml/min for brachial AVFs and 1020 ml/min for radial

AVFs. There were 436 sessions with at least 6 NIBP measurements which could be matched to a nee-

dle pressure within +/- 5 minutes: of these, 123 used Tesio access, 117 radial AVFs and 196 brachial AVFs.

Considering all data points from sessions using AVFs, there was a statistically significant but very

weak correlation between �arterial pressures and Finometer-measured �MAP (R 0.14, p<0.001), and

between �venous pressures and Finometer-measured �MAP (R 0.10, p<0.001). Very little of the vari-

ation in needle pressures, even with the strict pre-processing described above, could be explained by

changes in systemic blood pressure, and vice versa. For example, univariate linear regression predicting

Finometer-measured �MAP from AVF �arterial pressures found an adjusted R2 of 0.022 (i.e. only about

2% of variance explained by access pressures, see figure 7.14). Limiting analysis only to brachial AVFs

provided only minimal improvement (see figure 7.15). A summary of linear regression models, R2 and

correlation coe�cients for each comparison according to access is shown in tables 7.2-7.4. With the

exception of Tesio line sessions, access pressures had a closer relationship to Finometer-measured than

oscillometer-measured systemic pressures, and there was little di↵erence between using MAP and SBP

as the blood pressure index.

Bland-Altmann plots were constructed for all comparisons, grouped according to access type. Neither

�arterial or �venous access pressures showed useful agreement with any index of systemic blood pressure.

The best agreement was seen for change in arterial needle pressure and change in Finometer-measured

MAP: brachial AVFs performed slightly better than all AVFs (see figures 7.16 and 7.17). Tables 7.2-

7.4 summarise the mean and standard deviation of di↵erences between access and systemic pressures,

grouped according to access.
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Figure 7.14: Relationship between �arterial needle pressures and �MAP, all AVFs
(regression terms for access pressures as covariate and MAP as dependent variable)
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Figure 7.15: Relationship between �arterial needle pressures and �MAP, brachial AVFs only
(regression terms for access pressures as covariate and MAP as dependent variable)
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Figure 7.16: Measurement di↵erences between �arterial needle pressures and �MAP, all AVFs
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Figure 7.17: Measurement di↵erences between �arterial needle pressures and �MAP, brachial
AVFs
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Table 7.2: Regression and correlation statistics, AVF sessions only

Blood pressure Access pressure Correlation Linear model terms Linear model Bland-Altman
index index (p value) (�,Constant) R2 Bias, SD

Finometer MAP Arterial 0.14 (p<0.001) 0.12, -5.00 0.021 2.0, 21.6
Finometer MAP Venous 0.10 (p<0.001) 0.08, -5.6 0.009 -3.5, 23.0
Finometer SBP Arterial 0.16 (p<0.001) 0.12, -10.0 0.025 -2.5, 26.7
Finometer SBP Venous 0.10 (p<0.001) 0.20, -8.9 0.010 -7.9, 28.3

Oscillometer MAP Arterial 0.09 (p<0.001) 0.07, -4.9 0.008 -1.7, 26.3
Oscillometer SBP Arterial 0.12 (p<0.001) 0.14, -7.7 0.014 -2.5, 26.6

Table 7.3: Regression and correlation statistics, brachial AVF sessions only

Blood pressure Access pressure Correlation Linear model terms Linear model Bland-Altman
index index (p value) (�,Constant) R2 Bias, SD

Finometer MAP Arterial 0.21 (p<0.001) 0.20, -5.5 0.043 0.8, 20.5
Finometer MAP Venous 0.13 (p<0.001) 0.11, -6.6 0.017 -4.0, 23.1
Finometer SBP Arterial 0.20 (p<0.001) 0.30, -9.5 0.040 -4.1, 27.0
Finometer SBP Venous 0.13 (p<0.001) 0.17, -11.2 0.016 -8.8, 29.3

Oscillometer MAP Arterial 0.17 (p<0.001) 0.13, -2.5 0.030 -2.5, 25.0
Oscillometer SBP Arterial 0.11 (p<0.001) 0.14, -9.3 0.012 -4.1, 26.8

Table 7.4: Regression and correlation statistics, Tesio sessions only

Blood pressure Access pressure Correlation Linear model terms Linear model Bland-Altman
index index (p value) (�,Constant) R2 Bias, SD

Finometer MAP Arterial 0.09 (p<0.001) 0.11, -1.9 0.008 0.1, 16.7
Finometer MAP Venous -0.03 (p<0.001) -0.02, -2.5 0.001 2.1, 23.6
Finometer SBP Arterial 0.08 (p<0.001) 0.15, -3.0 0.007 -1.3, 21.7
Finometer SBP Venous -0.05 (p<0.001) -0.05, -3.7 0.003 -1.0, 27.9

Oscillometer MAP Arterial 0.17 (p<0.001) 0.13, -2.5 0.030 -2.0, 19.9
Oscillometer SBP Arterial 0.15 (p<0.001) 0.14, -3.9 0.022 -1.3, 21.6

146



Session-level correlations

The median session-level correlation between Finometer MAP and AVF arterial needle pressure was 0.17

(interquartile range -0.15 to 0.54). The distribution of session-level correlations for Finometer MAP and

AVF arterial access pressure is shown in figure 7.18. The equivalent for oscillometer MAP is shown in

figure 7.19. As outlined in the discussion, the apparent improved performance of oscillometer MAP in

this analysis alone likely represents methodological problems with using correlation statistics.

ANOVA revealed that the correlation varied significantly according to access, with mean correlation

for sessions with Tesios 0.09, radial AVFs 0.13 and brachial AVFs 0.20 (p = 0.008). Due to the nature

of correlation statistics, maximum change in MAP during a session is likely to increase the session-level

correlation. A confounding factor is that maximum change in MAP also varied significantly according

to access type: mean drop in MAP for sessions with Tesios -20.0mmHg, radial AVFs -22.5mmHg and

brachial AVFs -27.2mmHg (p<0.001 on ANOVA). This is probably a chance association, although Tesios

are more likely to be used in new starters who may have accumulated less comorbidity, and brachial

fistulas are only created when radial access has been precluded by vascular disease. The session-level cor-

relations varied substantially between patients: figure 7.20 shows the mean and 95 % confidence intervals

for correlations for each patient (Finometer MAP and arterial access pressure). Once patient cluster-

ing had been taken into account, the only significant determinant of session-level correlation on mixed

modelling was maximum change in MAP. This was a poor model, with the vast majority of variance

remaining unexplained.
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Figure 7.18: Session-level correlations between arterial access pressure and Finometer MAP,
all AVFs
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Figure 7.19: Session-level correlations between arterial access pressure and oscillometer MAP,
all AVFs
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Figure 7.20: Variation in session-level correlations (x-axis) between patients (represented by
numbers on y axis)
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Patient level agreement

The agreement between �arterial access pressures and �MAP, as measured by Bland-Altmann methods,

also varied substantially between patients. Figure 7.21 shows the standard deviation of the di↵erence

between measurement methods for each patient. Figure 7.22 shows the mean bias between measurement

methods for each patient.
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Figure 7.21: Standard deviation of di↵erences between �arterial access pressure and �MAP
(Finometer) for each patient

5 10 15 20 25 30 350

2

4

6

8

10

12

14

16

N
um

be
r o

f p
at

ie
nt

s

Standard deviation of difference between delta arterial 
access pressures and delta finometer MAP (mmHg)

Figure 7.22: Mean di↵erence between �arterial access pressure and �MAP (Finometer) for
each patient
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Even within access types, there was substantial variation: figure 7.23 shows box plots for the di↵er-

ences between all paired measurements within each patient, only for those with a brachial AVF. On linear

regression, the factors significantly associated with standard deviation of the di↵erence were as follows:

-Access type: +4.36mmHg for radial AVF compared to brachial AVF (p=0.015)

-Diabetes: +6.97mmHg for tablet controlled diabetes (p=0.017), +7.92mmHg for insulin controlled

diabetes (p = 0.005) compared to no diabetes

-Typical UF volume: +2.28mmHg per litre (p=0.017)

This was a reasonable model, which met the assumptions of linear regression, and explained approx-

imately a third of variance between patients. In contrast, none of the tested covariates were found to

explain the patient di↵erences in mean bias.
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Figure 7.23: Box plots of within-patient di↵erences between �arterial access pressure and
�MAP (Finometer), brachial AVFs only
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Despite the fact that access pressures performed much better in some patients than others as a sur-

rogate of systemic pressures, even in the best example the agreement was not clinically useful. The

patient with the best results was a non-diabetic 54 year old male with polycystic kidneys and minimal

comorbidity, who had a large brachial AVF (patient 5 in figure 7.20). The scatter plot of � arterial access

pressures and �MAP for this patient is shown in figure 7.24, and the corresponding Bland-Altman plot

in figure 7.25. The regression coe�cients (access pressures as covariate and MAP as dependent variable)

are � 0.72, constant -3.7, with R2 0.41. Whilst promising, the BA plot show that the limits of agreement

remain wide.

Figure 7.24: Plot of �arterial access pressure and �MAP for best example patient
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Figure 7.25: Measurement di↵erences between �arterial needle pressures and �MAP for best
example patient
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7.4 Discussion

PTT

We found that the majority of patients had a significant negative correlation between intra-dialytic PTT

and blood pressure, but the strength of the relationship was generally weak, and not only variable between

individuals, but between sessions within the same patient. The correlation at patient-level is expected

to be less than the correlation at session-level, as even within the same subject, the relationship between

blood pressure and PTT may vary from day to day, e.g. with the autonomic and mechanical vascular

response to fluid retention. Even at session level, however, the correlation was generally weaker than that

reported in other studies, regardless of blood pressure index used. A summary of studies which have used

the R wave to PPG wave method of PTT to track blood pressure is presented in a recent review [157].

Pooling studies was not possible, due to di↵erent definitions of PTT, di↵erent perturbations (e.g. exer-

cise, vasoactive drugs), di↵erent populations and di↵erent measurement periods. However, those defining

PTT as we did (R wave to the mid-point of the PPG upstroke) reported average correlations for SBP

ranging from -0.32 to-0.99, and -0.37 for MAP (only one study), whereas our median correlations were

-0.15 for both MAP and SBP. The superior agreement in these studies reflects the much shorter time

periods analysed, with change over minutes rather than hours. In addition, they used otherwise healthy

patients or sedated patients, and some compared PTT to intermittent non-invasive blood pressure rather

than continuous blood pressure [162, 163, 164]. Generally a smaller number of data points favours high

correlation scores: dependence on the number of data points is one of the reasons that correlation can

be misleading. Generally, linear regression with an R2 is more useful when assessing the strength of the

relationship.

Only one group to date have used PTT to track continuous blood pressure over entire dialysis sessions.

Mambelli et al compared continuous PTT-derived blood pressure to continuous intra-arterial blood pres-

sure in 4 patients undergoing HD on an intensive care unit using the Harmonized Alert Sensing Technology

(HASTE) device [75]. This device estimates SBP using a linear equation: the coe�cient and constant

are initially selected based on values derived from 50 healthy individuals, and then updated based on

frequent calibrations (every 5 minutes for the first 30 minutes, and then every 20 minutes). They found

excellent correlation between intra-arterial SBP and HASTE-estimated SBP in this population, although

notably the limits of agreement were wide at +/- 26.6mmHg. When they attempted to replicate results
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in 14 outpatient HD sessions using an oscillometer as the reference, they found no significant relationship

between HASTE-estimations of SBP and oscillometric SBP. This was attributed to substantial patient

movement, and vascular disease resulting in a di↵erence between upper arm and finger pressure, both

issues that similarly a↵ected our study. Moreover, our analysis was a retrospective examination of the

raw relationship between PTT and blood pressure over an entire dialysis session, whereas the frequent

calibrations with the HASTE device mean that Mambelli et al were essentially looking at the relationship

over 20 minute blocks.

The relationship between PTT and blood pressure is altered by a number of factors, as shown in the

equation in the introduction, including vessel inner diameter, vessel thickness, and blood viscosity. These

factors change dynamically during HD as fluid is removed: in patients with an intact autonomic nervous

system, vasoconstriction will alter vessel dimensions and sti↵ness. Therefore it is likely that frequent

recalibration is going to be necessary to track blood pressure in this population. However, if calibration

is required every 20 minutes or more, then arguably the PTT is not providing a great deal of extra

information, unless the patient is prone to very rapid changes. It may be that the PTT is best suited

for estimating short term changes, e.g. over general anaesthetic induction or during a cardiovascular

challenge.

In terms of the ideal blood pressure index to track PTT, MAP and SBP appeared to perform similarly

in this population. Interestingly, we found that the relationship between PTT and blood pressure was

slightly stronger when absolute rather than relative values were used. This may be because we had su�-

cient data for each patient (typically 60 hours) to assess this relationship at the level of each individual,

rather than having to pool data and assess at the population level.

The use of beta blockers and the presence of vascular disease explained a substantial amount of inter-

patient variation. Beta blocker use could improve the performance of PTT as a surrogate measure of

blood pressure by attenuating the autonomically-driven dynamic changes in vascular tone. This might

perhaps allow PTT to track blood pressure changes over longer periods without the need for recalibra-

tion. This hypothesis would explain why the beta blocker term could not be replaced by a measure of

average baseline pulse. Nevertheless, at the session-level, even adjusting for random e↵ects, baseline pulse

rate was a highly significant determinant of correlation score: lower pulse rates were associated with a
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stronger relationship between PTT and blood pressure. It may be that this is confounding from the use

of beta blockers, but beta blocker use was not a significant term in the model even if the pulse covariate

was excluded. Alternatively, those with a low pulse rate at baseline may be fitter patients, with less fluid

overload, who are less likely to undergo large changes in heart rate during dialysis. It is known that

RR variability is related to changes in PTT, probably due to shared autonomic modulation rather than

cause and e↵ect [165]. Some investigators have shown that increasing heart rate appears to be associated

with increasing pulse wave velocity in the absence of changes in blood pressure, i.e. increasing heart rate

alters the relationship between PTT and blood pressure [166, 167]. It is possible that this phenomenon is

an artefact of measurement method rather than a physiological process, but animal studies have shown

that heart rate can indeed influence arterial elasticity [168].

Access pressures

Overall, it was not possible to reliably estimate changes in systemic blood pressures from dynamic access

pressures. The �arterial access pressure measured from brachial AVFs showed the greatest relationship

with systemic blood pressure changes, but the correlation was weak. The slight advantage of �MAP over

�SBP for agreement may have been obviated by taking into account the magnitude of baseline values,

though there is a rationale for access pressures correlating better with MAP: whether or not the access

pressure values were spot measurements (i.e. at di↵erent times in the cardiac cycle) or averages over

the preceding minute, they would have tended to the mean value over the cardiac cycle, particularly

once the smoothing filter was applied. It is likely that brachial AVFs performed better as they are more

proximal and tend to have larger anastomoses with greater blood flow, although access flow itself was

not a significant covariate. Given the arterial needle is positioned closer to the anastomosis of the artery

with the vein, it was expected that AVF arterial pressures would have greater agreement with systemic

pressures than AVF venous pressures. However, this relationship unexpectedly also held true for Tesio

lines, where both lumens are adjacent in the superior vena cava. In addition, the limits of agreement

were narrowest for Tesios, despite the fact that this access type should only detect changes in central

venous pressure. These may be chance findings, reflecting the smaller number of sessions with Tesio

access. It may not be intuitive that the central venous pressure measured from a Tesio would correlate

with systemic pressures at all: one explanation is that preload is a determinant of cardiac output.
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There was a huge amount of inter-patient variation in all of the correlation, regression and agreement

statistics, only some of which could be explained by the type of access. On multivariate linear regres-

sion, it appeared that a well as access type, ultrafiltration volume and diabetes history were significant

predictors of wider limits of agreement. A physiological explanation for the ultrafiltration covariate is

that haematocrit will rise as fluid is removed, and this has been shown to alter the relationship between

dialysis circuit and access pressures. It is often more di�cult to establish good vascular access in patients

with diabetes due to atherosclerotic changes, and this may translate to poorer access blood flow. A

weakness of the linear regression model reported is that access blood flow and needle size data was not

gathered (though this would not have changed the results of the other analyses).

Session-level correlation statistics were sometimes at variance with agreement statistics, and this

chapter highlights some of the issues with correlation measurements, namely that they are very sensitive

to both the number of data points compared and the maximum change in the variable. As there was very

few NIBP measurements per session, the session-level correlations were artificially higher, despite the

fact that other, more robust measures of agreement suggested that NIBP provided a poorer surrogate for

systemic pressures. Fluctuations in the Finometer MAP which did not strictly coincide with fluctuations

in needle pressures would be penalised, whereas a very high correlation with NIBP could be achieved as

long as the general trend was in agreement.

The fluid mechanics underlying fistula haemodynamics are complex, but there are two key areas where

large and variable errors are introduced in the process of estimating systemic pressure changes from ac-

cess pressure changes. First, there is the drop in pressure between the arterial system, e.g. brachial or

radial artery, and the arterialised vein. The ratio of systemic to intra-access pressure has been proposed

as a method of access surveillance, so has been well investigated [169]. A number of di↵erent anatomi-

cal features have been found to a↵ect the relationship between arterial pressure and downstream access

pressures, including the angle and diameter of the anastomosis, the outflow resistance, and whether the

access is a native fistula or a graft [170, 171, 172]. If the systemic to intra-access pressure ratio is fixed,

then the trend in systemic pressure could still be reliably estimated: however if the anastomotic diameter

or flow patterns vary with arterial pressures, then the ratio may be variable. Nevertheless, two small

historical studies found that directly measured intra-fistula pressures generally correlated with changes

in femoral intra-arterial MAP [158, 159].
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Secondly, there is the di↵erence between the so-called ”static” intra-fistula pressure and the pres-

sures measured at the the pre-pump and venous bubble trap. When the pump is o↵, and the lines are

clamped, there are only hydrostatic forces to consider. However when the pump is moving as in this

study (”dynamic” pressures), interpretation becomes even more di�cult [172, 173, 174]. Investigators

have found that, in addition to actual intra-fistula pressure itself, the dynamic pressures are influenced

by baseline haematocrit, ultrafiltration volume, tubing diameter and length, and needle size/orientation

[173]. In fact, it is thought that dynamic venous and arterial pressures are largely a reflection of the

hydraulics of the needles [174, 173]. Small changes in the position or angle of the needles during dialysis,

e.g. due to patient movement or increased proximity of the needle tips to the vessel wall with reduction of

intravascular volume, will change dynamic pressures independently of static pressures and independently

of each other. In our unit, the arterial needle is positioned so that the bevel is facing away from the

direction of blood flow, which is likely to confound estimates of true access pressures further. Considering

all these factors, it is perhaps not surprising that we did not find dynamic needle pressures to be a useful

surrogate for systemic pressures. Furthermore, it has been suggested that there is substantial inaccuracy

in access pressures reported by dialysis machines [174].

It is possible that improved agreement could be found with increased resolution of access pressure

measurements, limiting analysis to high flow brachial AVFs confirmed to be without recirculation, and

the use of more sophisticated models to account for the myriad of factors determining the relationship

between systemic blood pressure and dynamic access pressures.

7.5 Conclusions

Dynamic access pressures in this study did not show su�cient agreement to be used as a surrogate mea-

sure of trends in continuous systemic blood pressure, though there was considerable variation between

patients. PTT showed promise in some patients as a method of tracking either MAP or SBP over the

course of haemodialysis, but the relationship was much weaker than that reported by studies examining

short term changes. Therefore, without frequent calibration, it is unlikely to have su�cient accuracy for

clinical use.
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Chapter 8

Relationship between deterioration in

cognitive function testing and

intra-dialytic physiology

8.1 Introduction

There has long been speculation that haemodynamic instability during HD leads to repetitive cerebral

ischaemia and consequent cognitive decline. Whilst there is certainly an association between duration

of HD, ischaemic white matter changes and cognitive dysfunction, the evidence of causation is weak.

This is because cognitive impairment and white matter abnormalities are independently associated with

renal impairment per se in a dose-related fashion, likely due to increasing burden of cerebral small vessel

disease [33, 34, 35, 36].

To definitively answer the question of whether cerebral ischaemia occurs during HD, a continuous,

non-invasive method of monitoring cerebral tissue oxygenation during a large number of dialysis sessions is

needed. Methods of measuring tissue oxygenation are outlined in the Introduction chapter. As discussed,

cerebral NIRS is the only option for uninterrupted, non-invasive monitoring of cerebral oxygenation on an

outpatient dialysis unit, and has been shown to correlate well with more invasive or operator dependent

measures of cerebral perfusion, including transcranial Doppler and functional MRI [55, 56]. To date,

there has been limited data on the use of NIRS in HD patients.
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We monitored 58 patients with continuous blood pressure and cerebral NIRS for 9-12 consecutive

dialysis sessions each, in order to assess their typical exposure to cerebral ischaemia and hypotension,

and then correlated this with change in cognitive function over 12 months. The primary objective was

to quantify deterioration in cognitive function over time, and to make a preliminary estimate of whether

this is associated with intra-dialytic haemodynamic instability or cerebral ischaemia.

8.2 Methods

See the Methods chapter for details of the trial and data collection. Continuous blood pressure monitor-

ing was performed using the Finometer device. The beat-to-beat blood pressure data was processed by

removal of extreme outliers (3 standard deviations from mean or more) and low pass filtering (Hamming

window based with cuto↵ 0.083 Hz) to attenuate high frequency noise. Data was discarded if it did not

meet the standards of an SQI based on waveform quality. Missing segments were not interpolated. For

stable patients with the older Finometer model, baseline blood pressure was defined as the median value

from a window beginning 2 minutes after recording start (to allow time for Physiocal calibration) and

ending at the point of bleedout, i.e. when the patient’s blood enters the dialysis circuit and treatment

commences. For the unstable patients with the Finometer Pro, the start point of the window was instead

completion of RTF calibration. Blood pressure data was downsampled to a frequency of 0.0167 Hz (i.e.

one data point every minute) for these analyses. The AUCs below di↵erent MAP thresholds, relative

and absolute, were calculated for each session.

Cerebral oximetry was measured with the INVOS device. Data was processed with removal of ex-

treme outliers (3 standard deviations from mean or more) and application of a low pass filter (Hamming

window based with cuto↵ 0.083 Hz) to attenuate noise. Data was downsampled to a frequency of 0.0167

Hz for these analyses. Baseline rSO2 was taken as the median of good quality data spanning the first 2-6

minutes of recording.

As discussed in the previous chapters, there is no consensus on the rSO2 cuto↵ value which should

be considered abnormal or harmful, and accepting the limitations of any arbitrary threshold, we again

chose a relative drop of 15% of the baseline value as the cuto↵ for potential cerebral ischaemia. . For

each session, the AUC below the cuto↵ of a relative 15% drop was calculated, known hereafter as the
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ischaemia AUC (min*%).

At baseline and at 12 months from study entry, patients underwent cognitive function testing consist-

ing of the 3MS and the TTB, and screening for depression using the PHQ-9. All patients were assessed

by the same individual, and strictly in accordance with published protocols. This included capping the

TTB at 5 minutes if the patient had been unable to complete the task by this time. At baseline, all

patients were assess on the dialysis unit, within the first two hours of treatment; at 12 months, some

individuals had had transplants, and they were assessed either on the dialysis unit or outpatients, a

similar environment.

The results of cognitive function tests at baseline were compared to reference values for the general

population. At the time of the trial, the 3MS, TTB and PHQ9 were being piloted on the dialysis unit as

part of a clinical audit: therefore, baseline data, including demographics, was available from an additional

16 patients outside the study. Linear modelling was used to identify significant predictors of baseline

performance on the TTB and 3MS, with covariates including age, level of education, cerebrovascular

disease, other vascular disease, diabetes vintage, HD vintage, PHQ score and baseline rSO2.

In order to adjust for the di↵erent exposure to intra-dialytic hypoxia during follow up that resulted

from, for example, transplantation or increased frequency of treatment, the average session ischaemia

AUC for a given patient was calculated, and multiplied by the number of sessions delivered during follow

up. This was then entered as a covariate into a linear model predicting the percentage change in TTB

score between baseline and 12 month follow up. Other covariates tested included relative and absolute

hypotension AUC (with exposure calculated in the same way), age, level of education, CVD, other vas-

cular disease, diabetes vintage, HD vintage, PHQ-9 score and baseline rSO2. Variables were transformed

to maximise the linear relationship between predictors and outcome, and checks were performed on the

residuals to ensure models were valid.

As there were more deaths than expected, and the number of patients was relatively small, the ro-

bustness of all results was tested with the boot strapping (resampling with replacement) and jack knifing

(resampling without replacement).
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Figure 8.1: Histogram of baseline cerebral rSO2
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8.3 Results

8.3.1 Baseline cognitive function tests

Baseline cognitive function tests were available from all 60 recruited patients, and from 16 additional

dialysis patients who had been assessed as part of a clinical audit. The median 3MS score was 92, in-

terquartile range 88 to 96 (not significantly di↵erent when limited to study patients). Figure 8.2 shows

the baseline 3MS scores against age, with lines drawn at the previously reported optimal cuto↵ points

for both dementia and cognitive dysfunction [175]. For 3MS score, only age and educational level were

significant (table 8.1).

The median TTB score was 122 seconds, interquartile range 83 to 185 (not significantly di↵erent

when limited to the study patients). On linear regression, as expected, age and level of education were

significant predictors of performance (see table 8.2). However, HD vintage, but not ESRF vintage, was

also significantly associated with the score. The models did not change when restricted only to study

patients. Table 8.3 shows TTB scores in this HD population compared to reference values for the general
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population, stratified for age and educational level. The improved performance in the extremely elderly

with high levels of education is likely to be a survival e↵ect.

Figure 8.2: Baseline 3MS scores against age for this population
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Table 8.1: Factors significantly associated with baseline 3MS score

Covariate Odds Ratio 95% Confidence Intervals p value
Age -0.12 points per year -0.03 to -0.21 0.009
Educational level* 2.09 points per level 0.50 to 3.79 0.010

*Possible levels: No qualifications, O level/equivalent, A level/equivalent or above
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Table 8.2: Factors significantly associated with baseline TTB score

Covariate Odds Ratio 95% Confidence Intervals p value
Age 2.1 seconds per year 1.2 to 2.9 <0.001
Educational level* -26.8 seconds per level -11.1 to -42.1 <0.001
Haemodialysis Vintage 6.2 seconds per sqrt(years) 1.5 to 10.8 0.010

*Possible levels: No qualifications, O level/equivalent, A level/equivalent or above

Table 8.3: TTB scores for study population compared to reference values in red [176]

Age group TTB score, TTB score TTB score
(years) All educational levels O level/equivalent or less A level/equivalent or more

(median, IQR) (median, IQR) (median, IQR)
(n=51) (n=25)

 40 67 (55-80) NA* NA*
(n=7) 50 (42-61)
41-55 86 (69-120) NA* NA*
(n=19) 64 (55-74)
56-70 110 (78-152) 149 (89-176) 94 (67-133)
(n=16 76 (66-98) 86 (73-114) 68 (60-74)
71-80 183 (159-229) 197 (157-255) 161 (158-170)
(n=23) 115 (74-156) 120 (94-162) 87 (63-134)
>80 138 (117-224) 213 (117-252) 134 (120-146)
(n=11) 138 (91-197) 143 (103-204) 121 (84-184)

*Education not expected to alter result under 55 years of age
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8.3.2 Deterioration in cognitive function over 12 months

Of the 58 patients who completed physiological monitoring, follow up cognitive function testing was

performed on 47 individuals. 2 patients had moved units and were not contactable, and 9 patients had

died. Of the 47 available patients, 9 had undergone transplantation during the follow up period, and the

remainder were still on outpatient haemodialysis. In two cases, there was insu�cient rSO2 data (one in

a transplanted patient, one in a patient still on dialysis), so in total, there were 45 cases available for

modelling.

The mean change in TTB performance was +12.4 seconds, although the distribution had a long right

tail, with median only +1 second, as shown in figure 8.3 . A separation was seen in those who had

undergone transplantation (mean -6.9 seconds, i.e. an improvement) and those who remained on dialysis

(mean +16.1 seconds), though due to small numbers and potential confounders (e.g. age), firm conclu-

sions cannot be drawn from this. The mean change in 3MS score was -1 point, with substantial patient

variation. Follow up 3MS scores against cut-o↵s for cognitive dysfunction are shown in figure 8.4.
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Figure 8.3: Probability densities of follow up TTB scores against baseline TTB scores (the
second peak results from the use of a cuto↵ when more than 5 minutes was required to
complete the task)
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Figure 8.4: Follow up 3MS scores against age for this population
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On multivariate linear modelling, with bootstrapping to check robustness and attenuate the impact

of influential outliers, the only covariate that remained a significant predictor of deterioration in TTB

score (expressed as percentage change from baseline) was total exposure to intra-dialytic hypoxia, as

defined above. Similar results were obtained when the deterioration in TTB score was expressed in

seconds. The only significant predictor of change in 3MS performance after bootstrapping was change

in PHQ-9 score, with an increase of 0.26 points per unit improvement in depression score (p=0.03). The

relationship between change in TTB and cumulative exposure to intra-dialytic hypoxia was not linear,

with proportionally greater e↵ect size occurring as exposure increased. To obtain a linear relationship

for the purposes of linear modelling, total exposure was transformed with the power of 0.2. The final

equation after bootstrapping was:

�TTB = �7.8 + 5.8 ⇤Hypoxia0.2 (8.3.1)

where � TTB= percentage change in TTB over 12 months, and Hypoxia is the estimated AUC for

cerebral ischaemia over the 12 months in %min.

The confidence intervals for the hypoxia coe�cient were 0.5 to 11.1, p=0.036. Linear model assump-

tions were satisfactorily met, though the model was a poor fit with R2 only 0.10. Two individuals had a

consistently large Cook’s distance for all analyses. Reassuringly, removing these two cases increased the

significance of the relationship (hypoxia coe�cient 5.9, bootstrap confidence intervals 1.9-9.7, p=0.004),

and improved the fit to R2 0.16. These two individuals had extremely low baseline rSO2 values (below

35%) so this may have influenced results, given that ischaemia was defined as a percentage of baseline.

8.4 Discussion

This is the first study measuring both continuous cerebral oxygenation and continuous blood pressure

over a large number of HD sessions, including many with haemodynamic instability. The key finding

was that cumulative intra-dialytic exposure to cerebral ischaemia, arbitrarily defined as less than 15% of

baseline value, corresponded to change in executive cognitive function. Cerebral desaturation far outper-

formed relative or absolute blood pressure thresholds in terms of predicting decline in cognition.
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In keeping with other investigators, we identified significant abnormalities in cognitive function in this

HD population [34, 47, 35]. At all ages and education levels, the TTB scores were substantially lower

than expected for the general population [176]. Most investigators have found that cognitive dysfunction

in dialysis patients is largely executive, eg. planning and processing speed, areas specifically assessed by

the TTB [35, 47]. Although the MMSE and 3MS have been widely validated as measures of global cog-

nitive function, with components for orientation, language, attention and memory, they are less sensitive

for detecting executive dysfunction. However, there were still detectable di↵erences between the study

population 3MS scores and those typically reported for the general population. There are not normative

values as such for the 3MS, as it is mainly a screening test for cognitive impairment in the elderly, and

has a ceiling e↵ect. Nevertheless, for normal adults aged 60-69, one study has reported a median score of

95 (IQR 93-97), with median 94 (IQR 90-97) for patients aged 70-79 [177]. The equivalents in our study

population were 96 (88-98) and 86 (85-92), i.e. a greater deterioration with age and more variable results.

Some argue that adjustment for age or education leads to clinically important cognitive dysfunction being

missed, and that the same cuto↵s should be used for the whole population, e.g. 86 and below has been

reported to have a sensitivity of 78% and specificity of 76% for cognitive impairment, and 79 or below a

sensitivity of 85% and specificity of 84% for dementia [178, 175]. Using these cuto↵s, at baseline 5% of

the study population had dementia and a further 16% cognitive dysfunction.

In the general population, baseline rSO2 values have been reported to lie between 60-80%, with a

normal distribution [179]. In this study population, we found a normal distribution shifted substantially

to the left, with most values lying between 40-60%. This is in keeping with other studies which have

shown that baseline tissue oxygenation as measured by cerebral NIRS has been found to be significantly

lower in HD patients than normal controls, and may correlate with HD vintage [57, 58, 59]. In another

approach, Kobayashi et al looked directly at regional cerebral blood flow in 54 prevalent HD patients

using SPECT, and reported a general reduction in blood flow compared to healthy controls, which wors-

ened with HD vintage [45].

There have been conflicting reports on inter-test reliability for both the 3MS and TTB [112, 113, 180].

Therefore the change in score that should be deemed to represent a genuine change in cognition is con-

troversial. Small changes within an individual should be interpreted in the context of normal, short-term

intra-individual variation. The coe�cient of variation is an established method to assess test-retest reli-
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ability, and is calculated by taking the standard deviation of the di↵erences, and dividing by the mean

value of the test. Day to day TTB performance has been reported to have fairly large coe�cient of

variation of 33% [113], though with this very short retest interval, it is unsurprising that there was a

”practice” e↵ect. In data derived from the Frequent Hemodialysis Network trial, the coe�cient of vari-

ation was approximately 7% in the subset of patients for whom raw scores were given [39]. As regards

3MS, a large study also reported a 3 month coe�cient of variation of approximately 7% (standard de-

viation of di↵erence in score 6 points) [112]. Generally a change of greater than 5 points on the 3MS

is considered clinically significant [180]. Notably, much of the inter-test variance can be attributed to

inter-observer di↵erences, and unlike previously published literature, both baseline and follow up tests

were administered by the same individual in our study. In addition, with the 12 month interval in our

study, any practice e↵ect would be minimised.

The change in 3MS and TTB scores over 12 months in this study was very variable: overall there

was a mild decline, but some patients showed a marked deterioration in performance, and others even

improved. There is only one comparable study looking at longitudinal changes in TTB and 3MS scores

in HD patients. Kurella-Tamura et al analysed change in TTB score over 12 months in patients enrolled

in the Frequent Haemodialysis Network trial, and similarly found an overall deterioration with a mean

change of approximately +9 seconds, but a wide range of results [181]. Indeed, 55% patients showed an

improvement, although the change was expressed in absolute seconds rather than percentage of baseline,

and so the clinical significance was likely to be variable. Compared to our study population, patients

were younger, with mean age of 50 years. Change in performance was not related to frequency of HD

or depression scores; alternative determinants were not explored. In our study, the only factors found

to explain the variance in change in cognitive function were estimated exposure to intra-dialytic cerebral

ischaemia over the 12 month period (TTB), and the severity of depression, as measured by the PHQ-9

(3MS).

This is also the first study to demonstrate that intra-dialytic physiology is associated with changes

in cognitive function. Previous studies, as discussed in the Introduction chapter, have not found a re-

lationship between intra-dialytic haemodynamic instability and either cognitive outcomes, or surrogates

such as radiological changes. The small numbers mean that this study can at best be considered a pilot.

Findings must be confirmed in a larger cohort of patients: bootstrapping and statistical techniques to
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reduce confounding are no substitute for large numbers. Ultimately a controlled trial pairing continuous

cerebral tissue oxygenation monitoring with interventions such as cooling or biofeedback dialysis might

help to establish if such interventions can improve intra-dialytic cerebral perfusion; following up with

robust functional tests would then allow detection of any clinically significant cerebral protection. Cere-

bral NIRS is likely to be the only suitable technology for this task. MRI techniques for assessing cerebral

perfusion are not suited to continuous, real-time monitoring in a large number of patients, and also give

no indication of oxygen balance.

Finally, another limitation arises from the assumption that the dialysis sessions during the study pe-

riod were representative of those during follow up. However, we monitored many more sessions per patient

than is typical in the literature. Finally, error may arise from the definition of cerebral ischaemia: there is

no consensus on what change in rSO2 is harmful. We extrapolated from existing literature as far as possi-

ble, and the association with change in cognitive function provides some support for the threshold chosen.

8.5 Conclusions

Cumulative intra-dialytic exposure to cerebral ischaemia, arbitrarily defined as less than 15% of baseline

value, corresponded to change in executive cognitive function. Cerebral desaturation far outperformed

relative or absolute blood pressure thresholds in terms of predicting decline in cognition.
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Chapter 9

Prediction of cerebral desaturation on

haemodialysis using univariate variables

at the population level

9.1 Introduction

Interventions to counteract intra-dialytic haemodynamic instability include varying the dialysate sodium

concentration, cooling the dialysate, reducing the speed of ultrafiltration or adding in a convective com-

ponent to treatment (i.e. HDF): however to optimise performance, they need to anticipate the onset of

hypotension, and be tailored to the underlying physiological abnormality [68, 69].

A number of approaches have been taken to predict the onset of hypotension using univariate phys-

iological parameters at the population level, but results have been mixed. Returning to physiological

principles, measuring blood pressure is useful because it is a surrogate for downstream tissue perfusion

pressure, which is a surrogate for adequacy of cellular oxygenation. It may therefore be more fruitful to

anticipate and prevent end-organ ischaemia itself rather than its surrogate hypotension. Moreover, the

underlying pathogenesis of dialysis-induced hypotension and/or ischaemia is likely to be very heteroge-

neous. It is possible that one physiological variable is unlikely to reliably anticipate hypotensive/ischaemic

events in every session in every patient. Before abandoning univariate predictors at the population level

altogether, it is important to explore the full range of potential covariates in a large and robust dataset:

some data streams are likely to have more value than others. In addition, it is important to assess
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whether the results depend on the type of event being predicted, eg tissue ischaemia, classic KDOQI

event or other definition of hypotension. These are useful first steps in the progression to multivariate,

personalised models.

The key objectives of this chapter are as follows: to identify which univariate physiological variables,

on the population level, best distinguish normal dialysis sessions from those a↵ected by symptoms, hy-

potension or cerebral ischaemia; to identify whether the most informative physiological variables vary

according to the type of event being predicted; to confirm the need for multivariate, personalised models.

The reasons for choosing the brain as the indicator organ are outlined in the introduction chapter, and

include the availability of technology to monitor cerebral oxygenation in a continuous and non-invasive

manner throughout dialysis, and the fact that validated cognitive function tests are a convenient, non-

invasive and clinically important measure of end-organ damage.

9.2 Methods

See the methods chapter for full details of the trial and data collection. The following physiological and

derived variables were assessed:

• MAP

• Cardiac output (relative to baseline)

• Heart rate (derived from ECG)

• LF power, normalised units (ECG derived)

• PPG amplitude (relative to baseline)

• Pulse pressure variability (PPV, derived from PPG and Finometer)

• Peripheral saturations

• Saturation variability

• Respiratory rate

• Access blood saturations (AVF or central venous)
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• RBV

• Ultrafiltration volume

• Cerebral rSO2

9.2.1 Data pre-processing

Blood pressure monitoring was performed using the Finometer PRO (unstable patients, n=37) or the

Finometer MIDI (stable patients, n=19). The beat-to-beat blood pressure data was processed by re-

moval of extreme outliers (3 standard deviations from mean) and low pass filtering (Hamming window

based with cuto↵ 0.083 Hz) to attenuate high frequency noise, followed by application of an SQI based

on waveform quality (see Methods chapter). Cardiac output was derived from the Finometer waveform

(patented Modelflow algorithm), with calibration by ultrasound dilution in patients being monitored with

the Finometer PRO. Only cardiac output data from segments passing the Finometer SQI were consid-

ered, and extreme outliers were removed. As not all sessions were calibrated with ultrasound dilution,

for the population analyses, cardiac output was expressed as percentage change from baseline value. For

patients being monitored with the Finometer MIDI (n=19), baseline blood pressure and cardiac output

were defined as the median values from a window beginning 2 minutes after recording start (to allow time

for Physiocal calibration) and ending at the point of bleedout. For those patients being monitored with

the Finometer PRO (n=37), the start point of the window was instead at completion of RTF calibration.

The ultrasound dilution calibration could not be done until after bleedout: in applicable sessions, cardiac

output values prior to this point were retrospectively transformed.

Cerebral rSO2 was measured with the INVOS NIRS device, sampled at 5 second intervals. Data was

processed with removal of extreme outliers (4 standard deviations from mean or more) and application

of a low pass filter (Hamming window based with cuto↵ 0.083 Hz) to attenuate noise. Data was down-

sampled to a frequency of 0.0167 Hz for the analyses in this chapter. Baseline rSO2 was taken as the

median of good quality data spanning the first 2-6 minutes of recording.

Haematocrit and access blood saturations were measured continuously in all patients using the Crit-

Line monitor (Fresenius). RBV was pre-processed by application of a median filter, and removal of values

above +5% (which were artifactual due to fluid boluses, drugs or wash back at the end of dialysis). Access
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blood saturations underwent minimal processing, beyond removal of values correlating with RBV above

5%.

The 37 unstable patients also underwent monitoring with the Visi Black Shadow (Stowood Scientific

Instruments), which was used to gather continuous three lead ECG, finger PPG, pulse oximetry and

respiratory rate (using an individually fitted inductance belt). The belt data and PPG data were pre-

processed and subject to SQIs as described in the methods. Peripheral saturations from good quality

PPG windows were selected, and extreme outliers were removed. Saturation variability was calculated as

the standard deviation over the mean for each 60 second window, in accordance with previous literature

[72].

For PPG-derived measures, the amplitude of each beat was taken as the di↵erence between the PPG

peak and the preceding trough, i.e. the PPG pulse pressure. PPG PPV was calculated for every 15

second window, using the variation in amplitude over 12 successive beats (estimated to cover one or

two respiratory cycles, as we are looking for variation with respiration). The average di↵erence between

the two largest and two smallest peaks was found, and expressed as a percentage of the median pulse

pressure in this window. For comparison, an identical process was performed on good quality segments

of the Finometer arterial waveform, to give a second measure of PPV. In addition, PPG amplitude was

considered as a continuous variable. As the units are arbitrary, PPG amplitude was expressed relative

to baseline, defined as the median value of the data before bleed out (excluding the first 60 seconds after

probe application, whilst calibration was occurring).

ECG heart rate was calculated using a peak detector based on a modification of the Hamilton-Tomkins

algorithm [114], with application of an SQI as described in the Methods chapter. Once outliers had been

removed, instantaneous heart rate was calculated based on each R wave to R wave interval (RR inter-

val). For spectral analysis, each 120 second window of RR time series was first detrended (linear) and

resampled at 2 Hz using spline interpolation. The window size of 120 seconds was chosen as this is the

shortest time that allows the LF component to be assessed, and longer times are more likely to result

in violation of stationarity [182]. A Hamming window function was applied to reduce spectral ”leakage”

and fast Fourier transforms were computed using the next power of 2 as the number of points. LF power

was defined as the area under the curve for the spectrum between frequencies of 0.04 Hz to 0.15 Hz,
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and HF power as the area between frequencies of 0.15Hz and 0.41Hz. LF normalised units (LFnu) were

defined as the proportion of power in the range 0.04-0.41 Hz falling in the LF band, and HF normalised

units the proportion falling in the HF band (together LFnu and HFnu add up to 1, or 100%, depending

on how they are expressed). LF and HF power absolute measurements were log transformed in order to

achieve a normal distribution of values for analysis.

After pre-processing and application of SQIs as described above, all data streams were resampled to

a frequency of 1 Hz (i.e. one data point every second). Whenever a value was assigned to a window, the

timestamp was taken as the centre of that window.

9.2.2 Determination of distance between normal and abnormal sessions

Sessions were divided into normal and abnormal groups based on the following events: KDOQI-defined

event, i.e. 10mmHg drop in MAP with symptoms and nursing intervention (both within -10 to +20

minutes of the blood pressure threshold being attained); cerebral ischaemia, defined as an rSO2 drop of

15% or more of baseline value, sustained for at least 5 minutes; drop of MAP below 60mmHg, sustained

for at least 5 minutes. Data after the first event in a session was discarded. As ”normal” physiology is

likely to depend on the stage of HD, data was sorted according to time point of treatment: pre-bleedout

data was grouped together regardless of length; data between bleedout and hour 4 was divided into 30

minute segments; post-hour 4 data was grouped together regardless of length.

Visualisation

Each physiological variable was considered in turn, i.e. univariate analysis. The distribution of each vari-

able was assessed visually and with a probability-probability plot. Data was transformed as required to

achieve a normal distribution, and then the mean and standard deviation of the pooled ”normal session”

data, and the pooled ”abnormal session” data, was found for each 30 minute segment. After back trans-

formation, the trajectory of the mean and 95% limits of the abnormal sessions was then plotted against

that of the normal sessions. As sessions were censored after an event, the abnormal data diminished with

increased time on dialysis: once there were less than 6 abnormal sessions, data was discarded.
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Statistical analysis

Each physiological variable was considered in turn, i.e. univariate analysis. There are a number of chal-

lenges in comparing data at the population level, including the wide range of normal (and abnormal)

values, and clustering of data according to patient. As a preliminary investigation, the Wilcoxon rank sum

(or two sample t test where appropriate) was used to compare the pooled data from normal and abnor-

mal sessions for each hour of dialysis. One way analysis of variance was used to assess patient clustering

to estimate the validity of results, as the rank sum and t tests do not take into account repeated measures.

Rather than the di↵erence between pooled data, it is of more relevance whether individual data

segments can be classified as belonging to normal or abnormal sessions. The two-sample Kolmogarov-

Smirnov (KS) test is a non-parametric test which assesses the likelihood that two sets of data come from

the same continuous probability distribution. Data was broken down into 5 minute windows, which were

grouped according to hour of dialysis and whether they were from an abnormal or normal session. As

normal data segments were hugely variable across the population, the traditional KS test cuto↵ returned

the answer that essentially all normal segments were significantly di↵erent, making comparison of nor-

mal and abnormal segments meaningless. Therefore we aimed to define a customised KS test value for

significant di↵erences between normal and abnormal data segments, which took into account the large

di↵erences between normal segments. For a given hour, two randomly selected 5 minute segments from

the normal sessions were compared using the using the KS test; this was repeated 10,000 times, and

the distribution for test values was constructed (control distribution). This allowed an estimation of the

typical ”distance” between normal segments for a given variable. The process was then repeated for

10,000 pairs of 5 minute windows from normal and abnormal sessions. The distribution of resulting test

values (test distribution) was compared to the control distribution. We identified the 95th percentile of

the control distribution, and use this as the customised KS test value to distinguish significantly di↵erent

data segments. The chi square test was used to compare the proportion of test values from the test

distribution passing this point. As an alternative, the Wilcoxon rank sum test was used to look for a

shift in the median KS test value.
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9.3 Results

There was physiological data on 635 dialysis sessions in 58 patients. Two patients were found to have

such severe vascular disease that the Finometer could not detect a finger pulse, and only NIBP measure-

ments were available. Two other patients declined cerebral NIRS. In total, 576 sessions had Finometer

monitoring, 583 NIRS monitoring and 521 had both. There was ECG, PPG and respiratory rate data

on 388 dialysis sessions in 37 patients. Demographics are summarised in the methods chapter.

There was a substantial number of abnormal sessions as defined by the three di↵erent event types.

There were 42 sessions in 22 patients with KDOQI-defined IDH: the median drop in MAP at the time of

intervention was 25mmHg from baseline. There were 120 sessions in 23 patients with a sustained drop

in MAP below 60mmHg. There were 119 sessions in 39 patients with a sustained drop in rSO2 of 15%

of baseline: the median MAP at onset of ischaemia was 78mmHg.

9.3.1 Visual comparison of univariate physiological variables

Figures 9.1 to 9.15 show the trajectory of individual physiological variables over dialysis, according to

whether the sessions were normal or a↵ected by an event. The mean and 95% limits of the data for each

group of sessions are displayed against each other. It should be noted that estimates for abnormal data

become less robust as time of dialysis progresses, because sessions were censored at the time of the event.

This is particularly evident for the KDOQI events, which were relatively few in number to begin with.

9.3.2 Haemodynamic variables

The trajectory of absolute MAP over normal and abnormal sessions, according to the three di↵erent

definitions of events given above, is shown in figure 9.1. As expected, there is clear separation using the

event definition of MAP <60mmHg, and this di↵erence is apparent at baseline: patients who start at

a lower MAP are more likely to drop below this absolute threshold. However, there is also a steeper

gradient in the abnormal sessions. For other event types, there appears to be no substantial separation in

MAP between normal and abnormal sessions. For comparison, the change in MAP from baseline is shown

in figure 9.2. Again, as expected, the separation is greatest for sessions with and without MAP<60mmHg.
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Heart rate, at the population level, appears similar in sessions with and without cerebral ischaemia

or severe symptoms (figure 9.3). Heart rate is clearly lower throughout sessions a↵ected by drop in MAP

below 60mmHg. This was not found to represent clustering of patients on beta blockers. However, change

in heart rate appears to be more informative (figure 9.4). The heart rate increases in sessions which go on

to develop severe hypotension or symptoms, possibly representing an appropriate sympathetic response.

Sessions with cerebral ischaemia are unique in that the heart rate overall appears to remain the same, or

if anything decrease, over the HD session. In keeping with this, sessions with cerebral ischaemia appeared

to have substantially less LF power, a marker of sympathetic tone, throughout dialysis, whereas sessions

with severe symptoms were characterised by an increase in LF power (figure 9.5). Change in cardiac

output as measured by the Finometer, and change in PPG amplitude (essentially a surrogate for cardiac

output), did not distinguish eventful sessions (figures 9.6 and 9.7).

It is apparent that for several physiological variables, there is a pronounced change between pre-

bleedout and immediate post-bleedout values, e.g. LF power, cardiac output. This may be artifactual,

due to the decision to pool together all pre-bleedout data regardless of length, whereas all post-bleedout

data was separated into 5 minute segments. However, it is physiologically plausible that the process

of losing 150 mls of blood into the dialysis circuit over a minute could be associated with detectable

autonomic and haemodynamic cardiac output, the nature of which would depend on intravascular status

and position on the Starling curve. Venesecting as little as 250 mls can bring dramatic symptomatic

relief to a patient in pulmonary oedema: it is possible that more subtle, subclinical changes could follow

the sudden loss of 150 mls [183].

9.3.3 Indicators of volume status

On the population level, RBV or ultrafiltration volume, which are commonly used in clinical practice,

did not appear to be useful predictors of events (figure 9.8, UF volume not shown). Another measure of

intravascular depletion is PPV: perhaps as this showed less inter-individual variation in the threshold for

events, this proved to be one of the most promising variables for predicting all types of events (figure 9).

Pulse pressure variability as measured by the Finometer proved to be more useful overall than that de-

rived from the PPG, perhaps due to di↵erences in signal quality, or because the Finometer was measuring

changes in arterial diameter rather than capillary diameter. On the population level, the range of values

for PPG PPV was huge for both normal and abnormal sessions, making comparisons more di�cult (not
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shown).

9.3.4 Respiratory and oxygenation variables

Respiratory rate did not distinguish abnormal from normal sessions, regardless of event definition (figure

9.10). Peripheral saturations and AVF saturations were not substantially di↵erent between normal and

abnormal sessions, with the exception that fistula saturations appeared higher throughout HD (figures

9.11 and 9.12). Central venous saturations applied only to a small proportion of the overall dataset ,

i.e. those with Tesio lines (16 patients). Central venous saturations were lower in abnormal sessions

from baseline, regardless of event definition (figure 13). This was explained by clustering of events in

one or two patients who had a lower baseline value, illustrating the problem with population mod-

elling. In this case, the lower central venous saturations are just identifying the patients who have more

comorbidities. In contrast, peripheral saturation variability emerged as a potentially useful predictor,

particularly for cerebral ischaemia, as shown in figure 9.14. Change in cerebral oxygenation, as expected,

was significantly greater in sessions which featured cerebral ischaemia, but also in sessions marked by

KDOQI events and MAP <60mmHg, suggesting an overlap between the di↵erent definitions (figure 9.15).
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Figure 9.1: Absolute MAP in normal and abnormal sessions
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(a) KDOQI-defined IDH
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(b) Cerebral ischaemia (15% drop)
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Figure 9.2: Relative MAP in normal and abnormal sessions

0 30 60 90 120 150 180 210 240 270
−80

−60

−40

−20

0

20

40

60

80

100

Time into dialysis (minutes)

C
h
a
n
g
e
 in

 M
A

P
 f
ro

m
 b

a
se

lin
e
 (

m
m

H
g
) 

  
  
  
  
  
  

 

 
normal 95% limits

 normal mean

abnormal mean

abnormal 95% limits

(a) KDOQI-defined IDH

0 30 60 90 120 150 180 210 240 270

−80

−60

−40

−20

0

20

40

60

80

100

Time into dialysis (minutes)

C
h
a
n
g
e
 in

 M
A

P
 f
ro

m
 b

a
se

lin
e
 (

m
m

H
g
) 

  
  
  
  
  
 

 

 
normal data 95% limits
 normal mean
abnormal mean
abnormal data 95% limits

(b) Cerebral ischaemia (15% drop)
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Figure 9.3: Heart rate in normal and abnormal sessions
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(b) Cerebral ischaemia (15% drop)
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Figure 9.4: Change in heart rate in normal and abnormal sessions
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(b) Cerebral ischaemia (15% drop)
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Figure 9.5: Normalised low frequency power in normal and abnormal sessions
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(b) Cerebral ischaemia (15% drop)
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Figure 9.6: Cardiac output in normal and abnormal sessions
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(b) Cerebral ischaemia (15% drop)

0 30 60 90 120 150 180 210 240 270
0

0.5

1

1.5

2

2.5

3

Time into dialysis (minutes)

C
a

rd
ia

c 
O

u
tp

u
t 

(f
ra

ct
io

n
 o

f 
b

a
se

lin
e

)

 

 
normal data 95% limits
 normal mean
abnormal mean
abnormal data 95% limits

(c) MAP drop below 60mmHg

187



Figure 9.7: Change in PPG amplitude in normal and abnormal sessions
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(b) Cerebral ischaemia (15% drop)
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Figure 9.8: Relative blood volume in normal and abnormal sessions
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(b) Cerebral ischaemia (15% drop)
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Figure 9.9: Finometer pulse pressure variation in normal and abnormal sessions
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(b) Cerebral ischaemia (15% drop)
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Figure 9.10: Respiratory rate in normal and abnormal sessions
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(b) Cerebral ischaemia (15% drop)
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Figure 9.11: Peripheral saturations in normal and abnormal sessions
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(b) Cerebral ischaemia (15% drop)
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Figure 9.12: Fistula (arterialised) saturations in normal and abnormal sessions
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(a) KDOQI-defined IDH
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(b) Cerebral ischaemia (15% drop)
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Figure 9.13: Central venous saturations in normal and abnormal sessions - patients with
Tesio only
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(a) KDOQI-defined IDH
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(b) Cerebral ischaemia (15% drop)
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Figure 9.14: Peripheral saturation variability in normal and abnormal sessions
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(b) Cerebral ischaemia (15% drop)
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Figure 9.15: Change in cerebral oxygenation in normal and abnormal sessions
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(a) KDOQI-defined IDH
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(b) Cerebral ischaemia (15% drop)
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9.3.5 Statistical analysis

Comparing pooled normal and abnormal data for each hour using the Wilcoxon rank sum test (or two

sample t test for normally distributed data) proved to be oversensitive, returning the result that every

variable di↵ered significantly at every hour between normal and abnormal sessions, however defined. This

was partly because the rank sum test does not take into account patient clustering. One way analysis of

variance was used to assess patient clustering, and confirmed strong evidence of substantial patient-level

di↵erences for every single variable. In addition, because of the large number of data points (1800 per

30 minute segment of dialysis session, with a total of 635 dialysis sessions, i.e potentially over a million

data points for each segment), the rank sum test was powered to detect very small, clinically insignificant

di↵erences between normal and abnormal sessions.

As an example, the pooled data for RBV during the first hour of dialysis is shown in figure 9.16,

with normal values (sessions without cerebral ischaemia) in blue, and superimposed abnormal values

(sessions which later developed cerebral ischaemia) in red. This confirms the visual inspection in figure

8, that overall there is very little di↵erence in the distribution of RBV values between sessions with and

without ischaemic episodes. The median is -0.37% for normal sessions and -0.43% for abnormal sessions,

a di↵erence which would not be considered clinically significant, but which reached statistical significance

due to the large number of data points. However the second part of the analysis, construction of control

and test distributions of KS test values, confirmed that the abnormal segments did not di↵er from the

normal segments more than the normal segments di↵ered from each other, as shown in figure 9.17 (in

fact there is more distance between the normal segments). The rank sum test also confirmed that there

was no significant di↵erence in the distribution of test scores.

For each physiological variable, test and control distributions of KS test scores were compared using

1) the Wilcoxon rank sum test on raw scores and 2) the chi square test on the proportion of scores passing

the 95th percentile of the test distribution. For distinguishing sessions which did and did not go on to

develop severe hypotension (MAP <60mmHg), absolute MAP and Finometer PPV were significant for

at least two hours of dialysis on both tests. Absolute MAP and Finometer PPV values from sessions

which did and did not go on to feature severe hypotension are compared in figures 9.18 to 9.21. For

distinguishing sessions which did and did not go on to develop cerebral ischaemia, only PPG PPV was

significant for at least two hours of dialysis (figures 9.22 and 9.23). No physiological variables could
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distinguish sessions with and without KDOQI events.

These findings must be interpreted cautiously as the identification of a customised KS test value to

separate normal and abnormal segments proved problematic. The KS test score caps at a value of 1, and

for most variables even the normal segments were so dissimilar that the majority of comparisons resulted

in the maximum test value, as shown in figure 9.17, 9.19 and 9.21 . Indeed, for the majority of variables,

the 95th percentile of the control test score distribution was 1. This meant that the method was not

very sensitive for di↵erences, and may explain why some variables which appeared very promising on

visual inspection, e.g. saturation variability and change in heart rate, did not reach significance. Another

explanation is that di↵erences in visual inspection of pooled data may be driven by a few patients, the

impact of which is minimised by the repeated KS test methodology, i.e. these variables may be more

useful on the patient level. The KS test was substituted by the Kullback-Leibler divergence test, another

test for distance between data, with similar results (not shown).
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Figure 9.16: RBV during hour 1 in sessions with and without later development of cerebral
ischaemia
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Figure 9.17: Comparison of RBV data from sessions with and without later development of
cerebral ischaemia
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Figure 9.18: MAP during hour 3 in sessions with and without later development of severe
hypotension
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Figure 9.19: Comparison of MAP data from sessions with and without later development of
severe hypotension

0 0.2 0.4 0.6 0.8 1
0

1000

2000

3000

4000

5000
Normal versus normal data segments

N
u
m

b
e
r

0 0.2 0.4 0.6 0.8 1
0

1000

2000

3000

4000

5000

KS test score

Normal versus abnormal data segments

N
u
m

b
e
r

202



Figure 9.20: PPV during hour 4 in sessions with and without later development of severe
hypotension
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Figure 9.21: Comparison of PPV data from sessions with and without later development of
severe hypotension
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Figure 9.22: PPV during hour 1 in sessions with and without later development of cerebral
ischaemia
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Figure 9.23: Comparison of PPV data from sessions with and without later development of
cerebral ischaemia
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9.4 Discussion

Using univariate physiological variables on the population level, it was possible to see some separation

between normal and abnormal sessions prior to an event, but the signal was weak. This is largely due to

the huge range of both normal and abnormal data at the population level. On visual inspection, potential

predictors included change in heart rate, absolute MAP, peripheral saturation variability, change in rSO2,

and PPV. Some of these were expected due to the definition of an event (absolute MAP as a predictor

for MAP <60mmHg, and change in rSO2 as a predictor for cerebral ischaemia), though it may not be

unreasonable to use a variable to predict future values of itself.

The strength of each physiological data stream varied depending on the event being predicted. For

KDOQI events (essentially a surrogate for severe symptoms), the most useful variables appeared to be

change in heart rate, Finometer PPV and change in rSO2. Investigation of KDOQI events was limited

by the small number meeting the stringent criteria. For MAP<60mmHg, change in heart rate, Finome-

ter PPV and absolute MAP produced most separation. In contrast, for cerebral ischaemia, peripheral

saturation variability, HRV and change in rSO2 appeared more promising.

Confirmation of these visual results with statistical tests of distance/di↵erence in distribution proved

problematic. Using the Wilcoxon rank sum test (or t test where appropriate) to compare pooled normal

and abnormal data was overly sensitive for small, clinically insignificant di↵erences, and severely con-

founded by patient clustering. Conversely, the comparison of KS test distributions was too blunt due to

satiation of the KS test - the di↵erence between normal segments of data on the population level was

too great to allow separation of abnormal from normal segments. Nevertheless, using this KS test scores

method, absolute MAP and PPV were significantly di↵erent in sessions with and without hypotension,

and PPV was also significantly di↵erent in sessions with and without cerebral ischaemia.

The physiological variables identified as potential predictors have a precedent in the literature. Other

authors have found that continuous MAP predicts later hypotension in the critically ill, and blood pres-

sure has been used as the input in biofeedback dialysis [71, 76, 184, 185]. As regards PPV, periodic

changes in peak-trough amplitude of arterial and PPG waveforms have been extensively investigated as a

marker of fluid balance in the critical care setting [186, 187]. Breathing influences both periodic changes

in beat frequency (i.e. the high frequency band of HRV) and periodic changes in beat amplitude. Am-
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plitude changes are less dependent on autonomic function, so may be more informative in patients with

autonomic impairment due to drugs or disease. This is because respiration influences PPG/Finometer

waveform amplitude mechanically, due to changes in stroke volume with changes in intra-thoracic pres-

sure, and may reflect intravascular fluid status [186, 187]. Respiratory-induced changes in the PPG

waveform are less prominent in spontaneously breathing patients; nevertheless significant changes have

been reported in non-ventilated individuals subject to negative lower body pressure or blood loss, as well

as fluid removal during HD [188, 189].

9.5 Conclusions

Several univariate physiological variables show promise for identifying HD sessions which go on to de-

velop severe hypotension and/or tissue ischaemia, but the signal at the population level is too weak to be

clinically useful. Physiological variables worthy of further investigation at the personalised level include

PPV, saturation variability, change in heart rate, MAP and trend in rSO2.
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Chapter 10

Prediction of cerebral desaturation on

haemodialysis using univariate variables

at the personal level

10.1 Introduction

The previous chapter illustrated that, on the population level, univariate physiological variables showed

some separation between sessions with and without adverse events. However, the signal was too weak to

be clinically useful. This is largely due to the huge range of both normal and abnormal data at the pop-

ulation level. The key objective of this chapter is to establish whether univariate physiological variables,

on the individual patient level, can distinguish normal dialysis sessions from those a↵ected by cerebral

ischaemia.

10.2 Methods

See the Methods chapter for full details of the trial and data collection. Selection and pre-processing of

physiological variables was exactly as described in the previous chapter.
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10.2.1 Visualisation and Statistical Analysis

Sessions were divided into normal and abnormal groups based on the occurrence of cerebral ischaemia,

defined as an rSO2 drop of 15% or more of baseline value, sustained for at least 5 minutes. It was

deemed, for modelling purposes, that at a minimum a patient must have 6 normal sessions and 1 ab-

normal session. At this investigative stage, the only patients considered were those with a full set of all

possible physiological data streams of consistently high quality, i.e. only full study patients were included

(see Methods chapter). Applying these stringent criteria, 15 individuals were selected for further analysis.

Each physiological variable within each patient was considered in turn, i.e. personalised univariate

analysis. After pre-processing and application of SQIs as described previously, data streams from ”nor-

mal sessions” in a given patient were used to construct envelopes representing ”expected” values. These

data streams were first downsampled to a frequency of 0.0187 Hz (i.e. one data point every minute).

As ”normal” physiology is likely to depend on the stage of HD, data from di↵erent sessions was aligned

according to time into treatment, using the time of bleedout as the reference point. The distribution

of each variable was assessed visually and with a probability-probability plot. Data was transformed

as required to achieve a normal distribution. Following this, sliding 15 minute windows, starting at

bleedout and updated every minute, were created, including data from all normal sessions. The mean

and standard deviation of the pooled ”normal session” data for each 15 minute window was calculated.

The timestamp for each window was the centre of the window, i.e. the mean and standard deviation

of the 15 surrounding minutes of data. After back transformation, the trajectory of the mean and 95%

limits of the normal sessions was then plotted, creating an envelope of ”expected” values according to

time of treatment. Data after the first event in a session was discarded. If any intervention occurred in

the sessions without cerebral ischaemia, typically a fluid bolus or use of minimal UF for asymptomatic

hypotension, then data after the intervention was discarded.

For robustness, the normal envelope for a patient was reconstructed repeatedly, each time omitting

one of the normal sessions. Each time the omitted normal session was plotted over the normal enve-

lope, as a ”test normal” session. This allowed an assessment of specificity, i.e. if unseen data from

normal sessions could be correctly classified by the model. Data from each abnormal session was sim-

ilarly processed and plotted over each possible normal envelope, in order to assess sensitivity, i.e. if

unseen data from abnormal sessions could be correctly classified by the model. In order to count as an
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”alert”, data from the test session had to fall outside the particular envelope for 2 or more consecutive

minutes. Confusion matrices were constructed using the total numbers of correctly classified test normal

and test abnormal sessions, considering all combinations. The time lag between first warning and actual

event in true positive sessions was calculated: only variables providing a median of at least 5 minutes

warning were considered useful (to allow su�cient time for intervention in a future predictive model).

In addition, to avoid short term noise, variables were not considered further if the total time spent

in the abnormal zone before an event was less than 5 minutes median. The process was repeated using

99% normal limits to assess the trade o↵ between potentially improved specificity and reduced sensitivity.

For this analysis, we envisaged a real-time system where every second, the mean value of data from

the preceding minute was outputted. Unlike the sessions used to construct the normal envelope, the test

sessions were therefore not downsampled to 0.0187 Hz, but to 1 Hz, and then subject to a moving average

with one minute windows.

In addition to absolute values, the variance of selected physiological variables over 15 minute windows

was also investigated: these variables were MAP, cardiac output, heart rate, respiratory rate, periph-

eral/access saturations, PPG amplitude and rSO2. PPV and saturation variability are already measures

of variance, but very short term, over a minute or less. 15 minute variance of PPG amplitude and periph-

eral saturation provide longer term equivalents. The moving standard deviation of each normal session

was calculated using 15 minute windows, and normalised according to the mean for the relevant win-

dow. The normalised moving standard deviations for normal sessions were aligned according to time into

treatment, using time of bleedout as the reference point. The mean and 95% limits were calculated for

15 minute windows of pooled data, and plotted as the envelopes for ”expected” values. In contrast to the

models using absolute values, the timestamp was taken at the end of each window, i.e. representing the

variance over the preceding minutes. This is because the models are ultimately designed to be used to pre-

dict abnormality in real-time sessions. When monitoring and processing a real-time session, a one minute

average for absolute physiological values can easily be calculated; however, the variance of physiological

variables by definition requires data from the preceding 15 minutes. The moving standard deviation of

each abnormal session was calculated using 15 minute windows, and normalised according to the mean

for the relevant window. This was then plotted against the envelope for the relevant window length. For

some patients, there was often insu�cient data for envelope construction at bleedout (i.e. there was not
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always 15 minutes of data recorded before bleedout). As before, for robustness, the normal envelope was

reconstructed repeatedly, each time omitting one of the normal sessions. Each time the omitted normal

session was itself downsampled to 1 Hz and subject to a moving standard deviation calculation with 15

minute windows, before being plotted over the normal envelope. This allowed assessment of the ability of

the various normal envelopes to distinguish sessions with and without cerebral ischaemia, using data not

seen before by the model. Confusion matrices were constructed as before. The process was repeated using

99% normal limits to assess the trade o↵ between potentially improved specificity and reduced sensitivity.

10.3 Results

Of the 15 patients selected for further analysis, 6 had only one abnormal session, 5 had 2 abnormal

sessions, and the remainder 4 or more abnormal sessions. Where there is only one abnormal session,

a sensitivity of 1 simply indicates that, for the variable in question, the data from the single abnormal

session deviates from all possible constructions of the normal envelope. Therefore, to select variables that

might have use in a subsequent multivariate, real-time model, for these individuals we chose the strict

cut o↵ of at least 90% sensitivity (i.e. the abnormal data fell within no more than one normal envelope),

and at least 60% specificity. Variables meeting these criteria in patients with only one abnormal session

are documented in tables 10.1 to 10.6, along with the median lag time between deviation from the ex-

pected trajectory and onset of cerebral ischaemia. As a visual example, figures 10.1 to 10.3 illustrate the

trajectory of three potential predictive variables identified for patient DF12 against a selection of normal

envelopes, and figures 10.4 to 10.5 show the trajectory of an excluded variable against the same envelopes.
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Figure 10.1: Peripheral saturation variability in one abnormal and two normal abnormal
sessions, plotted against two di↵erent normal envelopes in patient DF12. The ”test” normal
session is the one that has been excluded when constructing that particular normal envelope.
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Figure 10.2: MAP in one abnormal and two normal abnormal sessions, plotted against two
di↵erent normal envelopes in patient DF12. The ”test” normal session is the one that has
been excluded when constructing that particular normal envelope.
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Figure 10.3: Heart rate in one abnormal and two normal abnormal sessions, plotted against
two di↵erent normal envelopes in patient DF12. The ”test” normal session is the one that
has been excluded when constructing that particular normal envelope.
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Figure 10.4: Peripheral saturations in one abnormal and two normal abnormal sessions, plot-
ted against two di↵erent normal envelopes in patient DF12. The ”test” normal session is
the one that has been excluded when constructing that particular normal envelope. Periph-
eral saturations did not prove useful in distinguishing normal and abnormal sessions in this
individual.
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Figure 10.5: Respiratory rate in one abnormal and two normal abnormal sessions, plotted
against two di↵erent normal envelopes in patient DF12. The ”test” normal session is the one
that has been excluded when constructing that particular normal envelope. Respiratory rate
did not prove useful in distinguishing normal and abnormal sessions in this individual.
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Table 10.1: Potential predictive variables for patient DF01, 34 year old male with focal seg-
mental glomerulosclerosis (11 normal sessions and 1 abnormal session, event at 150 minutes)

Variable (limits used) Sensitivity Specificity Warning given
(minutes, median)

Cardiac Output (95%) 1.00 0.70 137.2
PPG amplitude (95%) 1.00 0.70 67.2

Change in heart rate (95%) 1.00 0.64 78.2
Heart rate variance (99%) 1.00 0.73 57.2

(15 minute windows)
Peripheral saturations (95%) 1.00 0.64 125.2

Peripheral saturations variability (99%) 1.00 0.82 72.2
(1 minute windows)

rSO2 saturations variance (99%) 1.00 0.75 146.2
(15 minute windows)

Fistula saturations variance (99%) 1.00 0.78 103.2
(15 minute windows)

Table 10.2: Potential predictive variables for patient DF12, 89 year old male with glomeru-
lonephritis (11 normal sessions and 1 abnormal session, event at 84 minutes)

Variable (limits used) Sensitivity Specificity Warning given
(minutes, median)

MAP (95%) 1.00 0.72 31.5
MAP variance (99%) 1.00 0.82 17.5
(15 minute windows)
Heart rate (99%) 1.00 0.80 21.5

Change in heart rate (99%) 1.00 0.78 31.5
Peripheral saturation variability (99%) 1.00 0.70 15.5

(1 minute windows)
rSO2 variance (99%) 1.00 1.00 14.5
(15 minute windows)
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Table 10.3: Potential predictive variables for patient DF13, 73 year old male with cardiorenal
failure/renovascular disease (11 normal sessions and 1 abnormal session, event at 76 minutes
)

Variable (limits used) Sensitivity Specificity Warning given
(minutes, median)

MAP (99%) 1.00 0.82 19.0
MAP variance (99%) 1.00 0.82 29.1
(15 minute windows)
Cardiac output (99%) 1.00 0.82 22.0

Cardiac output variance (99%) 1.00 0.73 32.1
(15 minute windows)
PPG amplitude (99%) 1.00 0.90 36.0
rSO2 variance (99%) 1.00 0.70 38.1
(15 minute windows)

Table 10.4: Potential predictive variables for patient DF37, 60 year old male with diabetic
nephropathy (11 normal sessions and 1 abnormal session, event at 101 minutes)

Variable (limits used) Sensitivity Specificity Warning given
(minutes, median)

Fistula saturations variance (99%) 1.00 0.70 29.7
(15 minute windows)
rSO2 variance (99%) 1.00 0.91 9.7
(15 minute windows)

Peripheral saturations variability (99%) 1.00 0.80 69.7
(1 minute windows)

Peripheral saturations variance (99%) 1.00 0.80 43.7
(15 minute windows)

Table 10.5: Potential predictive variables for patient DF43, 26 year old male with reflux
nephropathy (11 normal sessions and 1 abnormal session, event at 170 minutes)

Variable (limits used) Sensitivity Specificity Warning given
(minutes, median)

MAP (95%) 1.00 0.70 146.5
Heart rate (95%) 1.00 0.64 163.5

PPG amplitude variance (99%) 1.00 0.81 78.5
(15 minute windows)

Peripheral saturations variability (99%) 1.00 0.91 61.5
(1 minute windows)

Peripheral saturations variance (99%) 1.00 0.73 46.5
(15 minute windows)
rSO2 variance (99%) 1.00 0.91 126.5
(15 minute windows)
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Table 10.6: Potential predictive variables for patient DF45, 35 year old with sickle cell
nephropathy (11 normal sessions and 1 abnormal session, event at 199 minutes )

Variable (limits used) Sensitivity Specificity Warning given
(minutes, median)

Cardiac output (95%) 1.00 0.73 93.9
Cardiac output variance (99%) 1.00 1.00 101.9

(15 minute windows)
Heart rate (99%) 1.00 0.67 88.9

rSO2 variance (99%) 1.00 0.65 13.9
(15 minute windows)

In patients with multiple abnormal sessions, the sensitivity of a variable depended largely on the

homogeneity of the events. However, even within the same patient, the abnormal sessions did not appear

to be stereotypical. For example, some patients had sessions with fairly sudden cardiovascular collapse

as well as sessions with an insidious onset of cerebral ischaemia, and these had very di↵erent patterns of

physiological derangement. Therefore, when identifying variables of potential use in multivariate models

in patients with multiple eventful sessions, the cut-o↵ for sensitivity was lowered to over 50%, i.e. at least

half of abnormal sessions falling outside all possible normal envelopes. As before, only variables which

became abnormal at least 5 minutes before the event were considered, and variables were excluded if the

total time spent in the abnormal zone before an event was less than 5 minutes median. Variables meeting

these criteria in patients with multiple abnormal sessions are documented in tables 10.7 to 10.14, along

with the median lag time between deviation from the expected trajectory and onset of cerebral ischaemia.
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Table 10.7: Potential predictive variables for patient DF05, 53 year old male with polycystic
kidney disease (11 normal sessions and 2 eventful sessions)

Variable (limits used) Sensitivity Specificity Warning given
(minutes, median)

MAP (95%) 1.00 0.64 103.8
MAP variance (99%) 0.55 0.82 48.3
(15 minute windows)
Heart rate (95%) 0.55 0.60 146.3

Cardiac output (99%) 1.00 0.82 197.3
PPG amplitude variance (99%) 0.91 0.73 121.3

(15 minute windows)
PPG PPV (95%) 0.55 0.91 45.3

(1 minute windows)
Fistula saturations (99%) 0.55 0.78 85.7

Saturation variability (99%) 1.00 0.64 143.3
(1 minute windows)

Table 10.8: Potential predictive variables for patient DF26, 78 year old male with renovascular
disease (8 normal sessions and 2 eventful sessions)

Variable (limits used) Sensitivity Specificity Warning given
(minutes, median)

Central venous saturations (95%) 1.00 0.63 176.8
rSO2 variance (99%) 1.00 0.75 92.8
(15 minute windows)

Table 10.9: Potential predictive variables for patient DF49, 39 year old male with IgA
nephropathy (10 normal sessions and 2 eventful sessions)

Variable (limits used) Sensitivity Specificity Warning given
(minutes, median)

Cardiac output variance (99%) 0.55 0.60 59.3
(15 minute windows)
rSO2 variance (99%) 1.00 0.70 68.5
(15 minute windows)

Peripheral saturations (95%) 0.65 0.75 55.3
Respiratory rate (95%) 0.55 0.78 52.6
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Table 10.10: Potential predictive variables for patient DF60, 63 year old male with IgA
nephropathy (7 normal sessions and 2 eventful sessions)

Variable (limits used) Sensitivity Specificity Warning given
(minutes, median)

Peripheral saturations (95%) 1.00 0.80 186.5
Peripheral saturations variance (99%) 0.79 0.60 140.4

(15 minute windows)
Peripheral saturations variability (99%) 1.00 0.60 186.0

(1 minute windows)
Respiratory rate (99%) 1.00 0.60 186

Table 10.11: Potential predictive variables for patient DF30, 59 year old female with reflux
nephropathy (6 normal sessions and 4 eventful sessions)

Variable (limits used) Sensitivity Specificity Warning given
(minutes, median)

MAP (95%) 0.58 0.67 134.6
MAP variance (99%) 0.54 0.67 77.6
(15 minute windows)
Cardiac output (95%) 0.75 0.67 131.6

Peripheral saturation variability (99%) 0.75 0.75 164.8
(1 minute windows)

Table 10.12: Potential predictive variables for patient DF18, 56 year old male with diabetic
nephropathy (8 normal sessions and 4 eventful sessions)

Variable (limits used) Sensitivity Specificity Warning given
(minutes, median)

MAP variance (99%) 0.59 0.86 162.5
(15 minute windows)
Heart rate (95%) 0.72 0.63 49.7

Change in heart rate (99%) 0.56 0.87 54.5
Peripheral saturations (95%) 0.81 0.63 45.5

Peripheral saturation variability (99%) 0.75 0.88 89.6
(1 minute windows)

Table 10.13: Potential predictive variables for patient DF24, 72 year old female with diabetic
nephropathy (7 normal sessions and 5 eventful sessions)

Variable (limits used) Sensitivity Specificity Warning given
(minutes, median)

Peripheral saturations (99%) 0.60 0.86 32.0
Respiratory rate (95%) 0.83 0.71 83.0
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Table 10.14: Potential predictive variables for patient DF11, 59 year old female with diabetic
nephropathy (6 normal sessions and 6 eventful sessions)

Variable (limits used) Sensitivity Specificity Warning given
(minutes, median)

Heart rate (99%) 0.53 0.67 44.9

No potentially predictive variables could be identified for one patient of the 15 studied. This was a

gentleman with a history of ischaemic strokes who had multiple events often soon after bleedout: it may

be that there was insu�cient time for a pre-emptive warning. In addition, his baseline tissue oxygenation

was low even for this population at 35%, meaning that a drop of 15% of baseline was only an absolute

drop of 5%: this is approaching the limits of repeatability of the Covidien NIRS device, estimated at

3.4% by one study [190]).

It is noticeable that the warning times are unexpectedly long, with it not being infrequent for the first

deviation from the normal envelope to be one or even two hours before the onset of cerebral ischaemia.

Some events occurred fairly abruptly, with continuous abnormality from the point of first warning to the

time of event, as in the abnormal session shown in figures 10.1 to 10.5. However, the more typical

pattern was fluctuant rather than continuous abnormality, with repeated, often infrequent, excursions

outside the normal envelope over a prolonged period before the actual event. An example is given in

figure 10.6, which illustrates the trajectories of peripheral saturation variability and heart rate in an

eventful session in patient DF18.
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Figure 10.6: An example of a common pattern of physiological abnormality in eventful ses-
sions. Intermittent, infrequent excursions beyond the 95% limits occur over a prolonged
period before the final event of cerebral desaturation at 154 minutes into dialysis)
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10.4 Discussion (see in addition discussion of chapters 9 and 11)

It may be possible to anticipate well in advance the development of cerebral desaturation on HD, using

deviations of univariate physiological data from the expected trajectory for a given patient. Whilst there

is variation between patients, some physiological data streams are clearly more useful than others overall.

For example, RBV and LFnu did not prove to have predictive value according to the specified criteria in

any individual, whereas heart rate, MAP and measures of saturation variance (cerebral and/or peripheral)

were found to provide early warning in multiple patients. Variables which o↵ered similar information,

e.g. cardiac output and PPG amplitude, were seen to cluster. Unsurprisingly, measures of saturation

variance (access, peripheral and cerebral) also clustered, i.e. in patients where one measure of saturation

variance was useful, other indices of saturation variance were also likely to be of predictive value. This

was not true for absolute saturations, which were consistently less helpful. Classically defined periph-

eral saturation variability, over one minute windows, o↵ered similar information to peripheral saturation

variance over 15 minute windows, but as expected was capable of providing a warning approximately 10

minutes earlier. The long warning times exclude the possibility that the rSO2 variance measures are only

picking up a terminal deterioration in the absolute variable.

It is apparent that the greater the proportion of abnormal to normal sessions, the greater the di�culty

in identifying useful univariate predictors. This is likely to be due to the combination of overestimated

performance when there was only one abnormal session for testing the model, and reduced certainty as

to the location of the normal envelope with fewer normal sessions for training.

The main weakness of this analysis is that it is retrospective, and as such the models may be overfit-

ted, although we attempted to mediate this by resampling and cross-validation. The models ultimately

need to be tested on a new dataset, which would involve gathering more data on the same patients. It

may be that considering the area outside the normal envelope, i.e. taking into account the magnitude

as well as the duration of the excursion, may improve performance. We chose 2 consecutive minutes as

the minimum length of abnormal data to generate an alert: it may be that lengthening this could have

improved specificity, although it was apparent that in many eventful sessions, repeated short bursts of

abnormal data was the predominant pattern. In addition, it may be overly blunt to define the sensitiv-

ity and specificity of predictive variables according to their performance in classifying entire sessions as

normal or abnormal rather than, for example, 30 minute segments of data.
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The univariate approach su↵ers from the caveat that physiological derangements clearly di↵er between

abnormal sessions even within the same patient, e.g. change in heart rate and MAP may only charac-

terise a subset of events, whereas others may instead feature increased saturation variance. Therefore,

only looking at one of these variables would miss some abnormal sessions altogether. With a multivariate

approach, sensitivity would be much improved, and potentially specificity too: this is the aim of the next

chapter.

10.5 Conclusions

It may be possible to predict intra-dialytic cerebral desaturation using deviations of univariate physiologi-

cal data from the expected trajectory for that given patient, but sensitivity is limited by the heterogeneity

of abnormal events even within one individual. Multivariate analysis, i.e. data fusion, may be able to

surmount this di�culty.
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Chapter 11

Prediction of cerebral desaturation on

haemodialysis using multivariate

variables at the personal level

11.1 Introduction

The last chapter demonstrated that it may be possible to predict intra-dialytic cerebral desaturation using

deviations of univariate physiological data from the expected trajectory for that given patient. However,

sensitivity is limited by the heterogeneity of abnormal events even within one individual. Multivariate

analysis, i.e. data fusion, may be able to surmount this di�culty. In addition, it o↵ers the advantage

that if one data stream becomes unavailable, as often happens in real-world clinical practice, a predictive

model can still run. Specificity may also be improved: if one data stream becomes transiently abnormal,

but the others remain within the expected range, an alert is less likely to be generated. The objective

of this chapter was therefore to generate multivariate, personalised predictive models of intra-dialytic

cerebral ischaemia, which might have use in providing a real-time early warning system.

11.2 Methods

Data pre-processing was performed as outlined in the last chapter. As before, sessions were divided into

normal and abnormal groups based on the occurrence of cerebral ischaemia, defined as an rSO2 decrease
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of 15% or more of baseline value, sustained for at least 5 minutes. The same 15 individuals studied in

the last chapter were selected for this preliminary analysis.

For multivariate analysis, data fusion techniques were used to create multidimensional probabilistic

models of normality. The Neuroscale algorithm, a radial basis function (RBF) neural network, was used

to create a ”multivariate normal envelope” and map it to two dimensional space for ease of visualisation

[116]. The neuroscale method first represents input data (here the data from normal dialysis sessions)

as a Gaussian mixture model with a specified number of ”centres”, determined by the Expectation-

Maximisation algorithm. Each centre then becomes the centre for a Gaussian RBF. Essentially each

input data point ”activates” each centre according to distance from that centre. The final two dimen-

sional output of the network is a linear combination of weighted outputs from the centres, the weights

being determined to minimise the ”stress” (Euclidean distance) between the multi-and two-dimensional

representations of each data point. New data (i.e. from a new dialysis session) can then be fed into the

Neuroscale algorithm, and plotted against the ”normal” map . In this way, early deviations from the

predefined zone of multidimensional normality for a given patient can be visualised. Further information,

including details of the mathematical procedures, can be found in the original publication [116].

Four input data streams were chosen as a compromise between information and acceptability of re-

quired monitoring. Three di↵erent sets of four input variables were tested, guided by the results of the

previous chapter. The first set comprised a mixture of haemodynamic and oxygenation variables which

had proven particularly promising on univariate analysis: MAP, heart rate, peripheral saturation vari-

ability (one minute windows) and cerebral saturation variance (15 minute windows). The second set

used four inputs that could be derived from the two probes that, according to informal feedback, had

the greatest patient acceptability, namely the respiratory belt and the finger PPG. This set consisted

of heart rate, respiratory rate, PPG pulse pressure variability and peripheral saturation variability (one

minute windows). The final set used four inputs that could be derived from a single probe (PPG/sats

monitor): peripheral saturation variability (one minute windows); PPG pulse pressure variability (PPV);

heart rate; peripheral saturations.

All the data from the normal sessions, regardless of the time of dialysis, was pooled. We took this

approach rather than assessing data in sliding 15 minute blocks as in the univariate analysis, partly due
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to the computational intensity of a sliding windows neuroscale model, but also because the performance

of the neural network depends on the number of input data points (the number of training vectors de-

termines the robustness of the normal model), and the volume of data available for a 15 minute window

was suboptimal for training. In addition, the multidimensional approach can indirectly control for the

time of dialysis: rather than being normalised to time of dialysis directly, each variable is normalised to

three other variables which vary with time of dialysis.

If any intervention occurred in the normal sessions used to train the network (i.e. those without

cerebral ischaemia), typically a fluid bolus or use of minimal UF for asymptomatic hypotension, then

data after the intervention was discarded.

Each data stream was normalised by subtracting the mean of the pooled data, then dividing by the

standard deviation of the pooled data for that variable (i.e. zero mean, unit variance transformation).

This step was taken so that all variables had approximately the same dynamic range. This data was then

used to generate a neural network, or training network, as described above. The models continued to

run if one of the four inputs was missing (in which case the value was set to the mean for that variable)

but if two of the inputs were missing, no output was generated for that input vector. The structure of

the network can be depicted as follows:
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Figure 11.1: Structure of radial basis function network used in this analysis. The output from
each output node is a linear combination of the weighted outputs from all the centres, plus a
term for bias specific to each output node, as shown in equation 2.3. W=weight, L=output
node, j=centre
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The inputs to the algorithm for each patient were four-dimensional vectors representing all the nor-

malised data from all normal sessions. The number of vectors varied from patient to patient, but was

typically 115,000 to 140,000 (one data point per second, 32-40 continuous hours of normal data for an

average patient) . K means clustering was used to represent the input data vectors as 500 representative

clusters, making the number of training vectors more manageable. The 10% of k means clusters which

had been assigned the fewest data points were excluded. The remaining 450 vectors were then used to

train a RBF network, with 100 kernels (centres) and a Gaussian activation function. The probability

distribution function (pdf or p(x)) of the normal data was estimated using the Parzen windows kernel

density estimator method as shown in the following equation:

p(x|x
i

,�

2) =
1

N(2⇡)D/2
�

D

NX

i=1

e

� ||X�Xi||2
2�2 (11.2.1)

where D is the number of dimensions, x is the mean of the data, � is the standard deviation of the
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data (or bandwidth of the kernel), and x

i

is the ith data point.

This is essentially the weighted sum of Gaussian kernels centred on the normal vectors, and represents

the likelihood for all normal data.

The centres were determined by fitting a Gaussian mixture model with symmetrical covariances using

the Expectation Maximisation algorithm. The mixture model was initialised using a small number of

iterations of the K-means algorithm. The values of � were determined by the squared maximum distance

between centres. The RBF for each centre can be represented as follows:

�

j

(x
i

) = e

� ||xi�µj||2
2�2

j (11.2.2)

where µ

j

is the location of centre j, as determined by the Expectation Maximisation algorithm.

Propagation of the 450 input vectors through the RBF, with initial values for the output and bias

weights chosen by random numbers from a standard normal distribution, results in a 450 by 2 matrix

of output vectors (the activations matrix). The hidden to output weights were initialised using prin-

cipal component analysis (PCA) applied to this matrix, ie the matrix was represented as two vectors,

called shadow targets, the location in the visualisation map for that input vector. Once calculated, the

pseudoinverse of the activations matrix was used to solve the weights for the target vectors using least

squares. The iterative shadow targets algorithm, with a maximum of 100 iterations, was then used to

refine the hidden to output weights. This procedure is described in detail by Nabney [191]. The final

output of the RBF network is now a 2 dimensional vector, with the output from each output node (L1

and L2 in diagram 11.1), given by the following equation:

y

L

(x
i

) =
100X

j=1

W

j

�

j

(x
i

� µ

j

) +W

L

(11.2.3)

where y

L

is the output from node L, W
j

is the weight for centre j, � is the RBF for centre j, and W

L

is the bias for node L.

In this way, the pooled data from the normal sessions was then fed through the neural network, to

generate a two-dimensional representation of the normal data. With enough data this approximates to
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a circle centred on the origin, as shown in figure 11.2.

Figure 11.2: Two dimensional representation of pooled training data from patient DF49 (9
sessions), 129,600 data points
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In order to define abnormality, we used a novelty detection algorithm which has proven its value in

other medical and aerospace early warning systems [192, 193]. In order to quantify the departure from

normality of a vector x, a novelty score z(x) is calculated as -log p(x), where p(x) is the unconditional

probability density of x, or likelihood of x. This is calculated using equation 2.1 and priors from the

normal model as follows:

p(x) =
100X

j=1

p(j)p(x|j) (11.2.4)

where p(j) is the prior probability that the data x will be assigned to centre j, and p(x|j) the proba-
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bility of the data x conditioned on the normal model.

In accordance with previous literature, the threshold for an abnormal novelty score was set as the

99th centile of z(x) for the pooled normal data [193].

11.3 Results

11.3.1 First set of input variables: rSO2 Variance, Pulse, MAP, Peripheral Satura-

tion Variability

Visual inspection using the Neuroscale algorithm, confirmed quantitatively with novelty detection scores,

revealed that the first set of variables performed very well in the majority of patients. Results from a

selection of patients using the first set of variables are shown in figures 11.3 to 11.7. As can be seen

throughout these examples, almost all substantial deviations from the normal model occurred in abnor-

mal sessions. In addition, it can be seen that when the novelty score did reach the abnormality threshold

in normal sessions, excursions were generally small in magnitude and duration compared to those oc-

curring in abnormal sessions in the same patient, suggesting that the novelty detection threshold could

be improved, e.g. by taking into account the length of time spent over the threshold, i.e. a persistence

criteria.

Patients with multiple, heterogeneous abnormal sessions and fewer normal sessions, proved more dif-

ficult to model, with the di↵erence in novelty scores between normal and abnormal sessions not always

being clearcut, for example, DF18 (figure 11.8, see abnormal session 3 versus the unseen normal session).

However it was clear that multivariate modelling was superior to univariate modelling in this individual,

in whom no single physiological variable had been able to anticipate cerebral ischaemia.
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Figure 11.3: The results of feeding an unseen normal session and an abnormal session through
the training network for patient DF01, a 34 year old man with focal segmental glomeruloscle-
rosis, first set of variables
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(a) Projection of unseen normal data (coloured) against
training data (10 sessions, black)
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(b) Projection of abnormal data (coloured) against training
data (10 sessions, black)
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(c) Novelty score over time for unseen normal session
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Figure 11.4: The results of feeding an unseen normal session and an abnormal session through
the training network for patient DF12, a 89 year old man with glomerulonephritis, first set
of variables (note di↵erent scales)
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(a) Projection of unseen normal data (coloured) against
training data (10 sessions, black)
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(b) Projection of abnormal data (coloured) against training
data (10 sessions, black)
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(c) Novelty score over time for unseen normal session
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Figure 11.5: The results of feeding an abnormal session and an unseen normal session
through the training network for patient DF13, a 73 year old male with cardiorenal fail-
ure/renovascular disease, first set of variables
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(a) Projection of unseen normal data (coloured) against
training data (10 sessions, black)
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(b) Projection of abnormal data (coloured) against training
data (10 sessions, black)
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(c) Novelty score over time for unseen normal session
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Figure 11.6: The results of feeding an unseen normal session and an abnormal session through
the training network for patient DF37, a 60 year old male with diabetic nephropathy, first
set of variables (Neuroscale visualisations not shown for brevity)
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(a) Novelty score over time for unseen normal data
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(b) Novelty score over time for first abnormal session

Figure 11.7: The results of feeding an unseen normal session and two abnormal sessions
through the training network for patient DF49, a 39 year old male with IgA nephropathy,
first set of variables (Neuroscale visualisations not shown for brevity)
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(a) Novelty score over time for unseen normal session
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(b) Novelty score over time for first abnormal session
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(c) Novelty score over time for second abnormal session

237



Figure 11.8: The results of feeding an unseen normal session and four abnormal sessions
through the training network for patient DF18, a 54 year old male with diabetic nephropathy,
first set of variables
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(a) Projection of unseen normal data (coloured) against
training data (7 sessions, black)
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(b) Novelty score over time for unseen normal data
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(c) Projection of first abnormal session (coloured)
against training data (7 sessions, black)
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(d) Novelty score over time for first abnormal session

−6 −4 −2 0 2 4 6 8 10
−10

−8

−6

−4

−2

0

2

4

 

 

P
ro

g
re

ss
 o

f 
h
a
e
m

o
d
ia

ly
si

s 
se

ss
io

n
  
  
  
  
  
  

 (
b
lu

e
=

b
le

e
d
o
u
t,
 r

e
d
=

e
ve

n
t 
o
r 

e
n
d
 o

f 
se

ss
io

n
) 

  
  
  
  
  

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

(e) Projection second abnormal session (coloured)
against training data (7 sessions, black)
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(f) Novelty score over time for second abnormal session
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(g) Projection third abnormal session (coloured) against
training data (7 sessions, black)
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(h) Novelty score over time for third abnormal session
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(i) Projection fourth abnormal session (coloured) against
training data (7 sessions, black)
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(j) Novelty score over time for fourth abnormal session
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11.3.2 Second set of input variables: Respiratory Rate, Pulse, MAP, Peripheral

Saturation Variability

Models based on the second set of variables, where rSO2 variance and MAP were replaced by respiratory

rate and PPV (as defined in the Methods chapter), performed reasonably well but were less sensitive for

abnormality in some individuals (compare figures 11.4 and 11.9 for an example for which the two sets of

variables performed similarly, and figures 11.3 and 11.10 for an example for which the first set of variables

was better able to identify abnormality). Univariate analysis in the last chapter demonstrated that rSO2

variance and MAP were amongst the most useful variables, so this was not unexpected: however, rSO2

and continuous MAP are not easy to measure in routine clinical practice. Results from a selection of

patients using the second set of variables are shown in figures 11.9 to 11.14.

One example is notable for the extreme novelty score, and extreme deviation from the normal model

(figure 11.12, first abnormal session). This was genuine data: on reviewing the time series of the four in-

puts and the clinical history, it was apparent that the patient had pulmonary oedema, with a respiratory

rate approaching 30 breaths/min rather than his usual 16-20, and significant episodes of desaturation.

This patient had two events marked by very di↵erent physiology, with the second abnormal session being

much more subtle. The unseen normal session appears to deviate from the normal model on Neuroscale

visualisation (although not to the same extent as the abnormal sessions). However, the use of novelty

detection with four-dimensional data as inputs shows that the deviation in the normal session is in fact

minimal.
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Figure 11.9: The results of feeding an unseen normal session and an abnormal session through
the training network for patient DF12, second set of variables (see figure 11.4 for comparison)
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(a) Projection of unseen normal data (coloured) against
training data (10 sessions, black)
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(b) Projection of abnormal data (coloured) against training
data (10 sessions, black)
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(c) Novelty score over time for unseen normal session
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Figure 11.10: The results of feeding an unseen normal session and an abnormal session
through the training network for patient DF01, second set of variables (see figure 11.3 for
comparison)
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(a) Projection of unseen normal data (coloured) against
training data (10 sessions, black)
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(b) Projection of abnormal data (coloured) against training
data (10 sessions, black)
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(c) Novelty score over time for unseen normal session
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(d) Novelty score over time for abnormal session
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Figure 11.11: The results of feeding an unseen normal session and an abnormal session
through the training network for patient DF45, a 35 year old female with sickle cell disease,
second set of variables
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(a) Projection of unseen normal data (coloured) against
training data (10 sessions, black)

−6 −4 −2 0 2 4 6
−8

−6

−4

−2

0

2

4

6

 

 

P
ro

g
re

ss
 o

f 
h

a
e

m
o

d
ia

ly
si

s 
se

ss
io

n
 (

b
lu

e
=

b
le

e
d

o
u

t,
 r

e
d

=
e

ve
n

t 
o

r 
e

n
d

 o
f 

se
ss

io
n

)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

(b) Projection of abnormal data (coloured) against training
data (10 sessions, black)
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(c) Novelty score over time for unseen normal session
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(d) Novelty score over time for abnormal session
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Figure 11.12: The results of feeding two abnormal and an unseen normal session through the
training network for patient DF60, a 63 year old male with IgA nephropathy, second set of
variables. Note the change in scale for the first abnormal session.

−8 −6 −4 −2 0 2 4 6
−20

−15

−10

−5

0

5

10

15

20

 

 

P
ro

g
re

ss
 o

f 
h

a
e

m
o

d
ia

ly
si

s 
se

ss
io

n
 (

b
lu

e
=

b
le

e
d

o
u

t,
 r

e
d

=
e

ve
n

t 
o

r 
e

n
d

 o
f 

se
ss

io
n

)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

(a) Projection of unseen normal data (coloured) against
training data (6 sessions, black)
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(b) Novelty score over time for unseen normal session
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(c) Projection of first abnormal session (coloured) against
training data (6 sessions, black)
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(e) Projection of second abnormal session (coloured) against
training data (6 sessions, black)
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Figure 11.13: The results of feeding two abnormal sessions and an unseen normal session
through the training network for patient DF05, a 53 year old male with polycystic kidney
disease, second set of variables (Neuroscale visualisations not shown for brevity)
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Figure 11.14: The results of feeding two abnormal sessions and an unseen normal session
through the training network for patient DF43, a 26 year old male with reflux nephropathy,
second set of variables (Neuroscale visualisations not shown for brevity)
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In all patients, the final set of variables (PPG heart rate, PPG PPV, peripheral saturations and

peripheral saturation variability) had very poor specificity and are not further considered. It is probable

that deriving all data streams from a single probe, though preferable for the patient, reduced the benefit

of data fusion. Although these individuals had good-quality data and stringent SQIs were applied to the

time series, it is still possible for artefact, e.g. from movement, to create transient abnormalities in all

four data streams.

11.4 Discussion

In this preliminary analysis, data fusion techniques created promising personalised models capable of

predicting tissue deoxygenation on HD, generally outperforming univariate predictive models on qualiti-

tative analysis. Formal quantitative analysis, with calculation of patient-level sensitivity and specificity,

was not performed at this juncture as it was apparent that further work was first needed on setting the

novelty threshold. For most patients, it was possible to empirically define an individualised threshold

which would correctly classify all sessions in that patient, but this is not a principled or easily generalis-

able approach. However, the probabilistic method of threshold determination did not appear to perform

as well in this application as in other settings [193], and borderline false positives were not uncommon.

Using the thresholds presented here would both underestimate the usefulness of the models and limit

clinical utility. A persistence criteria might substantially improve performance, i.e. taking into account

the duration as well as the magnitude of abnormality. There are a number of methods of tackling the

problem of novelty thresholds, which have been recently reviewed, but exceed the scope of this thesis [194].

It is always di�cult to define a threshold on what is essentially a continuous spectrum of abnormality,

and of course the definition of cerebral ischaemia is arbitrary. A session may show significant deterio-

ration in tissue oxygenation but not reach a decrease of -15% in rSO2: therefore some normal sessions

are going to be ”more normal” than others. Information may be lost by not considering the magnitude

and duration of threshold violation, i.e. the area above the novelty threshold. It is clear that patients

with multiple, heterogeneous events require more training data in order to create accurate models. The

multivariate models performed best in the patients with at least 5 normal sessions for every abnormal

session. Such an individual would need to be monitored over a more prolonged period of time to generate

a usable model.
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The novelty threshold was often crossed a significant time before the actual ischaemic event. We

considered threshold attainment at any time during a session in which cerebral ischaemia subsequently

developed to be a true positive, as it is physiologically plausible that subtle deviation from the expected

trajectory could occur some time before the actual event, and alterations in the dialysis prescription

at this stage could well prevent later decompensation. Moreover, in keeping with the results from the

previous chapter it was apparent that when abnormality did develop, it was often fluctuating rather than

continuous.

Comparison with results from the previous chapter suggests that multivariate models would not out-

perform univariate models in all cases - e.g. the individual components of the third set of input variables

proved useful in a number of patients on univariate analysis, but when combined in multivariate models

performed poorly. Univariate models had the advantage that time of dialysis was taken into account by

separating data into sliding 15 minute windows relative to bleedout. Consequent to the e↵ect of fluid

removal and warming, normal physiology for the first hour of dialysis is not the same as normal physiol-

ogy for the final hour of dialysis. It would be possible to create similar sliding 15 minute windows using

neuroscale techniques, but it would be computationally very intense, and possibly require more data than

7-9 normal sessions could provide. Therefore we considered all training data together regardless of stage

of dialysis. This chapter represents a preliminary investigation using a simple topographical technique.

More advanced data fusion procedures, e.g. multivariate time series analysis using Gaussian processes,

are likely to better categorise normal and abnormal data, taking into account the stage of treatment [195].

Although HD is a stereotypical procedure, performed multiple times within the same individual, fluid

balance may change from one session to the next, with substantial e↵ects on expected physiology [8].

Creating a separate model for sessions following the ”long break”, where patients go without dialysis for

72 hours rather than the usual 48 hours, may improve sensitivity and specificity. Normalising for body

weight would be another possibility. We had insu�cient data to test these hypotheses.

Finally, it must be borne in mind that this is a retrospective study, and as such the models may be

overfitted. The models ultimately need to be tested on a new dataset, which would involve gathering

more data on the same patients. The practicality of monitoring must also be considered. rSO2 variance
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was one of the most promising predictive variables for eventual cerebral ischaemia, generally becoming

abnormal some time before the event (i.e. it did not simply reflect the terminal decline in cerebral tissue

oxygenation). However, it is not something that is practical to measure routinely in a dialysis unit. A

two-probe solution, plus information from the dialysis machine itself (which does not require additional

monitoring to be attached to the patient) might be the optimal compromise.

11.5 Conclusion

Data fusion techniques have great promise for predicting cerebral ischaemia on HD on these preliminary

models, and are able to detect abnormality in a timely fashion in many cases where univariate tech-

niques fail. More advanced data fusion procedures, e.g. multivariate time series analysis using Gaussian

processes, are likely to better categorise normal and abnormal data, taking into account the stage of

treatment [195].
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Chapter 12

Conclusions and Future Work

12.1 Primary Objectives

Our first primary objective was to model the dynamic relationship between blood pressure, real-time

symptoms, and downstream organ ischaemia during HD. Despite their use in clinical practice, we found

that blood pressure thresholds alone have a poor trade o↵ between sensitivity and specificity for pre-

dicting downstream tissue ischaemia during HD. The duration and magnitude of excursions either below

a � MAP 40mmHg or absolute MAP of 60mmHg best predicted the total depth and duration of cere-

bral ischaemia for a given dialysis session. These indices likely represent the most extreme hypotension

in the population, and are in keeping with the SBP 90mmHg threshold identified by the sole study to

date linking intra-dialytic blood pressure to hard outcomes [4]. However, waiting until these thresholds

were breached would result in over two thirds of ischaemic events being missed over the whole population.

We found that the performance of blood pressure thresholds could be improved by stratification for

the presence or absence of cerebral autoregulation, and personalising thresholds according to the individ-

ual lower limit of autoregulation. Over a third of the HD patients sampled had absent autoregulation,

and isolating these individuals resulted in a very respectable ROC curve for absolute MAP alone as a

predictor of ischaemic events, with 70mmHg being the optimal threshold. For individuals with intact

autoregulation, the optimal threshold was +10mmHg from the lower limit. If the presence of autoregu-

lation and its limits could be established for each HD patient, these thresholds would be a substantial

improvement to the population-based blood pressure targets currently used in clinical practice.
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Ideally, next steps would include a controlled trial in a larger number of patients, assessing the benefit

of autoregulation-guided blood pressure targets on short term outcomes such as patient symptoms and

wellbeing, as well as longer term outcomes such as cognitive function. It was possible to model the lower

limit of autoregulation with reasonable accuracy using baseline blood pressure and age, but unfortunately

the absence of autoregulation could not be reliably predicted on the basis of demographic and clinical

factors. Therefore, this approach would require patients to undergo monitoring with cerebral NIRS for

a number of HD sessions, su�cient to construct their individual autoregulation curve and estimate their

personal threshold for onset of ischaemia. Whilst a method of continuous blood pressure monitoring

would be ideal, we have shown that it is possible to construct autoregulation curves with NIBP measure-

ments at 15 minute intervals. To temper the cost and inconvenience in real-world practice, the technique

could be limited to incident or vulnerable patients, so that only one NIRS machine would be needed for a

renal unit. Targeting a higher risk population would have the additional benefit of improving the positive

predictive value of autoregulation-guided blood pressure thresholds, which remained suboptimal, though

surpassing the performance of population based blood pressure targets.

Our second primary objective was to predict the development of intra-dialytic cerebral ischaemia

using probabilistic models based on one or more physiological data streams, chosen from a range of

cardiovascular, respiratory and dialysis-related parameters. We confirmed previous unpublished work

showing that personalised models were necessary because of the huge heterogeneity of both normal and

abnormal physiology at the population level. We were able to demonstrate that the development of cere-

bral desaturation on HD could be anticipated from earlier deviations of univariate physiological data from

the expected trajectory for a given patient. The most useful physiological data streams varied between

patients, but frequently included peripheral saturation variance, rSO2 variance, heart rate and MAP.

The sensitivity of univariate modelling was found to be limited by the heterogeneity of abnormal events

even within one individual. Therefore the final iteration was a multivariate personalised approach, i.e.

data fusion. In this preliminary analysis, data fusion techniques created promising personalised models

capable of predicting tissue deoxygenation on HD. They did not consistently outperform univariate pre-

dictive models in all individuals, but the univariate models had the advantage that time into HD could

be taken into account. Future e↵orts should focus on applying more sophisticated probabilistic modelling

techniques, such as Gaussian processes, to the wealth of multivariate time series data gathered during

this thesis, with prospective testing of the models on the same patients from which they were derived.
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12.2 Secondary Objectives

A number of secondary objectives focused on the agreement between haemodynamic variables measured

by the Finometer compared to usual clinical technology. There was a large error in Finometer-measured

absolute cardiac output in this population, compared to the gold standard of ultrasound dilution. However

there was a good correlation for trend in cardiac output, and post-calibration agreement was reasonable,

albeit with limits that did not quite reach clinical standards. Patients with greater HD vintage had poorer

agreement between Finometer and ultrasound dilution measurements. We also assessed the agreement

between oscillometer and Finometer measured blood pressure, accepting neither was a gold standard

method. Agreement was suboptimal but comparable to that reported for oscillometer and intra-arterial

line measurements (for MAP, bias was -3.5mmHg and limits +/- 27mmHg). Diabetes vintage, obesity

and PVD accounted for much of the patient-level variation in agreement.

We investigated the potential of non-invasive surrogate measures of continuous blood pressure using

the Finometer data as reference. It was not possible to reliably estimate changes in systemic blood pres-

sures from dynamic access pressures. The �arterial access pressure measured from brachial AVFs showed

the greatest relationship with systemic blood pressure changes, but the correlation was weak. We found

that the majority of patients had a significant negative correlation between PTT and Finometer-measured

blood pressure, but the strength of the relationship was generally weak, and not only variable between

individuals, but between sessions within the same patient. The relationship between PTT and blood

pressure is altered by a number of factors that change dynamically during HD: it is possible that frequent

recalibration will to be necessary to track blood pressure in this population. However, it should be borne

in mind that the Finometer arterial waveform has not been validated against the intra-arterial waveform

in HD patients, and thus it is possible that these results were at least partly due to errors arising from

Finometer measurements. Further work in the search for a non-invasive, convenient, a↵ordable surrogate

for continuous blood pressure must use intra-arterial lines as the reference measurement, or at least run

a comparison between intra-arterial and Finometer-measured blood pressure in a substantial body of HD

patients.

The final objective was to assess the relationship between intra-dialytic physiology, particularly cere-
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bral oxygenation, and deterioration in cognitive function tests. In keeping with other investigators, we

identified significant abnormalities in executive cognitive function in this HD population [34, 47, 35]. The

key, novel finding was that cumulative intra-dialytic exposure to cerebral ischaemia, arbitrarily defined

as less than 15% of baseline value, corresponded to change in executive cognitive function. Cerebral de-

saturation far outperformed relative or absolute blood pressure thresholds in terms of predicting decline

in cognition. Findings must now be confirmed in a larger cohort of patients. Ultimately a controlled trial

pairing continuous cerebral tissue oxygenation monitoring with interventions such as cooling or biofeed-

back dialysis might help to establish if such interventions can improve intra-dialytic cerebral perfusion;

following up with robust functional tests would then allow detection of any clinically significant cerebral

protection. Supporting information would also arise from a trial, proposed above, into the benefit of

autoregulation-guided blood pressure targets on long term cognitive function.
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Hemodynamic variables related to outcome in septic shock. Intensive Care Med, 31:1066–71, 2005.

[25] Shaman Jhanji, Sarah Stirling, Nakul Patel, Charles J Hinds, and Rupert M Pearse. The e↵ect of

increasing doses of norepinephrine on tissue oxygenation and microvascular flow in patients with

septic shock. Crit Care Med, 37:1961–6, 2009.

[26] Arnaldo Dubin, Mario O Pozo, Christian A Casabella, Fernando Pálizas, Jr, Gastón Murias,

Miriam C Moseinco, Vanina S Kanoore Edul, Fernando Pálizas, Elisa Estenssoro, and Can Ince.

264



Increasing arterial blood pressure with norepinephrine does not improve microcirculatory blood

flow: a prospective study. Crit Care, 13:92, 2009.

[27] D Kremastinos, I Paraskevaidis, S Voudiklari, T Apostolou, Z Kyriakides, P Zirogiannis, and

P Toutouzas. Painless myocardial ischemia in chronic hemodialysed patients: a real event?

Nephron, 60:164–70, 1992.

[28] A S Narula, V Jha, H K Bali, V Sakhuja, and R P Sapru. Cardiac arrhythmias and silent myocardial

ischemia during hemodialysis. Ren Fail, 22:355–68, 2000.

[29] N Singh, A Langer, M R Freeman, and M B Goldstein. Myocardial alterations during hemodialysis:

insights from new noninvasive technology. Am J Nephrol, 14:173–81, 1994.

[30] Roger De Andrade, Tessa Kotze, Maia Lesosky, and Charles Swanepoel. Comparison of myocardial

perfusion during hemodialysis and hemodiafiltration. Nephron Clin Pract, 126:151–8, 2014.

[31] Lindsay J Chesterton, Nicholas M Selby, James O Burton, and Chris W McIntyre. Cool dialysate

reduces asymptomatic intradialytic hypotension and increases baroreflex variability. Hemodial Int,

13:189–96, 2009.

[32] Judith J Dasselaar, Riemer H J A Slart, Martine Knip, Jan Pruim, René A Tio, Christopher W
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