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KEY LEARNING POINTS
What was known:

¢ We have developed a new method to continuously estimate systolic blood

pressure (SBP) during haemodialysis (when an arterio-venous fistula is used).

This study adds:
¢ In a clinical study, we have shown good agreement between real-time SBP
estimator and brachial cuff SBP measurements.
Potential impact:
e Further development of the technology and larger scale clinical testing-of this

approach to continuously estimate intradialytic SBP is now warranted.
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GRAPHICAL ABSTRACT

A novel system to continuously estimate

intradialytic blood pressure in real-time

Focus of study was the comparison Results
of performance between a new
real-time blood pressure (BP)
estimator vs. brachial cuff BP
measurements (the current . . .
] o(f care) Time-averaged real-time Matched brachial cuff

systolic BP estimator systolic BP values

Methods
21 patients on haemodialysis Correlation
Two 4-hour dialysis sessions r=0.825
p<0.001
ICk

Mean systolic Mean systolic
Time-averaged Matched
real-time brachial cuff 123.7 5= 27.9 121.8 = 27.1
systolic BP systolic BP
estimator values values mmHg mmHg
522 matched BP data points
Viramontes-Hérner, D. et al. A real-time BP estimator using pressure wave sensors in the extracorporeal
NDT (2025) haemodialysis circuit has good performance in tracking intradialytic systolic BP versus
@NDTSocial brachial cuff measurements, supporting its further development and testing.

ABSTRACT

Background. Intradialytic hypotension (IDH) is “~a=wcommon complication of
haemodialysis that is associated with adverse patient outcomes. We have developed
a new non-invasive approach to continuously estimate systolic blood pressure (SBP)
in real time during haemodialysis using pressure wave sensors in the extracorporeal
circuit. We sought to compare the ‘performance of our continuous real-time SBP
estimator against brachial'cuff-SBP measurements.

Methods. Single-centre, observational study conducted in 21 participants receiving
haemodialysis with,a functioning arteriovenous fistula, studied throughout two 4-hour
haemodialysis sessions. Time-averaged real-time SBP estimator values from the 5-
second, period immediately prior to each cuff measurement were compared with

matched brachial cuff SBP values.
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Results. Mean age was 71x11 years and median dialysis vintage was 20.0 months
(IQR 12.5-63.5). Across 522 SBP comparison data points, mean brachial cuff SBP
and real-time SBP estimate were 121.8+27.1 mmHg and 123.7£27.9 mmHg,
respectively. Brachial cuff SBP and real-time SBP estimate were significantly
associated (r=0.825; p<0.001). There was a low absolute mean difference between
the brachial cuff SBP and the real-time SBP estimate of -1.9£16 mmHg, and no
evidence of systematic bias between measurements. Across all comparison points,
95% of estimator values were within 30% of the matched brachial cuff value, and
66% within 10% of the cuff value.

Conclusions. A BP estimator that runs in real time during haemodialysis~using
pressure wave sensors in the extracorporeal circuit and avoiding-additional sensor-
burden on patients has good performance in tracking intradialytic SBP when
compared against brachial cuff measurements, supporting \its ‘further development
and larger scale testing.

Keywords: arterial pulse wave, continuous blood pressure, haemodialysis,
intradialytic hypotension, systolic blood pressure
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INTRODUCTION

Haemodialysis is often complicated by intradialytic hypotension (IDH), with 10-40%
of treatments affected [1, 2]. IDH causes unpleasant symptoms for patients and can
lead to inadequate dialysis due to shortened treatments or failure to achieve
ultrafiltration goals. Further, IDH is strongly associated with increased mortality,
whether defined as the magnitude of fall in blood pressure (BP) [3], or the nadir BP
value during dialysis [4]. Mechanistically these associations can be explained, at
least in part, by reduced perfusion in vulnerable vascular beds during dialysis.
Specifically, repeated episodes of myocardial and cerebral ischaemia associated
with IDH have been shown to lead to persistent organ dysfunction ‘and are

independently associated with increased mortality [5].

Current clinical practice involves measuring BP every 30-60/minutes during dialysis
using brachial oscillometric cuff measurements [6]. However, this approach has a
number of limitations. Periodic BP measurement means that management of IDH is
largely reactive, instituted only after BP\has"already fallen and with considerable
delays before interventions are implemented. It is also widely recognised that BP
measurement in busy dialysis,units often falls short of ideal, with measurements
taken less often than recommended or performed poorly (e.g. cuffs placed over
clothing resulting in inaccurate readings) [7]. Continuous BP measurement during
dialysis would allow earlier detection and intervention, and may also facilitate new
approaches-.for.real-time prediction of IDH [8, 9]. Until now, this has relied on
techniques»such as digital artery photoplethysmography, which is restrictive for
patients, is not suitable outside of research settings and may not function well in a

significant proportion of patients.
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We have developed a new approach to continuously estimate systolic blood
pressure (SBP) in real-time during dialysis using additional pressure wave sensors in
the extracorporeal circuit, without additional sensors attached to the patient. We
have previously reported its methodology and initial proof of concept [10], as well as
an update to better model variance in physiological parameters over time [11]. Here,
we report a prospective study in which we sought to compare performance of our
continuous real-time SBP estimator against brachial cuff SBP measurements, the

current standard of care.

MATERIALS AND METHODS

Study design and population

We performed a single-centre, observational study conducted between February and
November 2023 in the Department of Renal Medicine; Royal Derby Hospital. People
with kidney failure receiving regular haemodialysis who were =18 years of age,
dialyzed at least 3 times per week for 4‘hours-and had a functioning arteriovenous
fistula (AVF) were eligible. Exclusion, criteria included arteriovenous grafts, and
poorly functioning AVFs (i.e%, clinical problems such as high arterial/venous
pressures, or 22 consecutive'Qa [AVF blood flow] values <500ml/min as estimated
using ionic dialysance [12]). Participants were studied throughout two haemodialysis
treatments, with the/aim of comparing intradialytic SBP values from a newly
developed real-time continuous BP estimator against SBP values measured by a

standard arm cuff (current standard of care).
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This study was conducted according to the guidelines laid down in the Declaration of
Helsinki and all procedures involving patients were approved by the local Research
Ethics Committee (West Midlands Coventry and Warwickshire, REC reference:
17/WM/0080). Written informed consent was obtained from all participants.

Baseline demographic characteristics including age, sex and ethnicity, as well as
dialysis vintage (i.e., time since first dialysis treatment), routine blood results,
medical history, use of anti-hypertensive medication, post-dialysis weight, body mass
index and dialysis parameters including type of dialyzer and vascular access, AVF
blood flow (Qa) values and needle gauge were collected from electronic.medical

records.

Continuous blood pressure measurement

For each study session, participants had continuous monitoring’of SBP throughout a
complete haemodialysis treatment via the real-time. BP estimator, as previously
described [11]. Briefly, pressure sensors were attached to the extracorporeal circuit,
one to a y-connector close to the arterial needle to derive a continuous arterial
pressure waveform, and a second,connected to a port on the venous bubble trap to
record the pressure waveformigenerated by the peristaltic blood pump (Figure 1).
The pressure sensors were separated from participants’ blood by a 0.2-micron sterile
filter and a non-sterile sealed membrane. Continuous pressure data were stored and
integrated in an attached computer using a Simulink model in Matlab software. The
Simulink medel applies an iterative learning run-to-run modelling methodology
originally developed for process control engineering applications to generate a

parameterised BP model to continuously estimate SBP in real time, incorporating
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real-time data from pressure sensors, as well as intermittent data from the most

recent brachial BP cuff measurement (taken every ~20 mins) [11].

Primary analysis

To determine if the real-time BP estimator was able to track changes in intradialytic
SBP, we compared the time-averaged value generated by the estimator from the 5-
second period immediately prior to each SBP cuff measurement with the
corresponding SBP cuff value across all measurement pairs from both study

sessions for each participant.

Statistical analyses

SPSS version 28.0 (IBM Corporation, Chicago, IL) was used for data management
and to perform all statistical analyses. Data are presented as mean + standard
deviation, median (interquartile range [IQR]), or percentages, as appropriate. A p-
value less than 0.05 was considered to have. statistical significance. Pearson’s
correlation coefficient was used to determinejthe significance and strength of the
association between brachial cuff"SBP,-and the real-time SBP estimate (time-
averaged value from the -6-second period immediately prior to SBP cuff
measurement). Bland-Aliman analysis was used to compare the agreement between
the brachial cuff SBP and _the real-time SBP estimate and assess for bias [13]. Due
to multiple measures for each individual, we performed a linear mixed-effects model
in which the.mean value of both measurements was used as a fixed effect and the
variability between subjects was estimated as random effects, and used the outputs
of this"model to re-estimate bias, upper and lower limits of agreement [14]. The

intraclass correlation coefficient was also calculated. The P10 and P30 values,
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defined as the percentage of real-time SBP estimator values within 10% and 30% of
brachial cuff SBP values, respectively were also calculated. We defined IDH as
brachial cuff SBP of <100 mmHg. For all IDH episodes, we calculated the proportion
of matched SBP estimator values that were <100 mmHg and <110 mmHg and
calculated positive predictive value, negative predictive value, sensitivity and

specificity at each threshold.

RESULTS

Participant characteristics

A total of 21 participants were included in the study, generating 42 completed
monitored haemodialysis sessions and 522 BP comparison data points (brachial cuff
SBP and a matched SBP estimator value from the 5-second period immediately prior
to SBP cuff measurement). The median number of paired SBP readings per patient

was 24 (IQR 22-28).

Demographic, clinical and biochemical participant characteristics are shown in Table
1. Mean age was 71+11 years, and median dialysis vintage was 20.0 months (IQR
12.5 to 63.5). Most of the participants'were male (57%) and of white ethnicity (76%).
Prevalence of diabetes and cardiovascular disease were 33% and 52%, respectively.
There was an even 'split between participants with brachiocephalic (10) and
radiocephalic (11) AVF. AVF function was good with a median AVF blood flow (Qa) of
598 ml/min*(IQR 390 to 1096). Fifteen (71%) participants used 14-gauge needles

and-.thexremainder used 15-gauge needles.
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Correlation, agreement and accuracy of blood pressure measurements

Across all measurements, mean brachial cuff SBP and real-time SBP estimate were
121.8£27.1 mmHg and 123.7+27.9 mmHg, respectively. There was a strong and
significant association between the brachial cuff SBP measurement and the real-time

SBP estimate (r=0.825; p<0.001, Figure 2).

Figure 3 shows the Bland-Altman plot of the difference between the two SBP
measures at each data comparison point (brachial cuff SBP - real time“SBP
estimator) against the average of the two. There was a low absolute mean difference
between the brachial cuff SBP measurement and the real-time SBP. estimate of -1.9
+ 16 mmHg, and no evidence of systematic bias between measurements. There was
some degree of dispersion of the data, and using absolute numbers (sign removed),
the mean difference between the two SBP measures was 11.5 + 11 mmHg. The
intraclass correlation coefficient between the twe methods was 0.9 (95% CI 0.88-
0.92). The P30 and P10 data demonstrated good agreement between the two SBP
measures, with 95% (95% CIl 93-97%) of estimator values within 30% of the

matched brachial cuff value, and.66% (95% CI 62-70%) within 10% of the cuff value.

A total of 131 (25%) of'the brachial cuff SBP measurements were <100 mmHg and
categorised as_IDHy Using a threshold of <100 mmHg, the positive predictive value
of the estimatorwas 79.1% (95% CI 71-85%), negative predictive value 94.1% (95%
Cl 91-96%), sensitivity 82.2% (95% CI 75-87%) and specificity 92.9% (90-95%). At a

threshold of <110 mmHg, positive predictive value was higher at 90.3% (95% CI 84-
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94%), negative predictive value was lower at 86.6% (95% Cl 83-90%), with

sensitivity of 70.0% (95% CI 63-76%), and specificity of 96% (95% CIl 94-98%).

DISCUSSION

Intradialytic hypotension (IDH) remains a common and serious consequence of
haemodialysis. Intermittent brachial cuff BP measurements during dialysis have
significant limitations and clinical practice has not progressed for several decades.
We have developed a new technology to continuously estimate SBP in real time
using additional pressure sensors in the extracorporeal circuit but without additional
sensors applied to the patient, and here have demonstrated that it perfoerms/ well

when compared to brachial cuff measurements.

Changes in response to ultrafiltration and reducing plasma osmolarity during dialysis
manifest as IDH when the resulting fall in circulating volume overwhelms
compensatory haemodynamic mechanisms?, IDH is easily detected when
accompanied by symptoms, but often .is' asymptomatic and may not always be
recognised. This risk of under-deteection, is”important when considering the strong
associations between IDH and.adverse patient outcomes [3, 4]. Even very short-term
variations in BP may be=undesirable, having been shown to associate with
biomarkers of cardiac injury and subclinical ischaemic change on brain imaging [15].
Developing technology suitable for clinical environments to continuously measure BP
during dialysis would therefore be a significant advance from the current status quo,
allowing earlier detection and intervention for IDH episodes. Other advantages may

also be realised if continuous BP data allows modelling for real-time prediction of
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IDH to facilitate pre-emptive intervention, or facilitates new approaches to better

characterise intradialytic BP variation.

Previous attempts to measure BP continuously during dialysis have included a
wearable photoplethysmography wrist band [16], an electronic stethoscope attached
to the AVF [17], bioimpedance cardiography [18], or most commonly a finger cuff
attached to the non-AVF hand to measure the pulse wave in the digital artery [9, 19-
24]. None of these have translated to clinical application, likely because.<of
inaccuracy of measurement or the requirement for significant additional monitoring
attached to the patient. Additional sensors applied directly to patients-"have
disadvantages and may not be acceptable, for example if they are‘uncomfortable or
if they restrict use of the non-AVF arm. Problems may also arise if patient movement
interferes with data acquisition, or if technology fails in the face of common scenarios
such as vascular calcification and increased vascular stiffness. Our approach, which
does not involve additional sensors applied-to, the patient, avoids most of these
issues. The pressure sensor in close proximityyto the AVF allows for the derivation of
an arterial pressure waveform. The-pressure sensor connected to the venous bubble
trap helps to distinguish this from*the"dominant pressure waveform arising from the
peristaltic blood pump, as. well*as providing a way for the system to incorporate
changes in the blood pump speed during dialysis. Our system is able to display the
BP estimator value,in real time, which is essential for use in clinical settings, and
incorporating the most recent cuff value during dialysis allows the system to adapt to

unmeasured time-varying physiological parameters.
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Whilst the gold standard comparator would be BP derived from an intra-arterial
catheter, this is not feasible in dialysis populations. In the absence of this, we
therefore compared our non-invasive continuous BP estimator against brachial cuff
measurements taken approximately every 20 mins throughout dialysis. Our results
showed the real-time estimator performed well with readings that were well
correlated with brachial cuff measures, with a small mean difference between the two
and without systematic bias. Nevertheless, the limits of agreement between the two
measures were relatively wide. Without a gold-standard comparator, disagreements
may arise from measurement variation in either technique. It is possible that.some-of
the variation between the two methods may arise from inaccurate /brachial cuff
readings, but conversely would also arise if the estimator has not'correctly tracked
true blood pressure. The clinical implications of this are mostimportant in terms of
ensuring that true IDH episodes do not go undetected, and'it was therefore notable
the estimator was able to detect the majority of IDH._episodes, particularly at the
higher SBP threshold (positive predictive value >90). Accuracy of the estimator
would also be important in terms of using the,data for predictive modelling, and in
avoiding alert fatigue that may arise from false positive alerts. The proportion of BP
measurements that were categorised as IDH was relatively high at 25%, likely in part
because more frequent measurement of BP is likely to result in greater detection of
hypotensive episodes, the majority of which are asymptomatic. This has been shown
in other studies using’/continuous BP measurement, with one study reporting IDH in

37.5% of patients [18].

Qur.results should be interpreted in the light of some weaknesses. Participants were

selected to have a well-functioning AVF, and it is uncertain how significant flow-
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restricting stenoses would have affected the performance of the real-time BP
estimator. This will be subject of future work. As discussed, we have not been able to
compare the real-time estimator against BP values from an intra-arterial catheter, as
the inconvenience and risks of doing so in dialysis patients are hard to justify. In
addition, our current prototype system requires wired connections between the
pressure sensors and computer, so only one participant can be studied at a time.
Next stage prototypes are in development that will have wireless connections so that
a central computer can be connected to pressure sensors across multiple dialysis
machines. Finally, our definition of IDH was based solely on BP threshold and. did not
take account of patients’ symptoms, and further studies are required to more-robustly
study the detection of IDH, along with studies to evaluate the-glinical impact of
continuous intradialytic BP estimation, for example whether this approach will result

in earlier and more effective interventions to correct or prevent IDH.

In conclusion, we have developed a BP estimator that runs in real time during
dialysis using additional pressure sensors.in the extracorporeal circuit, and avoiding
additional sensor-burden on patients."\When compared against regular brachial BP
measurements, it has good-performance in tracking intradialytic SBP and this
supports its further development and larger scale testing. Planned next steps are to
develop a computer algorithm to predict IDH in real time and to assess the impact of

using this approach,to’enable pre-emptive interventions to prevent IDH.
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Table 1. Participant characteristics.

Variable (n=21)
Age (years) 71+ 11
Male [n (%)] 12 (57)
White ethnicity [n (%)] 16 (76)
Diabetes [n (%)] 7 (33)

Cardiovascular disease [n (%)]
Previous kidney transplant [n (%)]
Dialysis vintage (months)
Antihypertensive medication

Angiotensin converting enzyme inhibitors [n (%)]

Calcium channel blockers [n (%)]
Beta blockers
Fistula blood flow assessment (QA)
Dialyzer
Medium cut-off [n (%)]
High-flux [n (%)]
Vascular access type
Brachiocephalic arteriovenous fistula [n (%)]
Radiocephalic arteriovenous fistula [n (%)]
Needle gauge
2x14g [n (%)]
2x15g [n (%)]
Serum albumin (g/dL)
Haemoglobin (g/dL)
Post-dialysis weight (kg)
Body mass index (kg/m?)

11 (52)
1(5)
20.0 (IQR 12.5 to 63.5)

3 (14)
3 (14)
733)

598 (390.to 1096)

19 (90.5)
2 (9.5)

15 (71)
6 (29)
29104
11.7 £ 0.1
75.0 + 16.8
26.8 £4.5

Data are expressed as mean + standard deviation, median (interquartile range) or

numbers (percentages) as appropriate. Presence of cardiovascular disease was

defined by-at-least one of the following events/diagnoses at the baseline

assessment: myocardial infarction, cerebrovascular disease/stroke, peripheral

vascular disease, heart failure, coronary artery disease/surgery and ischemic heart

disease.
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Figure 1. Diagram illustrating the placing of¢additional pressure sensors in the

dialysis circuit to enable real-time continugus systolic blood pressure estimation.
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Figure 2. Pearson’s correlation between brachial cuff \systolic blood pressure

measurement and real-time systolic blood pressure estimate,
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Bland-Altman plot of cuff SBP and real-time SBP estimator (accounting for repeated measures)
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Figure 3. Bland and Altman plot comparing systolic blood-pressure measured by
brachial cuff and real-time estimator. The middle solid line represents the mean
absolute difference between measurements (-1.9 '+ 16 mmHg). The dashed lines
represent the upper and lower limits of agreement which were derived from the linear
mixed-effects model (x22.6mmHg). Asreference, the values of the upper and lower
limits of agreement based on ~+1.96,SD of differences between individuals was

+23.0mmHg, not taking account of‘multiple measures per individual.
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Click here for Prescribing Information

Vafseo -
This is a promotional advertisement intended for d d
UK HCPs only, produced and funded by MEDICE UK Va a UStat

VafseoP® is indicated for the treatment of symptomatic anaemia associated
with chronic kidney disease (CKD) in adults on chronic maintenance dialysis’

Vafseo® is now recommended by NICE, within its marketing authorisation, as
an option for treating symptomatic anaemia caused by CKD in adults having
maintenance dialysis? >

Contact MEDICE UK now to be put in touch with your
regional Vafseo® Key Account Manager

Contact Us

V¥ This medicinal product is subject to additional monitoring. This will allow quick identification of new safety
information. Adverse events should be reported. Reporting forms and information can be found at
https://yellowcard.mhra.gov.uk/ or search for MHRA Yellow Card in Google Play or Apple App Store.
Adverse events should also be reported to Medice UK Ltd, 0204 582 2845, medicalinformation@medice.co.uk

MEDICE UK makes no warranties or representations of any kind as to the accuracy, completeness,
reliability or usefulness of any information contained in third party sites and shall have no liability for

any loss or damage of any kind that may arise from your use of such content or information. . M E D I C E

Inclusion of any third-party link does not imply an endorsement or recommendation by MEDICE UK. THE HEALTH FAMILY

Abbreviations: CKD, chronic kidney disease; HCP, healthcare professional; NICE, National Institute of Health

and Care Excellence. References: 1. Vafseo 300 mg film-coated tablets Summary of Product Characteristics

(SmPC). Available at: https://www.medicines.org.uk/emc/product/15656/smpc (Accessed March 2025).

2. NICE Guidance TA1035. Vadadustat for treating symptomatic anaemia in adults having dialysis for chronic UK-VAF-2024-1963-v2
kidney disease. Available at: https://www.nice.org.uk/guidance/ta1035 (Accessed March 2025). March 2025


https://cdn.pepperapps.io/medice/public/65f46cdd65ddba3d1038bbc9?signature=eyJhbGciOiJkaXIiLCJlbmMiOiJBMTI4Q0JDLUhTMjU2In0..iWLGS_Kq1X1Jd-eor-i6zA.maXFpANU38bmCzmqpynQeD4ycw8cEXBPhHjzZODmpWkeRtGZmzm7NmxfWzQMbuCVakHS_HmUb7t9UafY1qAZuZ3ljWGlM6K4370YlxUMtkXD02h95_C0vSxrTNm9Qpqi4DYyb4BCFKJw-HYQttA-wzXcbcB7ukEkR34bHotu3TDTXGGNfpIO-tu8GVcUfTXM.2gQ1kTAciyoF8FAoVPylZQ
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