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Preface
Thisthesisisaboutthe application of quantitative physical resilience in geriatric medicine. To me, the

sea, as shown on the front page, represents a perfectly resilient system, exhibiting cyclicbehaviour
returningtolow and high tide every 12 hours. Evenin extreme situations, the seareturnstoits original
state again, and it can function as a bufferfor othersystems. On the otherhand, an objectfloating on
the waves of the seacan be pushed underwaterby awave. The larger the wave, orthe perturbation,
the deeperthe objects goes underwater, and the longerit takestoreturnto the surface. Therefore,
natural waves of the sea and natural perturbations might therefore a state of nature. High waves can be
a forecast of stormy weather. The signals projected onto the waves of the sea may in the same way
forecast or precede transitions in the human body, related to disease. Thatis what will be explored and
evaluatedinthis thesis.



1. Introduction

1.1 General introduction

The ageing population leads to a higher demand for healthcare [1]. An ageing society is for example
accompanied by an increased prevalence of dementia, and an increased pressure on surgical capacity,
since more elderly will undergo surgery [2]. This emphasises the need for personalised healthcare and
gaining more insight into the physiological processes that change in ageing adults. Frailty has already
beena key conceptingeriatricmedicine. Itis defined asanincreased vulnerability to adverse outcomes.
Frailty is mostly presented as a score dependent on static measures, such as comorbidity, ability to
perform (instrumental) activities of daily living and grip strength. Although frailty can predict the risk of
events like falls, delirium, or even death, it does not necessarily forecast recovery from a stressor like
illnessorsurgery [3]. Therefore, more research is needed to the question why some older adults recover
adequately from a stressor while others do not [4]. In clinical practice, an aiding measure to predict a
patient’s recovery potential will be helpful, especially before important clinical decision-making. An
example is major elective surgery. While one patient undergoing surgery might have an uncomplicated
hospital stay accompanied by fast discharge and recovery, the other can suffer from delirium or other
complications leading to a decrease in functional and cognitive status. This variety of responsesto a
stimulus forms the background forthe principle of physical resilience. Physical resilience, the capacity to
bounce back after a stressor, is illustrated in Figure 1, showing a mountain landscape [5]. This
metaphoricallyrepresents the complexsystem of homeostasisin the human body, simplified as a h ealthy
and a diseased state. Two balls are shown, thatlie in a valley representing a stable, healthy equilibrium.
When these balls are pushed by a perturbation, forinstance surgery, the light blue one (Figure 1B) is
more likely to cross the hill (a tipping point) to the other valley (the diseased state) than the dark blue
one (Figure 1A). Therefore, the dark blue ball is said to represent a resilient patient, and the light blue
one a less resilient patient. Moreover, after a small push uphill, the dark blue ball would return to the
healthy equilibrium state more quickly than the light blue ball, as the slope is steeper. This reveals an
important characteristicof complex systems that are close to a tipping point: critical slowing down. Itis
that characteristicthatis aimedto be captured using quantitative resilience measures.
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Figure 1: lllustration of the effect of a large perturbation on a ball in a landscape as a metaphor for A) a resilient
patient and B) a less resilient patient.

1.2 Outline
This thesis has been split into three parts. The first two describe quantitative resilience measures
concerning cognition, which were retrospectively investigated in healthy subjects, olderadults with mild
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cognitive impairment (MCI) and Alzheimer’s Disease (AD) patients. In the last part, the resilience
measures were investigated in clinical practice, describing application at the cardiothoracic surgery
outpatientclinic. The thesisendswith ageneral conclusion, connecting the different approaches toand
applications of physical resilience in geriatricmedicine.
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Figure 2: Graphical representation of the topics covered in this thesis.

Part 1: Association between haemodynamic orthostatic recovery and one-year change in cognitive
functioninginelderly with MCI
Objective:
= Determiningthe relation between orthostaticrecovery (slowing down of recovery) and cognitive
function after one year in elderly with MCI, using blood pressure, cerebral blood flow and
cerebral oxygenation measurements.

Part 2: Quantitative resilience indicators (DIORs)in relation to cognitive status
Objectives:
= |nvestigating the applicability of dynamical indicators of resilience (DIORs) in blood pressure
signals.



Investigating if DIORs in blood pressure signals differed between healthy subjects, older adults
with MCl and AD patients.

Determiningthe differences in DIORs derived from blood pressure measurements between a
resting (sitting) and more activated (standing) equilibrium state, for healthy controls, participants
with MCl and AD patients.

Investigating DIORs as a predictorforcognitive decline in elderly with MCl and AD patients, and
determining the overlap with orthostaticrecovery as anotherresilience indicator.

Part 3: Resilience in patients undergoing majorthoracicaorticsurgery: a pilot study

Obijectives:

Assessing feasibility of implementation of resilience measurementsin clinical practice.
Exploringthe relation between resilience measures and clinical outcome aftersurgery.

1.3 List of abbreviations

AD
BMI
BP
CBF
CBFV
CMO
CFS
CGA
CoV
DBP
DFV
DIORs
HC
HHb
HR
HRV
IBI
ICU
IQR
MCI
MMSE
MoCA
NIRS
O,Hb
SBP
se
SFV
SD
TAC
TCD

Alzheimer’s disease

Body mass index

Blood pressure

Cerebral blood flow

Cerebral blood flow velocity
Commissie mensgebonden onderzoek
Clinical frailty scale

Comprehensive geriatricassessment
Coefficient of variation
Diastolicblood pressure
Diastoliccerebral blood flow velocity
Dynamical indicators of resilience
Healthy controls

Deoxygenated haemoglobin

Heart rate

Heart rate variability
Inter-beatinterval

Intensive care unit

Interquartile range

Mild cognitive impairment
Mini-mental state examination
Montreal cognitive assessment
Near-infrared spectroscopy
Oxygenated haemoglobin
Systolicblood pressure

Standard error

Systoliccerebral blood flowvelocity
Standard deviation

Temporal autocorrelation
Transcranial Doppler




tHb Total haemoglobin

TSI Tissue saturationindex
VAR Variance
VIM Variance independent of the mean




2. Association between haemodynamic orthostatic recovery and one-year cognitive

changein elderly with MCl

Abstract

Background: Mild cognitive impairment (MCl) can be a prodromal stage to Alzheimer’s Disease.
Therefore, a predictor of cognitive decline isdesirablein elderly with MCI. As orthostatichypotension has
already been related to cognitive decline and mortality, orthostatic recovery values of blood pressure
(BP), butalso cerebral blood flow (CBF) and cerebral oxygenation may have prognosticvalue.
Objective: To investigate the association between orthostatic haemodynamic recovery and cognitive
change in olderadults with MCI.

Methods: We performed aretrospective analysis on data of the NeuroExercisetrial. Continuous BP, CBF
and cerebral oxygenation were measured during a sit-to-stand challenge, and expressed as recovery
values after the systolic BP (SBP) nadir caused by standing up, relative to sitting values. A composite
cognitive function score was determined at baselineand one-yearfollow-up, and expressed as a z-score.
We investigated the association between the change in cognitive z-scoreand recovery values of BP, CBF
and cerebral oxygenation.

Results: 29 elderly with MCI were included, of whom 14 improved in cognition (change in cognition z-
score of 0.214 (+0.167)) and 15 deteriorated (change in cognition z-score of -0.287 (+0.248)). The
cognitivelyimproved patientshad higher SBP recovery values than the declined patients at approximately
35-45 seconds afterthe SBP drop caused by standing (p=0.017). CBF and cerebral oxygenation recovery
values did not show significant differences between patient groups. Moreover, impaired SBP recovery
(95% of baseline value) at approximately 35-45seconds after SBP trough was associated with cognitive
decline.

Conclusion: An impaired SBP response after an orthostaticchallenge was related to cognitive declinein
olderadults with MCI. In the future, this might provide an easy prognostictool to recognise elderly with
MCI who are at risk of cognitive decline.

2.1 Introduction
Mild cognitive impairment (MCI) is definedas cognitive decline notinterfering with activities of daily life.

It can be a preliminary stage to dementia due to Alzheimer’s Disease (AD), with progression rates of MCl
(specifically amnestic MCI; MCI type that is characterised by memory loss) to AD between 10 and 41%
peryear[6-9]. Althoughthe reported progression rates differ due to heterogeneity of the MCl population,
elderly with MCl do have alarger risk of developing AD than the general older population. Onthe other
hand, heterogeneity means that many olderadults with MCl do not show cognitive decline or even show
cognitive improvementovertime. Therefore, itis important to identify elderly with MCl who are at risk
of cognitive decline, or conversion to clinical AD, to gain more insight into disease progression, and
possible treatment targets.

Static haemodynamic parameters, such as the value of blood pressure (BP), cerebral blood flow
(CBF) and cerebral oxygenation have been studied extensively in relation to cognitive decline, with mixed
results. Hypertension in mid-life is associated with cardiovascular risk factors and AD, but in late life it
might not be related to AD [10]. Simultaneously, lower CBF has been associated with cognitive dedine,
although CBF also decreasesin healthy ageing[11, 12]. Moreover, lowerfrontal lobe oxygenation values
were foundin AD patients and elderly with MCI compared to cognitively healthy olderadults, inrestas
well as during cognitive tasks [13]. However, these observations have not led to a short-term predictor
of cognitive declinein elderly.



Another approach might be to assess physical resilience as a predictive marker for disease
progression. Slowing down of recovery after a stressor may be related to decreased resilience [14, 15].
An example of a stressor is an orthostatic challenge. Standing up from a sitting or supine position leads
to gravity-induced venous pooling in the lower abdomen and legs. In response to that, BP decreases,
sensed by baroreceptors in the aortic arch and carotid sinus. These baroreceptors induce vagal and
sympathetic activation, leading to an increased heart rate and vasoconstriction. This causes higher
peripheral resistance, counteracting the BP decrease [16-18]. Inthe brain, a BP declineleads to additional
vasodilation due to cerebral autoregulation. In this way, adequate CBF supplying oxygen is maintained
[19]. Therefore, with intact autoregulatory mechanisms, CBF recovers faster than BP, and the oxygen
supply follows thesame course [20, 21]. The initial systolic CBF velocity (SFV) willthenremain stable [22].
BP recoveryis impairedin 25 to 40% of people aged >70 years, leadingto orthostatichypotension [23].
Orthostatichypotensionis classicallydefined as sustained systolic BP (SBP) drop 220 mmHg or a diastolic
BP (DBP) decline 210 mmHg upon standing [17, 24]. It is accompanied by transient CBF and cerebral
oxygenationreductions, leading to orthostatic hypotension symptoms, like syncope [25].

Different studies have alreadyfound orthostatic hypotensionto be anegative healthpredictorin
older adults. Relations have been found between orthostatic hypotension and cognitive decline, in
patients with AD and in people that were cognitively healthy at the time of orthostatic hypotension
measurement [26-29]. However, previous studies mainly focused on BP falls as large as in orthostatic
hypotension. Only little research has beendoneto recovery from an orthostaticchallenge, not necessarily
accompanied by orthostatic hypotension. An association has been revealed between impaired BP
recovery and mortality in falls clinic patients [30]. In relation to cognition, previous study results are
conflicting: one studyshowed that diminished orthostatic recovery was associated with cognitive dedine
in AD patients [31], whileanother statedthat arelation was not evidentin a broad sample of community-
dwelling older adults [32]. Therefore, researching the relation between orthostatic recovery and
cognitionin olderadultswith MCl could revealif the association found in AD patientscan be generalised.
With respect to the CBF and oxygenation response after standing, studies that compare the orthostatic
cerebral oxygenation response between older and younger patients have been performed with mixed
results. A lower concentration of oxygenated haemoglobin (O,Hb) and an increased deoxygenated
haemoglobin (HHb) value after standing have been found in older compared to younger patients [33],
but the opposite hasbeenreported as well [34]. However, CBF and cerebral oxygenation recovery after
an orthostatic challenge have not yet been related to cognitive change directly. Nevertheless, an initial
response of the systolic blood flow velocity (SFV) without a clear drop might indicate adequate
functioning of the cerebral autoregulation [22].

Our goal was to assess whether recovery of BP, CBF and cerebral oxygenation at different time
windows afteran orthostaticchallengeis associated with cognitive change in older people with MCI. We
investigated these haemodynamic responses in relation to the change in cognition after one year,
determined at different cognitive domains.

2.2 Methods
2.2.1 Study design and population

Thisis a retrospective analysis using data from the Dutch study site (Radboud university medical centre,
Nijmegen) of the NeuroExercisetrial. The NeuroExercise trial investigated the effect of aerobicand non-
aerobicexerciseon cognition and haemodynamics in elderly with MCIl. However, no effect of exercise on
cognitive functioning was found [35]. 42 older adults with MCI were included in the Netherlands.
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Completeinclusion and exclusion criteria have been described before in the study protocol [36]. Inshort,
participants were diagnosed with amnestic MCl due to AD and at least 50 years old. The medical ethics
committee (CMO Arnhem-Nijmegen) approved the study protocol. All participants signed written
informed consent, in accordance to the Declaration of Helsinki.

This part of the study aimed to investigate the relation of BP, CBF and cerebral oxygenation
recovery after an orthostatic challenge with cognitive decline. Additional exclusion criteria consisted of
absence of sit-to-stand manoeuvres, absence of data on cognitive performance at one-year follow-up
and inadequacy of sit-to-stand challenges. Inadequate was defined as the absence of troughs inthe SBP
signal or inability to stand up fluently.

2.2.2 Data collection

The orthostaticchallenge was performed as follows. The participant satinachairand was asked to stand
up. The protocol consisted of 2 minutes of sitting and 1 minute of standing, repeated three times. The
third standing period lasted for 5 minutes instead of 1 minute to measure recovery during prolonged
standing. Duringthis protocol, differenthaemodynamicsignals were measured. The beat-to-beat arterial
BP was measured usingvolume-clamp photoplethysmography (Finapres Medical Systems, Enschede, The
Netherlands) in the digital artery of the middle finger of the non-dominanthand [37, 38]. The arm was
resting atheart height, supportedby asling, to prevent hydrostaticchanges. The CBF velocity (CBFV) was
measured in the middle cerebral artery through the left and right temporal window using transcranial
Doppler (TCD; DWL Doppler Box, Compumedics Germany GmbH, Singen, Germany). The CBFV can be
seen as a surrogate for the CBF, since the diameter of the middle cerebral artery is assumed to be
constant [39]. CBFV values obtainedfrom both sides were averaged unless only one signal was available.
Then, the signal on that side was included foranalysis. The TCD probes and NIRS electrodes were keptin
place by using a headband (Spencer Technologies, Seattle, WA). O,Hb and HHb were measured using
NIRS (Oxymon, Artinis Medical Systems, The Netherlands). Again, measurements fromthe left and right
side were averaged when both available. All measurements were obtained at 200 Hz.

2.2.3 Cognitive functioning score

Cognitive functioning was assessed as the primary outcome at baseline and after one year. This included
neuropsychological tests varying over six cognitive domains, including verbal and visual learning,
psychomotor and executive function, attention and working memory [40]. Alltest results were converted
into z-scores by subtractingthe mean score at baselineand dividing by the standard deviationat baseline,
for both the baseline and follow-up value. These obtained z-scores were averaged per domain, after
which the domain scores were averaged again to attain one cognitive function score. The difference
between this score at follow-up and baseline was calculated, directly indicating cognitive decline or
improvement.

2.2.4 Data analysis

Data processing was performedin MATLAB (R2018a, MathWorks Inc., Natick, USA), using custom-written
semi-automaticscripts, as described previously [41]. Heart rate, SBP, DBP, SFV and diastolic CBFV (DFV)
were obtained overtimefrom the peaks and troughs. Moreover, O,Hb and HHb concentration overtime
were obtained. Examples of thesesignals are shownin Figure 3. All physiological signals were resampled
at 10 Hz, and filtered using a 5-second moving average filter [42, 43].
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Figure 3: Example of the signals that were obtained from different measurements. Blood pressure (BP)
fluctuations are conducted to cerebral blood flow velocity (CBFV) fluctuations by cerebral autoregulation, while
oxygen (0,) supply and consumption cause oxygenated (O,Hb) and deoxygenated haemoglobin (HHb)
fluctuations. BPand CBFV are expressed as both systolic and diastolic values, shown in dashed grey lines, while
O,Hb and HHb are expressed as mean values, also indicated by dashed grey lines. NIRS: near-infrared
spectroscopy.

Data were visually inspected perstand. One stand was defined from 60 seconds before the nadirin SBP
caused by standing, to 45 seconds afterthis trough. For BP analysis, astand was removed when the SBP
nadir was absent, or smaller than 10 mmHg [44]. Furthermore, stands were removed when artefacts
were present, defined as physiologically implausible values for sitting BP and flat lines for cerebral
oxygenation. The remaining stands were averaged per person, leading to one average orthostatic
response per person. From this response, baseline and recovery values were extracted. Baseline was
defined as the average of 55 to 25 seconds before the SBP nadir, as shown in the examplein Figure 4.
Recovery values were defined as a percentage relative to baseline, averaged over 10-second time
windows. The window between 35 and 45 seconds after SBP nadir approximately corresponds to 50 to
60 seconds after standing, as used previously to describe orthostatic recovery [23, 30]. Earlier windows
from 5 seconds before to 35seconds after SBP nadir were added, for we did not expect recovery rates to
be as low as at the fallsclinicin earlierresearch [30]. The same windows were used for CBF and cerebral
oxygenation.
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Figure 4: Example of blood pressure data of one stand for one patient. At t=0 seconds the systolic blood pressure
nadir was found. Recovery values were determined at moments after this trough. Systolic and diastolic blood
pressure (SBP and DBP respectively), filtered with a 5-second moving average filter are shown in a dashed light
blue and dotted dark blue line respectively.

2.2.5 Statistical analysis

Recovery values for the physiological signals in all time windows were related to change in cognitive
function by using linear regression. Two different models were used: one without adjustments, and
another with one adjustment, as the sample size did not allow for more. Covariates of which the
adjustment effect was investigated were age, gender, use of antihypertensive drugs, exercise group and
the normalised number of training sessions. Subsequently, the study populationwas dividedinto a group
of patients with anincreased cognitive score and agroup with adecreasedcognitive score after oneyear,
to compare haemodynamic recovery values. Alternatively, the study population was divided into two
groups based on BP recovery values at 35-45 seconds after SBP nadir, cut off at recovery to 95% of
baseline [30]. Between-group comparisons were made using independent sample t-tests or Mann-
Whitney Utests for continuous variables and chi-squared or Fisher’s exact tests for categorical variables,
as appropriate, using an alpha level of 0.05. Continuous variables are reported as mean (standard
deviation) ormedian (interquartile range) and categorical variables as number (%).

2.3 Results
2.3.1 Patient characteristics

38 patients performed sit-to-stand manoeuvres at baseline. Of those, 29 participants could be considered
for further analysis; data from 9 patients were excluded due to absence of sit-to-stand measurements,
absence of data on cognitive performance at one-yearfollow-up, orinadequatessit-to-stand manoeuvres.
These exclusions, as well as additional exclusions due to artefacts, are specified in Figure 5. Baseline
characteristics are presented in Table 1. None of these were significantly different (p<0.05) between
patientswith anincreased and patients with adeclined cognition score.
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Participants in NeuroExercise study: n=42 Excluded due to missing data:

* No baseline sit-stand data: n=8
* No follow-up cognition: n=3
Excluded due to inadequate sit-to-
stand manoeuver: n=2

Included in analyses: n=29

Excluded due to artefacts:
BP analysis: n=0

CBFV analysis: n=3

NIRS analysis: n=2

BP analysis: n=29
CBFV analysis: n=26
NIRS analysis: n=27

Figure 5: Flowchart describing the inclusion and exclusion of patient data due to unknown cognition
progression, unavailability of haemodynamic data or artefacts. BP: blood pressure, CBFV: cerebral blood flow
velocity, NIRS: near-infrared spectroscopy.

Table 1: Baseline characteristics of all included patients, the cognitively improved and the cognitively

deteriorated group.

All patients Improved cognition Deteriorated P-value

(n=29) (n=14) cognition (n=15)
Male 20 (69%) 10 (71%) 10 (67%) 1.000
Age (years) 68.0 (7.7) 68.8 (7.5) 67.3 (8.1) 0.444
BMI 26.0 (4.1) 27.2 (4.4) 24.9 (3.5) 0.183
Intervention group 22 (76%) 9 (64%) 13 (87%) 0.215
Aerobicexercise 11 (38%) 4 (29%) 7 (47%) 0.450
Non-aerobicexercise 11 (38%) 5 (36%) 6 (40%) 1.000
Number of training sessions 88 (70) 88 (73) 89 (69) 0.878
Cardiovasculardisease 8 (28%) 4 (29%) 4 (27%) 1.000
Antihypertensivedrug use 12 (41%) 6 (43%) 6 (40%) 1.000
Use betablockers (metoprolol) 4 (14%) 3 (21%) 1(7%) 0.329
Statin use 8 (28%) 4 (29%) 4 (27%) 1.000
Antidepressantuse 1(3%) 1(7%) 0 (0%) 0.482
Systolicblood pressure 144 (24) 143 (14) 145 (31) 0.844
Diastolicblood pressure 85 (12) 84 (11) 85 (14) 0.861
MoCA 23.2 (2.4) 23.4 (2.6) 23.1(2.3) 1.000
Cognition z-score 0.21 (0.67) 0.16 (0.60) 0.25 (0.75) 0.678

Data are presented as number (percentage) or mean (standard deviation). P-values resultfrom Mann-Whitney U
test or Fisher’s test. BMI: body mass index, MoCA: Montreal Cognitive Assessment.

2.3.2 Orthostatic challenge

In Figure 6, the average responses to an orthostaticchallenge are shown for BP, CBF and oxygenation
valuesrelative to baseline. The averagefinger BP at baseline was 146/70(+SD 27/14, SBP/DBP) mmHg.
SBP and DBP recovered on average to 98 (+7)% and 101 (+6)% of baseline respectivelyin the first 45



seconds after the SBP trough, which means DBP tended to have a higher recovery rate than SBP
(p=0.095). The average SFV and DFV were 67 (¥18) cm/s and 27 (+8) cm/s respectively. Responses of
the SFV and DFV upon standing were different: while DFV showed adecrease upon standing, SFV did
not. After 35 to 45 seconds SFV stabilised to 97 (£5)% and DFV to a significantly higher 102 (+5)%
(p=0.002). O,Hb and HHb, were only assessed relatively. The relative change at the minimumfor O,Hb
was on average -1.18 (+0.61) umol/L, and for HHb -0.08 (+0.22) umol/L. After 35-45 seconds, O,Hb
recovered to -0.75 (+0.40) umol/L relative to baseline, while HHb remained relatively stable (0.15
(+0.27) relative to baseline).
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Figure 6: Responses of the blood pressure (BP), cerebral blood flow (CBF) and cerebral oxygenation
measured with near-infrared spectroscopy (NIRS) to an orthostatic challenge (nadir of SBP at t=0 seconds).
Lines represent mean values. DBP: diastolic blood pressure, SBP: systolic blood pressure, DFV: diastolic flow
velocity, SFV: systolic flow velocity, O,Hb: oxygenated haemoglobin, HHb: deoxygenated haemoglobin, tHb:
total amount of haemoglobin.

2.3.3 Change in cognition score overone year

Change in cognitive function score after one year was on average -0.045 (+0.330). For SBP, 10 patients
did not recoverto 95% of the baseline value, whereas 19 patients did. Patients whose SBP recovered
to more than 95% of the baseline value had a median (IQR) change in cognition of 0.078 (-0.153 to
0.230), and patients whose SBP did not recoverto 95% of the baseline value had a cognition change of
-0.189 (-0.354 to -0.025), p=0.033. As showninTable A.1in AppendixA, the number of patientsin the
aerobic exercise group, the number of training sessions and the baseline Montreal Cognitive
Assessment (MoCA)value were higherin patients witha full SBP recovery than inpatientswitha partial
SBP recovery. For DBP, only 6 patients did not recover to 95% of the baseline value. The cognition
change did not differ significantly between the group with a full (>95%) DBP recovery and the group
without (0.033 (-0.200 to 0.175) vs -0.098 (-0.245 to 0.057); p=0.609). As presented in Table A.2 in
Appendix A, the baseline characteristics did not differ significantly between both groups. Linear
regression analysis using the unadjusted regression model did not show a significant association
between the percentage of recoveryto baselineand change in cognitionscore after one year, both for
BP and CBFV signals at all different time windows, as shown in Table A.3in Appendix A. None of the
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adjustments that were explored (age, gender, use of antihypertensive drugs, exercise group and the
normalised number oftraining sessions)ledto a 210% change in estimate [45]. Therefore, we refrained
from adjusting for covariates.

2.3.4 Recovery analysis for improved and deteriorated group

In Figure 7 the responses of the SBP, DBP, SFV, DFV, O,Hb and HHb after an orthostaticchallenge are
shown for patients whose cognition improved and patients whose cognition deteriorated. The SBP of
cognitively improved patients was further recovered after 25-35 and 35-45 seconds after the SBP
trough than the SBP of cognitively deteriorated patients (at 25-35 seconds a median (IQR) of 100 (96—
107)% versus 96 (93-100)%; p=0.058, and at 35-45 seconds 101 (95-106)% versus 94 (92-99)%;
p=0.017). The DBP recovery was 103 (99-107)% for patients whose cognitionimproved and 100 (94—
103)% for patients whose cognition deteriorated (p=0.085) at 25-35seconds and 102 (99-109)% versus
100 (95-102)% (p=0.111) at 35-45 seconds after the SBP trough. The early SFV values were almost
equal for both groups, while the SFV seemed to stabilise at a slightly higher level for cognitively
improved patients after 25 seconds after SBP nadir, although not significant (p>0.182). In addition, all
cerebral oxygenation values (O,Hb, HHb and total haemoglobin (tHb)) did not differ significantly
between both groups at all time windows, although the HHb change tended to be lower in the
cognitively improved group compared to the declined group, with the largest difference at 5-15
seconds after the SBP trough (-0.04 (-0.17-0.01) umol/L versus 0.12 (-0.07-0.25) umol/L; p=0.069).
Extension of the recovery measurements to 5 minutes (Figure A.1in AppendixA) shows that the main
differences between the patients who improved in cognitive function and those who did not are
reached withinthe first minute after standing up, comparable to whatis presentedin Figure 7.
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Figure 7: Initial recovery of physiological signals (mean +SD) after an orthostatic challenge (SBP nadir at
t=0 seconds). The cognitively improved group is shown in dark blue and the cognitively deteriorated group
in light blue. * indicates a significant (p<0.05) difference between the two groups.
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2.4 Discussion
The main goal of our study was to identify whether there is an association between haemodynamic

recovery values afteran orthostaticchallenge and one-year cognitive change in elderly with MCI. We
found that lower early (25-45 s after the SBP nadir) SBP recovery values, indicating incomplete
recovery, were associated with cognitive decline. Other haemodynamic recovery parameters did not
show a significant association with change in cognitive function after one year.

2.4.1 Orthostatic blood pressure recovery

Our BP findings correspond to earlier research in falls clinic and AD patients. These studies found an
impaired orthostatic BP response at 50 to 60 seconds after standing, approximately corresponding to
35 to 45 seconds afterthe SBP trough defined by us, to be a predictor of mortality and cognitive dedine
respectively [30, 31]. Hayakawa et al. (2015) found that an impaired BP recovery at 30 seconds after
standing (15 seconds after SBP nadir) was already associated with MCI progression into AD [46].
However, they assessedasupine-to-stand manoeuvre, inducing alarger challenge, possiblyenhancng
differences between groups. This may explain why we did not find the same at 15 seconds after the
SBP trough. In many patients the BP after standing up was higher than the sitting BP, reaching BP
recoveryvalues>100%. It is uncertain what recovery to higherthan the baseline value means. As full
recovery is already reached at 100%, this can explain why we did not find a strong linear relation
between the percentage of BP recovery and cognitive change. Conversely, an orthostatic BP recovery
>100% was not related to cognitive decline as well. This suggests there may be a certain threshold
value of the BP recovery below which someone is at increased risk of cognitive decline. Above this
value, full recovery is reached, in which 100% recovery and >100% recovery have a similar outcome.
Earlierresearch by O’Hare et al. (2017) found many community-dwelling elderly aged >70 years with
a higherstandingthan sitting BP. They did not see a worse cognitive status for patients having higher
standing BP [27]. Contrarily, inanother study higher standing BP was associated with cognitive dedine
incommunity-dwellingsubjects of atleast 65years old [47]. However, in that study, cognitive function
was assessed using the Mini-Mental State Examination, which is not comparable to our composite
cognition score based on various cognitive domains.

2.4.2 Orthostatic cerebral perfusion recovery

SFV remained approximately constant upon standing in almost all patients, independent of the
cognition group (improved or deteriorated cognition). DFV did follow the BP decline with a higher
overshoot, probably due to active adaptation of cerebral perfusion by cerebral autoregulation, causing
vasoconstriction and vasodilationin the cerebral arteries. The almost constant SFV indicates intact
autoregulation, meaningthat a sufficient flow of blood into the brain remained even during the acute
phase of BP fall. This is supported by a study by de Heus et al. (2018) who did not find disturbed
cerebral autoregulation in AD patients and elderly with MCI [41]. Different hypotheses have been
posed before, linking impaired orthostatic recovery to cognitive decline. Vascular stiffening for
example, as presentin many older people, may lead toanincreased BP variability including periods of
hypotension. This canresultin diminished cerebral microcirculation and repeated periods of ischemia
[29, 48, 49]. Conversely, cerebral degeneration as a result of a cognitive disorder like MCI due to AD
may resultin autonomicdysfunction leading to orthostatichypotension [50]. Our results cannot fully
be explained by one of these hypotheses. The first hypothesis implies that hypotensive periods are
joined by decreased CBF and O,Hb. Although relative O,Hb slightly declined upon standing, CBFV
remained relatively stable during the profound drop in BP. On average, during the early BP recovery
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phase (approximately after 30to 60 seconds of standing), SFV seemed to stabilise below baseline level.
In addition, O,Hb remained below baseline levels, while HHb increased only little. Both CBFV and
cerebral oxygenation recovery values indicate that oxygen supply declined, while the oxygen
consumption did not increase much [33]. The first hypothesisis therefore partially supported, not
immediately in the initial response to standing, butin the early recovery phase. Regarding the second
hypothesis, orthostatic hypotension defined as a sustained SBP/DBP drop of 20/10 mmHg below
baseline,was only presentin one patientin our study population,so we cannot draw conclusions based
on that.

2.4.3 Strengths and limitations

The primary goal of the NeuroExercise trial was to investigate the association between physical
exercise and cognitive decline. Inthe original trial, no effect of physical exercise on cognitive function
was found [35]. Still, physical exercise may have influenced the cognitive functionscore after oneyear.
However, both participationin an exercise group and the number of training sessions completed did
not differsignificantly between the cognitively declined and improved group, and adjustment did not
change ourresults. Additionally, patients havinganincomplete SBP recovery (<95%), were more often
participating in the aerobic exercise group and attended more training sessions, compared to those
havinga full SBP recovery, asshownin AppendixA. As the effect of exercise on cognition is unknown,
the difference in cognitive change between patients with afull and an incomplete SBP recovery could
have been different without an exercise programme.

Our study population was heterogeneous, mainly concerning cognition score and age. On one
hand, thiscan be seenas a limitation, butitalso means the generalizability amongelderly with MCl is
large. Almost half of the participants improved their cognition after one year, while the other half
cognitively declined. The age of our subjects ranged from 55 to 84 years, making age -related effects
on orthostaticrecovery possible. Forexample, the olderthe group of subjects, the greaterthe chance
of orthostatic hypotension, and the lower the resting CBF [12, 23]. Nevertheless, in our study, there
were no significant age differencesin groups based on cognitive change, andin groups based on SBP
or DBP recovery. Therefore, the possible age -related effects were equally represented in both groups.
However, Frewen et al. (2014) reported that the association between orthostatic hypotension and
cognitive performance was only presentin the age group of peopleaged 65 and older [51]. Therefore,
our heterogeneous sample, including 11 (out of 29) patients who were youngerthan 65, may have led
to an underestimation of the associations we found.

Many previous studies performed an orthostatic supine-to-stand challenge, which has the
advantage of exposing the haemodynamicsystemto alargerchallenge than asit-to-stand manoeuvre
[23, 24, 26, 28, 30]. However, we chose to assess sit-to-stand challenges, as these are more feasiblein
clinical practice, often involving frail elderly and more easily to standardise. Moreover, sit-to-stand
manoeuvres were used in some former studies still obtaining significant results [27, 31]. Shaw et al.
(2017) have introduced different cut-off values for orthostatic hypotensionbased on seatedinstead of
supine baselinevalues, making a sit-to-stand challenge even possible in clinical practice for diagnosing
orthostatic hypotension [52]. Regarding our analysis, we chose to assess recovery from the moment
of SBP nadir instead of recovery from the moment of standing up. This was done as an attempt to
standardise our analysis across different subjects. Since only one marker was set when standing up,
the timing of standing could vary among different participants. Asthe SBP drop is the actual stressor,
determining recovery after this drop makes sense in terms of resilience. However, this choice makes
our study slightly less comparable to previous research. In future work, we would advocate the use of
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several markers upon standing, for example, one when a patient starts standing and one when he is
fully standing upright. This would also allow for reconstruction of the time the patient took to stand

up.

2.4.4 Conclusion

Routinely measuring the orthostatic BP response can be beneficial in older adults with MCI, since it
may be a predictor of change in cognitive status. However, the exact mechanism behind the
association between an inadequate orthostatic BP recovery and cognitive deterioration remains
unknown, and it is uncertain whether there is a causal relation. Therefore, prevention of cognitive
deterioration by diminishing BP fluctuationsis not yet certain, and future research is needed to reveal
the mechanisms behind this.

In conclusion, we found animpaired recovery of SBP to be associated with cognitive declinein
elderly with MCI. Our research hereby confirms previous study results about the importance of BP
recovery in association with cognition. However, we did not find consistent associations between
orthostatic CBF or cerebral oxygenation recovery and cognition. Given our small sample size and
limitations, no definite conclusions can be drawn on behalf of this.

A. Supplementary results
Table A.1: Baseline characteristics of all included patients, the SBP recovery >95% and <95% group.

All patients  SBP recovery SBPrecovery P-value

(n=29) >95% (n=19) <95% (n=10)
Male 20 (69%) 14 (74%) 6 (60%) 0.675
Age (years) 68.0 (7.7) 69.0 (8.3) 66.2 (6.5) 0.408
BMI 26.0 (4.1) 26.1(4.2) 25.7 (3.9) 0.836
Intervention group 22 (76%) 12 (63%) 10 (100%) 0.063
Aerobicexercise 11 (38%) 4 (21%) 7 (70%) 0.017*
Non-aerobicexercise 11 (38%) 8 (42%) 3 (30%) 0.694
Number of training sessions 88 (70) 65 (61) 132 (66) 0.049*
Cardiovasculardisease 8 (28%) 5 (26%) 3 (30%) 1.000
Antihypertensivedrug use 11 (38%) 8 (42%) 3 (30%) 0.694
Use of beta blockers (metoprolol) 4 (14%) 3 (16%) 1 (10%) 1.000
Statinuse 7 (24%) 6 (32%) 1 (10%) 0.367
Antidepressantuse 1(3%) 0 (0%) 1(10%) 0.344
Systolicblood pressure 144 (24) 145 (24) 142 (24) 0.801
Diastolicblood pressure 85 (12) 86 (13) 81 (11) 0.301
MoCA 23.2 (2.4) 22.7 (2.6) 24.2 (1.8) 0.046*
Cognition z-score 0.21 (0.67) 0.15 (0.64) 0.32 (0.75) 0.281

Data are presented as number (percentage) or mean (SD). Data were tested for statistical significance using Mann-
Whitney U tests and Fisher’s exacttests. Significant(p<0.05) differences are indicated with *.
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Table A.2: Baseline characteristics of all included patients, the DBP recovery >95% and <95% group.

All patients DBP recovery  DBP recovery P-value

(n=29) >95% (n=23) <95% (n=6)
Male 20 (69%) 17 (74%) 3 (50%) 0.339
Age (years) 68.0(7.7) 68.5(7.7) 66.1 (8.3) 0.590
BMI 26.0 (4) 25.8 (4) 26.7 (5) 0.346
Intervention group 22 (76%) 16 (70%) 6 (100%) 0.289
Aerobicexercise 11 (41%) 7 (30%) 4 (67%) 0.164
Non-aerobicexercise 11 (38%) 9 (39%) 2 (33%) 1.000
Number of training sessions 88 (77) 65 (68) 133 (61) 0.116
Cardiovasculardisease 8 (28%) 6 (26%) 2 (33%) 1.000
Antihypertensivedruguse 11 (38%) 9 (39%) 2 (33%) 1.000
Using beta blockers (metoprolol) 4 (13%) 3 (17%) 1(10%) 1.000
Statin use 7 (24%) 6 (26%) 1(17%) 1.000
Antidepressantuse 1(3%) 0 (0%) 1(17%) 0.303
Systolicblood pressure 144 (24) 145 (23) 141 (28) 0.787
Diastolicblood pressure 85 (12) 85 (13) 81 (11) 0.484
MoCA 23.2(2.4) 22.9(2.6) 24.5 (1.0) 0.086
Cognition z-score 0.21 (0.67) 0.21 (0.66) 0.22 (0.78) 0.726

Data arepresented as number (percentage) or mean (SD). Data were tested for statistical significance using Mann-
Whitney U tests and Fisher’s exacttests. Significant(p<0.05) differences are indicated with *.

Table A.3: Linear regression analysis.

Predictor Time afternadir(s) b (tse) B P-value
SBP recovery -5to05 0.001 (£0.007) 0.041 0.834
5to 15 0.002 (£0.006) 0.056 0.772
15to 25 0.006 (+0.008) 0.150 0.438
25to0 35 0.009 (+0.008) 0.202 0.293
35to 45 0.014 (+0.008) 0.301 0.112
DBP recovery -5to5 0.001 (+0.007) 0.041 0.832
5to 15 -0.001 (+0.006) -0.025 0.896
15t0 25 0.002 (+0.007) 0.059 0.761
25to 35 0.004 (+0.008) 0.107 0.580
35to 45 0.007 (+0.009) 0.139 0.472
SFV recovery -5to5 -0.002 (+0.015) -0.025 0.904
5to 15 -0.004 (+0.011) -0.087 0.674
15to 25 0.002 (+0.012) 0.028 0.892
25to0 35 0.020 (+0.012) 0.310 0.123
35to 45 0.023 (+0.014) 0.309 0.125

DFV recovery -5to5 0.009
5to 15 0.006
15t0 25 0.007

+0.007) 0.253 0.212
+0.009) 0.134 0.514
+0.009) 0.157 0.443

—_ e~ o~ —~
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25to0 35 0.016 (+0.009) 0.343 0.086

35to0 45 0.021 (+0.013) 0.331 0.099
O,Hb recovery -5to5 0.008 (+0.012) 0.013 0.948
5to 15 -0.095 (+0.167) -0.114 0.572
15to 25 0.046 (+0.175) 0.052 0.796
251035 0.012 (+0.162) 0.015 0.940
35to 45 -0.018 (+0.176) -0.020 0.920
HHb recovery -5to5 -0.298 (+0.341) -0.172 0.391
5to 15 -0.352 (+0.293) -0.233 0.242
15to 25 -0.432 (+0.365) -0.221 0.247
2510 35 -0.334 (+0.319) -0.205 0.305
351045 -0.305 (+0.295) -0.202 0.311

B: standardised regression coefficient, b: unstandardised regression coefficient, se: standard error.
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Figure A.1: 5-minute recovery of physiological signals (mean £SD) after an orthostatic challenge (trough of
SBP at t=0 seconds). The cognitively improved group is shown in dark blue and the cognitively deteriorated
group in light blue. * indicates a significant (p<0.05) difference between the two groups.
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3. Quantitative resilience indicators (DIORs) in relation to cognitive status

Abstract
Background: Dementia and mild cognitive impairment (MCI) due to Alzheimer’s Disease (AD) are

complex and heterogeneous diseases, and their rate of progressionis hard to predict. Therefore, easy
tools to aid in predicting progression and to help understanding the factors that influence the
progression of MCl and AD, are desirable. Physical resilience, the ability to recover from a stressor,
might be associated with cognitive decline.

Aim:To investigate the use of dynamicalindicators of resilience (DIORs)in blood pressure (BP) signals,
theirrelation to cognitive status and the possibility to be used as a predictor of cognitive decline.
Methods: Our study population consisted of 50 AD patients, 31 elderly with MCl and 41 healthy older
adults (togetheramean age of 70.8 6.4 years, 55% men). DIORs (temporal autocorrelation (TAC) and
variance) were calculated from continuoussitting and standing systolicBP (SBP) and diastolic BP (DBP)
measurements.

Results: In rest, AD patients showed a trend towards a higher TAC than older adults with MCI and
healthy controls (p=0.106 for SBP and p=0.053 for DBP) but there was no significant difference in
variance. Forall participant groups, TACincreased upon standing (p<0.022, trend for SBP in AD patients
(p=0.083)). The same applied to variance, although not significantfor elderly with MCI. Within the
groups of AD patients and participants with MCl, no consistent association was found between DIORs
and cognitive decline, nor between DIORs and SBP recovery after standing up.

Conclusion: Our results indicate that DIORs can be obtained from BP signals to assess physical
resilience. Higher DIORs, corresponding to lower resilience, were associated with a worse cognitive
status, and DIORs were increased in standing compared to sitting BP. However, changes inresilience
preceding cognitive decline might have been too subtle to capture using DIORs. Therefore, inducing
larger perturbations, like during an orthostaticchallenge, possibly enhancing differences in resilience,
may be more useful to eventually predict dementia progression.

3.1 Introduction
Disease progression in dementia, like Alzheimer’s Disease (AD), butalsoin a prodromal stage of mild

cognitive impairment (MCl), is often heterogeneous and therefore hard to predict [6, 7, 53, 54]. A
predictive factor may aid in informing patients, their families and caregivers, and might give more
insight into dementia. More knowledge of factors that influence progression possibly reveals
modifiable factorsin preventing (fast) progression. Inthe past, research focussed on static measures,
such as blood pressure (BP) values. However, this has not led to consistent results related to disease
progression. Lately, focus in geriatric medicine is slowly shifting to a more dynamical and holistic
approach, including resilience [15]. Physical resilience is defined as the ability to recover from and
resista perturbation [55-58].

Complex biological systems, such as the human body, are characterised by showing non-linear
behaviour and have certain tipping points or critical transitions from one state to another [59]. In the
body, the ultimate tipping point is death, but others can consist of transitions from a healthy to a
diseased s state.Inthe light of cognitive decline, such a tipping point could be asudden fast progression
of AD. Complex systems, ecosystems but also the human body, approaching a tipping point, show
specificbehaviour. This can be referred to as critical slowing downor slowing down of recovery. Critical
slowing down can be assessed by following recovery after a stressor or perturbation, for example an
orthostatic challenge, accompanied by a decline in BP. It can also be present in rest, in response to
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spontaneous micro-perturbations, for example dueto respiration, vasomotion and autonomic nervous
activity [14, 55].

Inrest, asystem can exhibit critical slowing downby presenting different earlywarning signals.
These signals are called dynamical indicators of resilience (DIORs), consisting of temporal
autocorrelation (TAC), variance and cross-correlation. Higher TAC indicates longer memory in a
stochastic process, meaning that a system’s state is more dependent on the previous state, with a
certaindelay orlag. Therefore, higher TAC corresponds to aless random signal. Higher variance means
that there are more and/or larger fluctuations present in a signal, and a higher cross-correlation
expresses that one system is more dependent on the other system. As high resilience means that a
system is only influenced little by perturbations, lower values for all DIORs are indicative of higher
resilience [5, 60].

DIORs have mainly been described in ecosystem studies [5], but also in a few studies on the
human body. DIORs have been assessed in longtime series, such as 100 days of self-rated health, in
which DIORs correlated with frailty levels [61]. In shorter time series of physiological signals, DIORs
have only been applied to postural balance signals in a time series of 30 seconds. High-functioning
older adults walking the Nijmegen Four Days marches were compared with less active community-
dwelling elderly. TAC and variance appeared to be lower in postural balance signals captured from
highly functioning and very active elderly than from less active older adults, indicating higher resilience
[62]. This study illustrates the potentialto use DIORs in discriminating patie nts with various resilience
levels.

Previous studiesindicate that lower physical resilience of the cardiovascular system, assessed
by an orthostaticchallenge, can reveal slowing down of recovery. This may precede cognitive dedine
in AD patients [31], butalsoin elderly with MCI (see Chapter 2). Therefore, the question arises whether
DIORs in stationary BP signals can be predictive of cognitive decline as well. As a first step in
investigating this, we assessed and compared DIORs in three cohorts of subjects: clinical AD patients,
patients with MCl due to AD and healthy olderadults.

3.2 Methods
3.2.1 Study design and population

This isa retrospective analysis combining data from three different trials. AD patients were recruited
for the Nilvadtrial [63, 64], elderly with MCl for the NeuroExercise trial (both between July 2013 and
September 2017) [36] and data from healthy subjects were collected between July 2008 and June
2011. All inclusion and exclusion criteria have been described before [41]. With respect to cognitive
score, AD patients were included when their Mini-Mental State Examination (MMSE) score was
between 12 and 26 [65], while older adults with MCI had a Montreal Cognitive Assessment (MoCA)
score between 18 and 26 [66], and healthy subjects were screened by a geriatrician to exclude
cognitive impairment. Furthermore, AD patients and elderly with MCl were >50years, whereas healthy
subjects were aged 265 years. While AD patients and elderly with MClwere excluded when they had
significant medical conditions, healthy controls were only included when they did not have a medical
history of any cardiovascular or cerebrovascular disease, excluding all older adults with (resting and/or
exercise) ECG abnormality. All participants gave written informed consent. The study protocols were
approved by the medical ethics committee (CMO Arnhem-Nijmegen), and in accordance with the
Declaration of Helsinki.
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3.2.2 Data collection

All participants performed a 5-minute seated baseline measurement. As part of a sit-to-stand
manoeuvre for AD patients and participants with MCI, and a squat-to-stand manoeuvre for healthy
subjects, all participants remained standing for 5 minutes. Simultaneously, continuous BP was
measured using volume-clamp photoplethysmography (Finapres Medical Systems, Enschede, The
Netherlands) in the digital artery of the middlefinger of the non-dominant hand.

3.2.3 Data processing

Data processing was performed using MATLAB (2018a, MathWorks Inc., Natick, USA), with custom-
written semi-automaticscripts, as described previously [41]. Heart rate, systolic BP (SBP) and diastolic
BP (DBP) were obtained over time from peaks and troughs in the continuous signal. BP signals were
resampled at 10 Hz and detrended by using a third-order high-pass Butterworth filter (cut-off
frequency 0.0025 Hz), to remove slow drifts.

Patients were excluded from the analysis when many ectopic beats were present, as these
cause fast BP fluctuations, strongly influencing DIORs. Ectopic beats are not caused by a regulator, but
have a cardiac origin, independent of regulatory systems. Therefore, we aimed not to capture these
using DIORs. To achieve this, patients with a heart rate variability (HRV) >85 ms, in the presence of
ectopicbeats, were excluded, with HRV defined as follows [67]:

HRV = SDUBI) = SD (--)
with IBlthe inter-beatinterval, defined as the inverse of the heart rate, and SD the standard deviation.
3.2.4 Dynamical indicators of resilience
For analysis of sitting measurements, DIORs were determined using the entire measurement of 5
minutes. For within-group comparisons between DIORs in sitting and standing BP measurements, the
first minute of both measurementswas removed. The first minute of standing contains alarge BP drop
caused by venous pooling due to gravity and does therefore not meet the stationarity assumption
underlying DIORs. Furthermore, the sitting and standing measurement should be of similar length to
be able to compare DIORs obtained from both.

DIORs that were calculated were normalised TACand variance. TACis defined as follows:
TAC(K) = E(Xn4xXn)
This equation says that the autocorrelation functionis the expectation of the product of signal X and
the lagged version of signal X with lag k, independent of time. The results is one TAC value for every
lag k, which means that the TAC can be plotted againstlag k. TAC was calculated for lags ranging from
1to 40 seconds, as most BP regulation takes place at this timescale. For example, baroreflexes sensing
BP fluctuations and compensating forthem, resonate with a period of approximately 10 seconds [68].
Moreover, the temporal resolution of the measurements allows for a minimum lag of 1 second, as
approximately one heartbeat persecondis present, yielding one SBP and DBP value per second. TAC
was normalised between-1and 1.

To correct for the influence of mean BP on variance, variance was also expressed as coefficient of
variation (CoV) and variability independent of the mean (VIM) [48, 69, 70]. All variance parameters
were scaled by scaling factor ¢ such that their means were equal, making all variance measures that
were used as follows:

= variance = SD

SD
= CoV=c+x
mean

(scalingfactorc)
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SD
= VIM =c*
mean@

Constant parameter a was determined by fittinga nonlinear curve through a plot of the SD against

(scalingfactor c and constant a)

the mean, usingiterative least squares estimation.

3.2.5 Statistical analysis

Participant characteristics were compared between groups using one-way ANOVAtests or
independent samples ttests for continuous variables or chi-squared tests for categorical variables.
DIORs determined from the 5-minute sitting measurement were compared between healthy
subjects, elderly with MCl and AD patients, and within groups of participants with MCl and AD.
Within the MCI group, DIORs of patients who improved and decreased in cognitive functioning score
(z-score based onvarious neuropsychological tests [40], see section 2.2.3) afterone year were
compared, as well as patients who fully recovered (SBP >95% of baseline value) within 1 minute after
an orthostaticchallenge and patients with a partial recovery (<95% of baseline value). Within the AD
group, DIORs in BP signals of fast progressors (ADAS-cog score increase >12 after 1.5 years [31]) and
slow progressors (ADAS-cog score increase<12 after 1.5 years) were compared. The AD group was
alsosplitinto patients with afull and with a partial SBP recovery after standing up, similar to the MCI
group. Furthermore, forall 3 groups, DIORs determined from the last 4 minutes of the sitting
measurement werecompared to DIORs in the last 4 minutes of the standing measurement. Forall
comparisons, TACwas plotted against the lagto determine the lagat which the TAC visually differed
most between these groups. The value of the TAC, averaged overa2-second window around this lag,
and different variance parameters were compared. Between-group comparisons were made using
one-way ANOVA tests or Kruskal-Wallis tests, as appropriate. DIORs from sitting and standing BP
were compared within groups using paired t-tests or paired two-sided Wilcoxon signed-rank tests.
Otherwithin-group comparisons weretested for significance with one-sample t-tests or Mann-
Whitney U tests. All statistical analyses were performed in MATLAB. P-values <0.05 were considered
statistically significant.

3.3 Results
3.3.1 Baseline characteristics

In this study, 50 AD patients, 31 elderly with MCl and 41 healthy controls were included for analyses.
Ofthose, for comparisons betweensitting and standing, data were available of 46 AD patients, 24 older
adults with MCI and 39 healthy subjects. Baseline characteristics are shown in Table 2. AD patients
were olderthan healthy controls and elderly with MCI. Moreover, corresponding to original exclusion
criteria, comorbidities and medication use were more prevalentin MCI participants and AD patients.
Beta blockers were used by 4 elderly with MCI, but by none of the AD patients. Both SBP and DBP at
screening were significantly higherin olderadults with MClthan in AD patients and healthy controls.
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Table 2: Baseline characteristics of healthy controls (HC), elderly with mild cognitive impairment (MCl) and
Alzheimer’s disease (AD) patients.

HC (n=41) MCI (n=31) AD (n=50) P-value

Male 25 (61%) 20 (65%) 22 (44%) 0.124
Age (years) 69.6 (3.7) 69.0 (8.7) 72.9 (6.1) 0.009*
BMI 26.4 (3.2) 25.9 (3.8) 24.9 (3.4) 0.100
Cardiovasculardiseaset 0 8 (26%) 9 (18%) 0.402
Antihypertensivedruguset 0 10 (32%) 13 (26%) 0.544

Betablockeruse 0 4 (13%) 0 NA
Statinuset 0 6 (19%) 8 (16%) 0.698
Systolicblood pressure 132 (12) 143 (22) 137 (13) 0.013*
Diastolicblood pressure 78 (9) 85 (12) 78 (6) 0.002*
MoCA - 229+25 - NA
MMSE+ 28.7+14 - 20.3+35 <0.001*

Values are presented as mean (SD) or number (percentage). Test statistics used were F- and t-statistic for
continuous variables and x2-statistic for categorical variables.

* Significant difference (p<0.05).

t Compared between MCl and AD group.

¥ Compared between HC and AD group.

BMI: body mass index, MoCA: Montreal Cognitive Assessment, MMSE: Mini-Mental State Examination.

3.3.2 Between-group comparisonsin DIORs

SBP DBP
1.2¢ r

TAC
TAC

Lag (s) Lag (s)

Figure 8: Temporal autocorrelation (TAC) against lags from 0 to 40 s, for healthy controls (HC; light blue
line), older adults with mild cognitive impairment (MCl) (dark blue line) and Alzheimer’s disease (AD)
patients (black dashed line) A) determined from the systolic blood pressure (SBP) and B) determined from
the diastolic blood pressure (DBP). Vertical dashed black lines indicate a lag of 10 seconds at which TAC of
both SBP and DBP differs most between groups. Tested for significance using one-way ANOVA tests.

As shownin Figure 8, average TACfor both the baseline SBP and DBP differs most between groups at
a lag of approximately 10 seconds, revealing slightly higher TACfor AD patients (p=0.106 for SBP and
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p=0.053 for DBP). As shownin Table 3, BP variance waslowerin AD patientsthan in elderly with MCl
and healthy controls, but BP CoV and VIM did not differ between participant groups.

Table 3: Variance (expressed as VAR: variance, CoV: coefficient of variation and VIM: variation independent
of the mean) compared between healthy controls (HC), elderly with mild cognitive impairment (MCI) and
patients with Alzheimer’s disease (AD). Data are expressed as median (interquartile range), and significant
(p<0.05) differences indicated with *. Reported p-values result from Kruskal-Wallis tests.

HC MCI AD P-value

SBP

VAR 6.03 (5.12-6.89) 5.70 (4.39-7.24) 5.11 (4.08-6.45) 0.086

CoV 5.94 (4.97-7.34) 5.25 (4.47-6.11) 5.27 (4.38-6.52) 0.194

VIM 6.14 (5.11-7.03) 5.62 (4.49-6.60) 5.24 (4.13-6.55) 0.125
DBP

VAR 2.61 (2.31-3.10) 3.05 (2.55-3.65) 2.44 (2.07-3.02) 0.022*

CoV 2.40 (2.10-2.92) 2.49 (2.19-3.01) 2.62 (1.95-3.46) 0.728

VIM 2.45 (2.26-3.12) 2.94 (2.54-3.56) 2.57 (2.11-3.07) 0.100

3.3.2 DIORs compared between sitting and standing
B)

HC - SBP

MCI - SBP
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Figure 9: Temporal autocorrelation (TAC) plotted over lags from 0 to 40 s, compared between4 minutes of
sitting blood pressure in blue and 4 minutes of standing blood pressure in red. A-C show the TAC derived
from the systolic blood pressure (SBP), D-F from the diastolic blood pressure (DBP). Aand D are showing TAC
from healthy controls (HC), B and E from elderly with mild cognitive impairment (MCl) and C and F from
Alzheimer’s disease (AD) patients. The dashed black vertical lines indicate a lag of 15 s, which was visually
found to show the largest difference between sitting and standing TAC, in all participant groups. TAC at this
lag was tested for significance using paired t-tests.

In Figure 9, TAC is shown for different lags and compared between sitting and standing BP. For all
groups of subjects, TAC around a lag of 15 s in DBP signals increased significantly upon standing (for
healthy subjects p=0.004, for elderly with MCI p=0.010 and for AD patients p=0.022). When
determined from SBP, TAC showed a significantincrease upon standingin healthy subjects and older
adults with MCI, and a trend for AD patients (p=0.083; for healthy controls and elderly with MCI
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p=0.015 and p=0.002 respectively). As shown in Table 4, almost all variance measures increased
significantly upon standing for healthy subjects and AD patients, when calculated from both SBP and
DBP. For elderly with MCI, median variance only shows a small (not significant)rise.

Table 4: Variance measures (VAR: variance, CoV: coefficient of variation and VIM: variation independent of
the mean) compared between 4-minute sitting and standing measurements for healthy controls (HC), elderly
with mild cognitive impairment (MCl) and patients with Alzheimer’s disease (AD). Data are expressed as
median (interquartile range), and significant differences, resulting from Wilcoxon signed-rank tests, are

indicated with *.

Group of subjects Sitting value Standingvalue P-value
HC SBP
VAR 5.89 (4.92-6.79) 7.23 (5.79-9.03) <0.001*
CoV 5.91(5.11-7.29) 6.76 (5.66-8.75) 0.006*
VIM 5.82 (5.06-6.98) 6.91 (5.81-8.91) <0.001*
DBP
VAR 2.54 (2.31-2.96) 3.05 (2.57-4.21) <0.001*
CoV 2.52 (2.23-3.15) 3.16 (2.70-3.86) 0.016*
VIM 2.52 (2.33-2.95) 3.07 (2.68-4.27) <0.001*
MCI SBP
VAR 5.47 (4.55-7.19) 5.88 (4.89-7.28) 0.189
CoV 5.23 (4.56-6.22) 5.87 (4.96-7.02) 0.081
VIM 5.51 (4.60-6.70) 6.26 (5.10-7.28) 0.317
DBP
VAR 2.87 (2.60-3.33) 3.12 (2.49-3.54) 0.424
CoV 2.80 (2.53-3.43) 3.06 (2.33-3.69) 0.732
VIM 2.93 (2.72-3.34) 2.92 (2.51-3.82) 0.775
AD SBP
VAR 4.93 (3.78-6.35) 6.17 (5.22-7.43) 0.004*
CoV 4.86 (3.41-7.04) 5.99 (4.80-7.65) 0.009*
VIM 5.06 (3.65-6.92) 6.20 (5.24-7.55) 0.002*
DBP
VAR 2.46 (2.01-2.74) 2.97 (2.62-3.45) 0.002*
CoV 2.34 (1.76-3.30) 2.64 (2.19-3.63) 0.083
VIM 2.40 (2.08-3.02) 3.00 (2.66-3.39) 0.003*

3.4 Discussion

In this study, DIORs, specifically TAC and variance, derived from BP measurements were compared
between subject groups withadistinct cognitive status. These groups consisted of cognitively, and also
physically, healthy older adults, older adults with MCl and AD patients. TAC at lag 10 s tended to be
higher for AD patients compared to participants with MCl and healthy subjects, while variance
measures did not differ between participant groups. For all subject groups, TAC at lag 15 s increased
upon standing, complemented by arise in variance for AD patients and healthy controls.
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3.4.1 Proximity to a tipping point

Our findings suggest thatresilience measures and cognitive status might be related. Thisimplies that
the association between impaired orthostatic recovery and cognitive decline found previously in AD
patients [31] and olderadults with MCl (see chapter2) may be interpreted in termsof resilience. Other
studies have found cognitive status to be related to functional recovery potential, another way of
describing resilience, for example after elective surgery [55, 71-73]. The similar yet weak association
we found between decreased resilience in BP signals and diminished cognitive function matches this
more holistic resilience approach used previously. In the proximity of a tipping point or critical
transition, both an increase in DIORs in stationary, resting signals and slowing down of recovery after
a stressorare expectedto occur. However, we did notfind any consistent association between DIORs
and 1 to 1.5-year cognitive decline within the MCI and AD groups (see Appendix B). Moreover,
orthostatic BP recovery, previously found to be associated with cognitive decline [31], and DIORs
derived fromsitting BP were notrelated. Our results imply that orthostaticrecovery is a more sensitive
measure for resilience, while DIORs in a stationary signal, with natural, spontaneous micro-
perturbations, onlyshow differencesin closer proximityto atipping point. This might explain why TAC
was higherin AD patients, but did not differ between healthycontrols and elderlywith MCI. Moreover,
the rise in DIORs upon standing supports the idea that standing causes a perturbation that
(temporarily) reduces the distance to a tipping point. In this way, an orthostatic challenge might
distinguish less resilient from more resilient patients when acritical transition is relatively far away.

3.4.2 Blood pressure variability

We did not find an association between cognitive status and variance measures, although previous
research into BP variability indicates that higher BP variability is associated with cardiovascular disease.
Cardiovascular disease is, in turn, an important risk factor for cognitive decline [74-77]. On a larger
(day-to-day) timescale, BP variability has even been linked to AD progression before [48]. Our
contrasting findings can be explained in several ways. Mainly medication and comorbidity could have
affected the results. None of the healthy subjects usedantihypertensive medication, resultingin aless
suppressed, and possibly more fluctuating BP. Moreover, only MCl patients wereincludedwhen using
beta blockers. In the AD and MCI group, comorbidity such as cardiovascular disease could have
influenced BP, as exclusioncriteria were less stringent. The larger number of exclusions in the MCl and
AD group due to ectopic beats illustrates this. Moreover, average BP was higher in elderly with MCl
than in the othergroups. However, we corrected for this influence by also considering CoV and VIM,
but we did not find significant differences in these parameters either.

3.4.3 The role of baroreflexes and otherregulatory mechanisms

Physiologically, BP constantly fluctuates over time, for instance, influenced by autonomic nervous
activity and respiration. Simultaneously, baroreflexes try to maintain constant BP. When a BP increase
is sensed by the stretching baroreceptors, stimulation of parasympathetic and inhibition of
sympatheticnervous activity lowers heart rate [16]. Baroreflexes are thought to form the origin of BP
waves with aperiod of 10 s [68, 78]. This overlaps with the TAClagof 10-15 s we found to be relevant.
Therefore, higher TACat this lag indicates that BP in AD patients might be less strictly regulated, as 10
s waves are more dominantly present. This fits the concept of high resilience being determined by
intactregulatory systems and therefore indicates that the AD group was on average less resilience than
the MCI group and healthy subjects [79]. After standing up, the observed increase in TAC may be
explained by anincreasedbaroreflexactivity, althoughmost clear at lag 15s. We cut off the first minute
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of standing toremove theinitial BP recovery phase following the gravity-induced BP drop, yet BP might
not have been fully stabilised within this first minute. This may have resultedin anon-stationary signal,
whereas stationarity is one of the main assumptions underlying the DIORs approach. On the other
hand, visual inspection of the BP signals during standing did not reveal a trend. Moreover, the TAC
curves did not reveal periodicity of 10 s in the TAC function, advocating that even in the standing BP
signals, TAC did not represent baroreflexes alone, but possibly a more complex regulatory system.
Upright standing is a more active posture than sitting, in which many regulatory mechanisms play a
role. These for example consist of vestibular, cognitive, somatosensory and visual system, associated
with postural balance, and the skeletal muscle pump [80]. Especially the latteris thought to influence
BP, by redistributionof pooled blood inthe legs. There are indications that postural sway during active
standing leads to BP fluctuations corresponding to sway frequencies, especially in the low frequency
range (approximately 0.04-0.15 Hz) [81]. Besides baroreflexes, TAC differences between sitting and
standingaroundlag 15 s could therefore be explained by an active muscle pump and postural sway.

3.4.4 Resilience as a predictive factor

Itis, however, questionable whether the association between resilience in the cardiovascular system
and cognitive changes should be expected to be strong. The majority of AD patients progresses slowly
[82]. Cognitive decline might therefore not be considered a critical transition, as often the change in
cognitive function is not abrupt. Nevertheless, AD patients are still likely to be closer to a critical
transition than healthy older controls and olderadults with MClI, as theirlife expectancyisshortened
[83]. Moreover, autonomic dysfunction as a result of neurodegeneration in AD patients might cause
dysregulation, possibly cohering with BP instability. This BP instability can be captured by anincreased
TAC, whichwe found at a 10-15 s timescale. The heterogeneity and complexity of dementiaand MCI
due to AD, in which many factors influence progression, complicates the predictive ability of resilience
measures. This probably means that cardiovascular resilience could not be a predictive factor for
cognitive decline on its own, but it may still be of added value, complemented with other possible
predictors from different health domains [84].

3.4.5 Strengths and limitations

The main strength of ourapproachisthe use of arelativelysimpleand short measurement, in contrast
to previous questionnaire time series that were repeated for many days. Moreover, even frail older
adults are likely to be able to perform an orthostatic challenge, and if not, a 5-minute baseline
measurement can provide insight into a patient’s resilience as well. This could even be performed
supine whena patientiscriticallyill. However, some difficulties were faced during the analysis of our
BP data. In some patients, mainly elderly with MCI, ectopic beats were present. For the cohort of
healthy controls, ECG abnormalities formed one of the exclusion criteria. Therefore, the choice was
made to exclude MCl and AD participants that showed many ectopicbeats in their BP measurements.
This does affect the results, as ectopic beats increase BP variability, and are therefore also likely to
cause anincrease invariance. Paradoxically, ectopicbeats may induce afaster decay of TACover larger
lags, and could thus be related to lower TAC. Therefore, the explanation of ectopicbeatsis unclearin
terms of DIORs, but a furtherin-depth investigation of ectopicbeatsisinteresting forfuture research.
Anotherlimitation concerns differentin- and exclusion criteriabetween groups. Elderly with MCl had
a significantly higher BP, and more often used beta blockers, known to be able to cause orthostatic
hypotension, indicating a less tightly regulated BP. Healthy controls did not use any BP-related
medication, and were excluded when they had a medical history of cardiovascular disease. This may
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have influenced variance measurements. However, TAC is less likely to be influenced by
antihypertensive medicationand cardiovascular comorbiditiesthan variance, sincethe groups of older
adults with MCI and healthy controls show considerable overlap in TAC. Medication use and
comorbidity were comparable between people with MCl and AD, or even higherin MCI than in AD
patients. Lastly,a 5-minutesitting measurement may have beentoo short to fully capture BP dynamics.
For TAC we explored the 1 to 40 s (corresponding to 0.025-1 Hz) range. At lag 40 seconds the
robustness of TAC estimation was already limited, asonly 7 periods were presentin a5-minute signal.
To be able to look at larger timescales, such as the very low frequency range (0.003-0.04 Hz), longer
measurements are needed [85]. Especially the standing measurement of only 4 minutes due to
removal of the first minute of BP stabilization, should preferably be longerto ascertain stationarity.In
thisway, DIORs and BP regulation could be assessed at different timescales.

3.4.6 Conclusion

In conclusion, TAC was slightly increased in AD patients compared to elderly with MCl and healthy
controls, and both DIORs increased upon standing. The predictive value of DIORs in resting
measurementsfor cognitive declineseemedlimited. Changes in resilience preceding cognitive dedine
might be too subtle to capture using DIORs in sitting BP signals, so stimulus-response tests like an
orthostaticchallenge, orlongerstanding BP measurements, may be more useful to assess resiliencein
relation to cognitive change in future research.

B. DIORs related to cognitive decline within MCl and AD group
B.1 Results DIORs within MCI group
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Figure B.1: Temporal autocorrelation (TAC) plotted for different lags for elderly with MCI whose cognitive
score improved (blue; n=14) and patients whose cognitive score deteriorated (red; n=15). The thick line
represents the mean and the shaded area the standard deviation. For A) systolic blood pressure (SBP) and
B) diastolic blood pressure (DBP). Significant difference between groups indicated with *.
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Figure B.2: Temporal autocorrelation (TAC) plotted for different lags for elderly with MCI who had a full SBP
recovery (recoveredto >95% of the baseline value; shown in blue; n=18) and patients whose SBP recovered
incompletely in the first 60s after standing up (recovered to <95% of the baseline value; shown in red; n=8).
The thick line representsthe mean and the shaded area the standard deviation. For A) systolic blood pressure
(SBP) and B) diastolic blood pressure (DBP).

Within the MCI group TAC derived from SBP did significantly differ between a group of patients who
improvedin cognitivescore and agroup that had adeteriorated cognitive score after one year (around
lag 10s p=0.020 and around lag 15s p=0.006; see Figure B.1). However, for DBP this was not the case
(p=0.678 at lag 10s and p=0.810 at lag 15s). Between the people with MCl that reached full (>95% of
the baseline value) orthostatic SBP recovery within 60 s of standing and patients who recovered
partially (£95% of the baseline value) both TAC derived from SBP and DBP did not differ, as shownin
Figure B.2. All variance parameters were notsignificantly different betweengroups based on cognitive
progression after one year, although medians were higher for all variance measures for cognitively
deteriorated compared to improved elderly with MCI. Variance measures did not differ between
groups based on orthostaticrecovery values as well, asshowninTable B.1.
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Table B.1: Variance measures (VAR: variance, CoV: coefficient of variation and VIM: variation independent
of the mean) compared between mild cognitive impairment (MCl) patients whose cognitive score improved
and those whose score declined. Data are expressed as median (interquartile range), and significant
differences indicated with *.

Cognitivelyimproved Cognitively deteriorated P-value
(n=14) (n=15)
SBP
VAR 5.40 (4.36-6.67) 5.67 (4.44-6.93) 0.810
CoV 5.66 (4.95-6.10) 6.08 (4.78-7.55) 0.247
VIM 5.31 (4.48-6.54) 5.62 (4.31-6.56) 0.585
DBP
VAR 2.69 (2.38-3.17) 3.05 (2.74-3.69) 0.266
CoV 2.81(2.38-3.14) 3.13 (2.69-3.59) 0.183
VIM 2.62 (2.21-2.97) 2.94 (2.69-3.58) 0.230
Full orthostaticrecovery Partial/no orthostatic P-value
(n=18) recovery (n=8)
SBP
VAR 5.85 (4.79-6.75) 5.59 (4.00-7.34) 0.697
CoV 6.00 (5.00-7.16) 5.49 (4.42-6.38) 0.374
VIM 6.05 (4.69-6.54) 5.32 (4.06-6.70) 0.781
DBP
VAR 2.87 (2.60-3.26) 3.11 (2.54-3.56) 0.739
CoV 3.13 (2.71-3.54) 2.86 (2.62-3.47) 0.657
VIM 2.92 (2.56-3.19) 2.94 (2.47-3.40) 0.868
B.2 Results DIORs within AD group
A) 12 B) 12/
W‘
1 1 Fast progression
0.8 0.8
4 0B o 06
s <
" 04 F 04
0.2 0.2
0 0
0.2 - - ‘ : 0.2 - -
0 10 20 30 40 0 10 20 30 40
Lag (s) Lag (s)

Figure B.3: Temporal autocorrelation (TAC) plotted for different lags from 0 to 40s for AD patients who
progressed slowly (1.5-year difference in ADAS-cog score <12; blue; n=30) and patients who deteriorated
relatively quickly (difference in ADAS-cog score after 1.5 years 212; red; n=17). The thick line represents the
mean and the shaded area the standard deviation. For A) systolic blood pressure (SBP) and B) diastolic blood

pressure (DBP).
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Figure B.4: Temporal autocorrelation (TAC) plotted for different lags from 0 to 40s for AD patients who had
a full recovery (>95% of the sitting systolic blood pressure value) within one minute after standing (blue;
n=34) and patients who had a partial or no recovery (<95% of the systolic baseline value) within one minute
after standing (red; n=15). The thick line represents the mean and the shaded area the standard deviation.
For A) systolic blood pressure (SBP) and B) diastolic blood pressure (DBP).

Withinthe group of AD patients, none of the DIORs differed significantly between fast (ADAS -cog score
change after 1.5 years >12) and slow progressors (ADAS-cog score change after 1.5 years <12),
although the median of all variance parameters was slightly higher for fast progressors (see Figure B.3
and Table B.2). When comparing AD patients who fully recovered after an orthostatic challenge to
patients who did not, TAC from both SBP and DBP seem consistently lower for patients with full SBP
recovery than patients with partial SBP recovery. This was however not significant (p=0.255 at lag 10s
and p=0.313 at lag 15s). Variance measures were not significantly different.
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Table B.2: Variance measures (VAR: variance, CoV: coefficient of variation and VIM: variation independent
of the mean) compared between Alzheimer’s Disease (AD) patients who progressed slowly and who
progressed rapidly. Data are expressed as median (interquartile range), and significant differences indicated
with *,

Slow cognitive decline(n=30)  Fast cognitive decline(n=17) P-value

SBP
VAR 4.80 (3.86-6.19) 5.18 (4.63-6.76) 0.236
CoV 4.80 (3.61-6.14) 5.18 (4.39-7.92) 0.264
VIM 5.18 (3.83-6.13) 5.46 (4.53-7.07) 0.217
DBP
VAR 2.37 (2.07-2.94) 2.64 (2.04-3.02) 0.528
CoV 2.27 (1.64-2.77) 2.35(1.82-3.26) 0.406
VIM 2.42 (2.11-2.88) 2.61 (2.09-3.15) 0.528
Full orthostaticrecovery Partial/no orthostatic P-value
(n=34) recovery (n=15)
SBP
VAR 5.24 (4.00-6.32) 5.13 (4.39-6.97) 0.494
CoV 4.62 (4.18-5.93) 5.93 (3.76-8.58) 0.345
VIM 5.18 (4.21-6.23) 5.43 (4.04-7.56) 0.454
DBP
VAR 2.42 (2.12-2.95) 2.53 (2.13-3.40) 0.494
CoV 2.30 (1.72-2.81) 2.48 (1.71-3.98) 0.357
VIM 2.53 (2.11-3.06) 2.77 (2.18-4.09) 0.324
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4. Resilience in patients undergoing major thoracic aortic surgery: a pilot study
Abstract

Background: Open cardiothoracicsurgery, a highly complex procedure, canreveal large differences
in clinical outcomes between individuals, especially among older patients. Some benefit from
surgery, whereas others deteriorate cognitively or physically and do not reach theirbaseline health
level again. Recovery aftersurgery can be described by the concept of physical resilience, whichis a
patient’s ability towithstand and recover from a perturbation. Therefore, estimating resilience would
be helpful tocomplementthe already performed geriatricassessment. Patients who experience a
loss of resilience show critical slowing down, which occurs even before the actual stressor.
Measuring critical slowing down may help inidentifying patients at risk of complications during
recovery aftersurgery.

Aim: To investigate physical resilience measurements in clinical practice at the cardiothoracicsurgery
outpatientclinic.

Methods: All patients who had to undergo open thoracicaorticsurgery were included.
Measurements were performed during an orthostatic challenge (5 minutes of sitting followed by 3
minutes of standing) and a handgrip challenge (2x maximal grip strength, 1x sustaine d maximal grip
strength). Meanwhile, continuous finger blood pressure and cerebral oxygenation were measured.
We determined feasibility of measuringin clinical practice and quality of the acquired signals.
Moreover, a preliminary analysis was performed to compare patients with ashort (<10 days) and a
long (>13 days) hospital stay based on orthostaticrecovery values and grip strength values.

Results: We included 27 patients, who were on average 63.0 (13.3) years old, and 70% were men.
Until now, 12 patients have had surgery. They stayed 13.1 (9.8) days in the hospital, of which 1.5
(0.7) days at the ICU. The in-hospital mortality was 8%. Our measurements were successfully
embeddedinthe clinical workflow and well-tolerated by patients. Technically, 96% of all BP
measurements were useful, as well as 93% of cerebral oxygenation measurements on atleast one
side. Preliminary results, based on duration of hospital stay, suggest blood pressure recovery upon
standing may be of interestto assess resiliencein future clinical research.

Conclusion: We showed feasibility of clinical application of resilience measurements atthe
outpatientclinic. Ouranalysis should be repeated when more measurements have been performed.
In conclusion, thisisapromisingfirst step toa more routine use of physical resilience indicatorsin
clinical practice.

4.1 Introduction
Thoracic aortic aneurysms are common in clinical practice, having an incidence of 7.6 per 100,000

people peryear, being more prevalentin menthaninwomen. The mean age at diagnosisis 67 years,
indicating that many of the people diagnosed with athoracicaortic aneurysmare older patients [86].
Anoperationis oftenindicated when the aneurysmsize exceeds 5.5cm [87]. The surgery procedure is
complex, including heart-lung bypass, and it might include cooling of the body to decrease cerebral
metabolic rate [88, 89]. However, especially in older adults, such a complex operation raises
uncertainty in clinical outcome. Although operative risk increases with age, even patients aged >80
years may still benefit from surgery [90]. At the Radboudumc cardiothoracicsurgery outpatient clinic,
a comprehensive geriatric assessment (CGA) is done to evaluate whether the advantages of surgery
outweigh the risks and whether the advantages match the patient’s own goals. The assessment covers
different domains, like cognition, frailty and functional status, aiming to estimate an ol der person’s
abilitytorecoverfromsurgery [91].
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The concept of physical resilience covers the patient’s recovery potential. In this case, lower
resilience means closer proximity to a tipping point. This can be related to slowerrecovery, reflected
in a longerhospital stay or complications such as delirium. Therefore, prediction of the proximity of a
tipping point, or so-called critical transition, can assist in identifying patients who are at risk of
complications after surgery [5, 14]. In this study, different easy resilience measures, that have been
promising in previous research, were embedded in clinical practice. These consist of BP (blood
pressure) and cerebral oxygenation measurements during rest and physical challenges, potentially
revealing slowing down of recovery. The challenges performed were an orthostatic challenge and a
handgrip challenge, measuring maximum grip strength and grip work.

From measurements in rest, dynamical indicators of resilience (DIORs) have been calculated
before.In BP signalsit has previously been shown that DIORs might beindicative of resilience, although
their predictive value for cognitive decline seemed limited (see Chapter 3 and Appendix B). Often,
absolute BP values are lowered by medication to prevent aneurysm rupture. Therefore, absolute
cerebral oxygenation values may be more suited to include in resilience estimations. Besides the
already extensively used perioperative monitoring of cerebral oxygenation, baseline preoperative
cerebral oxygenation values have been shown to correlate with complications after cardiothoracic
surgery [92-94]. Furthermore, oxygenation values have been shown to decrease with age [95]. As
resilience generally decreases with age, factors correlated with ageing, such as a declined cerebral
oxygenation, may be related toresilience as well.

The orthostatic and handgrip challenge both cause a disturbance on the human body, and
more specifically the cardiovascular system, as a complex system. Impaired orthostatic BP recovery
has already been linked to fast cognitive decline in AD patients and to mortality in falls clinic patients.
These resultsfitintothe complex system theory of physical resilience, indicating that slowing down of
recovery is related to a loss of resilience [14, 30, 31]. The response of cerebral oxygenation to an
orthostatic challenge has been investigated before with mixed results. Slower recovery has been
related to diseases such as depression [96]. BP and cerebral oxygenation recovery in response to a
handgrip challenge have not been assessed before, to our knowledge. Sustained handgrip, as also
measured in a grip work measurement causes an immediate, temporary rise in BP and cerebral
oxygenation. We exploredif arecovery phase is present afterthis rise as well, and if that can be used
as a challenge inresilience research, possibly providing an alternative forthe orthostaticchallenge.

Additionally, the grip challenge itselfcan provide aresilience measure as well.Grip strength is
an already frequently used measure for frailty [97]. Adding a time component to the grip strength
measurement, by sustaining maximum grip as long as possible, makes the measurement more
dynamical. In this way, fatiguability and physical reserve of a system are tested as well, making grip
work, in contrast to grip strength, a possible resilience indicator [98]. Grip work has previously been
related to dependency in activities of daily living and self-rated physical functioning in community-
dwelling olderadults [99, 100].

The aim of this study was to implement different simple resilience measurements in cli nical
practice and investigate feasibility of routine clinical use. Simultaneously, the relation between
resilience indicators and outcome after major cardiothoracic surgery (thoracic aortic surgery) was
assessed, as our ultimate goal is to use resilience measurements as a tool to complement standard
(preoperative)assessment.
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4.2 Methods
4.2.1 Study design and population

Thisisapreliminary analysisof a prospective study performed at the cardiothoracicsurgery outpatient
clinicfrom February 2020 onwards. The study is planned to continue at least until 2022. Consecutive
patients were included in this analysis when they visited the comprehensive preoperative assessment
between February and August 2020. The assessment included a visit at a cardiothoracic surgeon,
anaesthesiologist, physiotherapist and cardiology nurse, complemented with a short geriatric
assessment for patients aged 270 years or patients who were otherwise consideredto be frail. All
patients who were planned to undergo elective open thoracicaorticsurgery were included. Exclusion
criteriawere being physically (inabilityto take a standing positionfrom sitting) or mentally (inabilityto
understand given instructions) unable to perform the resilience tests. The study was approved by the
medical ethics committee (CMO Arnhem-Nijmegen). Written informed consent was obtained from all
participants.

4.2.2 Short geriatric assessment
For patients who visited a geriatrician as part of their preoperative assessment, BP, cerebral
oxygenation and handgrip measurements were complemented with:
= The OlderPersons and Informal Caregivers Survey Minimum DataSet (TOPICS-MDS)
guestionnaire, covering different domains like physical health, activities in daily life, mental
health, social activities, quality of life and independence [101];
= Rosow-Breslau-Nagi questionnaire consisting of questions for (heavy) physical activities,
resultinginascore betweenOand 8 (0 meaning no problems atall, 8 meaning problems at
all points assessed by this questionnaire) [102];
= Life space assessment, concerning someone's action radius, score from 0 (stayingin the
bedroom all day) to 120 (goes outside city orvillage every day) [103];
= Montreal cognitive assessment (MoCA) to determine cognitive status [66];
= 5timesrepeatedchair-stand testand gait speed: ascreeningtest for muscle strengthinlegs;
= C(Clinical frailty scale: phenotype-based scale of frailty between 1 (very fit) and 10 (criticallyill)
[104];
= CGA frailtyindex:frailtyindex proposed by Beth Israel Deaconess Medical Center, Boston,
combining medical history, (instrumental) activities of daily living, Rosow-Breslau-Nagi
questions, MoCA, 5repeated chair-stands, gait speed, handgrip strength and nutritional
status. Thisresultsin a value between0Oand 1 (0 meaning non-frail and 1severely frail), for
which an online calculationtoolis available [105].

4.2.3 Data collection

Our measurement protocol, containing an orthostatic and grip challenge, is shown in Figure 10. For
the orthostatic challenge, participants were instructed to sit still for 5 minutes, and not to talk to
prevent head motion. Subsequently, they stood up and remained standing for 3 minutes. After the
orthostaticchallenge, patients became seated again and started the grip challenge, inwhich they were
asked to squeeze maximally for 3 times, with their dominant hand, using a Martin vigorimeter [106].
The large bulb was used, as this size is least dependent on hand size and could be used for both tall
and short men and women [107]. The third attempt, the patients were encouraged to remain
squeezing until fatigue resistance was reached. Fatigue resistance is defined as the time between
maximum grip strength and a 50% decrease during that attempt.
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Figure 10: Clinical measurement protocol, including an orthostatic challenge (a baseline measurement
consisting of 5 minutes of sitting followed by 3 minutes of standing) and a grip challenge (repeated (2x) grip
strength measurement and grip work measurement, followed by 1 minute of rest). During these challenges,
both blood pressure and cerebral oxygenation were measured continuously.

Duringthe entire protocol, BP was measured continuously withvolume-clamp photoplethysmography
(Finapres Medical Systems, Enschede, The Netherlands) in the digital artery of the middle finger of the
non-dominant hand. The non-dominant hand was held at heart height using a sling, during the entire
measurement protocol. BP and grip strength were recorded in the data acquisition programme
Acgknowledge (version 4, BioPacSystems Inc., Goleta, USA). Frontal lobe oxygenation was measured
continuously using continuous-wave near-infrared spectroscopy (NIRS; Portalite, Artinis Medical
Systems, Elst, The Netherlands), with sensors placed bilaterally on the forehead. The NIRS devices
consist of three transmitters emitting light with wavelengths of 760and 850 nm and one receiver [108].
Relative values for deoxygenated haemoglobin (HHb) and oxygenated haemoglobin (O,Hb) were
determined in Oxysoft (version 3.0, Artinis Medical Systems, Elst, The Netherlands) using the modified
Lambert-Beerlaw, and collectedat asampling frequency of 10 Hz. The differential pathwayfactor was
determined according to a general equation by Scholkmann et al (2013) for patients below 50 years,
and setto 6.61 for patients =50 years [109]. Tissue saturationindex (TSI) was defined as:

7S] =—22 o 100
HHb+0,Hb

with O,Hb and HHb the absolute concentrations calculated with spatially resolved spectroscopy,
making use of all transmitters included in the NIRS device. Moreover, a TSI fit factor was calculated,
indicating the quality of TSl estimation. Markers were set simultaneously in Oxysoft and Acgknowledge
tosynchronise BP and NIRS measurements(Portasync, Artinis Medical Systems, Elst, The Netherlands).

4.2.4 Data processing

Data were processed in MATLAB (2018a, MathWorks Inc., Natick, USA). BP and NIRS data were
processedina similarwayasin Section 2.2.4, exceptfororthostaticrecovery values being calculated
fromthe moment of starting to stand up instead of from the moment of SBP nadir. Therefore,
baseline values were determined as the average value between 40and 10 seconds before standing
up. Additionally, patients were excluded when it took more than 10 seconds to perform a sit-to-stand
manoeuvre, since inthat case a rapid BP drop isabsent [110]. In contrast to Section 2.2.4, we used
different NIRS devices, in which three optode pairs were present perside, allowing for TSI
calculation. The middle pair of optodes, with aninter-optode distance of 35 mm was used for
analysis of relative Hb concentrations. TSI measurements were excluded accordingto criteria
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described previously by O’Connoretal. (2020) [111]. These were a TSI change of more than 45%
overall or 10% duringthe sitting measurement, a TSI change of less than 0.1% within the first 30 s of
standing, and an average TSI fit factor (representing the agreement between different optodes)
below 98%. Correspondence with the manufacturer confirmed that the TSI fit factor should be at
least 98%, but preferably 99.5%. Therefore, we scored TSI quality as good (fit factor 299.5%),
moderate (fit factor 298% and <99.5%) or poor (fit factor<98%). We additionally excluded TSI
measurements of moderate quality on one side when on the otherside agood quality measurement
was available. Otherwise, moderate quality was still included. Relative O,Hb and HHb measurements
were excluded when showing unrealistically sudden shifts, caused by loosening of adevice. When
measurements were availablefrom both the leftand the right side, relative Hb concentrations and
TSl values from both sides were averaged.

From the grip challenge, the maximum grip strength (GS,..,) of three measurements, fatigue
resistance (FR) and grip work were extracted. Grip work (GW) was estimated using [100]:
GW = 0.75 x GSmax = FR
Moreover, grip strength and grip work were calculated per kg body weight, to indirectly correct for
hand size and gender[99].

4.2.5 Statistical analysis
Continuous parameters were presented as mean (SD; range from minimum to maximum value), and
categorical variables as number (%). Outcome parameters were dichotomised based on length of
hospital stay. Differencesbetween these groupsin preoperative parameterswere explored and tested
for significance (p<0.05) using Fisher’s exact tests for categorical variables and Mann-Whitney Utests
for continuous variables.

4.3 Results
4.3.1 Patient characteristics

Consecutively, 27 patients were included at the cardiothoracic surgery outpatient clinic, of whom 14
had a geriatricassessment. The included patientswereon average 63.0(13.3) years old, and 70% were
men. Relatively youngincluded patients were mostly suffering from connective tissue disease (Ehlers
Danlos syndromes or Marfan’s syndrome), accounting for 15% of all patients. Surgical indications
varied, with an average number of 1.7(0.8). These oftenconsisted of acombination of athoracic aortic
aneurysm and aortic valve repair. All baseline characteristics are shownin Table 5.

Table 5: Patient characteristics. At the moment of writing this report, not all patients have had surgery yet,
hence the lower number of patients with postoperative outcomes, who have been subdivided into a short
and a long hospital stay group.

Characteristic All patients Short (<10 days) Long(>13days) P-value
hospital stay hospital stay

n=27 n=5 n=5
Age (years) 63.0 (13.3; 25-78) 51.2 (17.5) 65.6 (7.0) 0.294
Male 19 (70%) 5 (100%) 4 (80%) 1.000
BMI (kg/m?) 27.1(4.4; 18.4-37.7)  25.6 (4.2) 28.1(3.9) 0.889
Connective tissue disease 4 (15%) 2 (40%) 1 (20%) 1.000
Hypertension 15 (56%) 1 (20%) 5 (100%) 0.048*
Diabetes 1(4%) 0 0 NA
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Previous cardiothoracic 6 (22%) 1(20%) 2 (40%) 1.000

surgery
Antihypertensivedruguse 22 (81%) 4 (80%) 4 (100%) 1.000
Beta blockeruse 17 (63%) 3 (60%) 3 (60%) 1.000
SBP at screening(mmHg)¥  130.5 (26.5; 87-190) 139.0 (24.4) 123.5 (9.5) 0.222
DBP at screening (mmHg)¥ 80.5 (11.7; 49-98) 80.2 (10.2) 87.5(7.7) 0.492
Geriatricassessment 14 (52%) 1(20%) 3 (60%) 0.524
Clinical frailty scoret 3.0(1.2; 1-6)
CGA frailty indext 0.133 (0.095; 0.020-

0.372)
Gait speed (m/s)* 1.0 (0.25; 0.5-1.3)
5x chair-stand (s)t 13.1(3.9; 9.0-22.5)
MoCA scoret 24.6 (2.8; 20-29)
Rosow-Breslau-Nagi scoret 1.3 (2.0; 0-5)
Life space assessmentt 89.8 (28.0; 11-120)
Number of surgical 1.7 (0.8; 1-4) 1.6 (0.5) 1.4 (0.5) 1.000
indications
Aorticroot aneurysm 4 (15%) 3 (60%) 0 (0%) 0.167
Aorticarch aneurysm 2 (7%) 0 0 NA
Ascending TAA 7 (26%) 1(20%) 1 (20%) 1.000
Descending TAA 4 (15%) 0 0 NA
TAAA 6 (22%) 0 (0%) 3 (60%) 0.167
Thoracic aortic type B 2 (7%) 0 1 (20%) 1.000
dissection
Aorticvalve stenosis 9 (33%) 2 (40%) 1 (20%) 1.000
Aorticvalve insufficiency 2 (7%) 1(20%) 0 (0%) 1.000
Vasculitis 1 (4%) 0 (0%) 1 (20%) 1.000
Suspected thymoma 1(4%) 1(20%) 0 (0%) 1.000
Subclavian artery aneurysm 1 (4%) 0 0 NA
Atrial fibrillation 2 (7%) 0 0 NA
Coronary artery disease 3 (11%) 0 0 NA
Hypertrophic 1 (4%) 0 0 NA

cardiomyopathy

SBP: systolic blood pressure, DBP: diastolic blood pressure, CGA: comprehensive geriatric assessment, MoCA:
Montreal cognitive assessment, TAA: thoracic aortic aneurysm, TAAA: thoracoabdominal aortic aneurysm.
Continuous variables are presented as mean (SD; range) and tested using Mann-Whitney U tests, categorical
variablesarepresented as number (%) andtested forsignificantusingFisher’sexacttest.

* Significant differences between short-stay group and group with longer duration of hospital stay.

t Onlyavailablefor patients who had a geriatric assessment (n=14).

T Measured at the preoperative visit, usingan oscillometric device, missing for one patient.
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4.3.2 Preliminary results

Outcome aftersurgery, as was available for 12 patients, is presented in Table 6. On average (SD), the
hospital stay after surgery was 13.1 (9.8) days, with an ICU stay of 1.5 (0.7) days. Different
complications occurred during the hospital stay, most often consisting of fever caused by a pulmonary
or urinary tract infection, or atrial fibrillation needing medical treatment (arrhythmia). An
uncomplicated recoveryatthe hospital wasassociated with ashort hospital stay of 5-9 days. As already
showninTable 5, baseline characteristics did not differ significantly be tween patients with ashortand
with alonghospital stay, except for having a history of hypertension.

Table 6: Outcome parameters (n=12).

Parameter Value
Duration of hospital stay (days)T# 13.1 (9.8; 5-37)
Duration of ICU stay (days) ¥ 1.5(0.7; 1-3)
Complications during hospital stay
Delirium 2 (17%)
Infection 4 (33%)
Arrhythmia 3 (25%)
Cerebrovascularaccident 2 (17%)
Kidney complication 1(8%)
Gastro-intestinal complication 1 (8%)
In-hospital mortality 1 (8%)

Continuous variablesarepresented as mean (SD; range), categorical variables are presented as number (%).
t Unknown for patients who went to the cardiology department of another hospital after discharge from the
Radboudumc, and have not had a follow-up consultby phone yet (n=2).

¥ Patients who deceased during ICU stay were not included for this parameter (n=1).
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Figure 11: Orthostatic challenge, shown as mean value over time for A) systolic and diastolic blood pressure
(SBP (dark blue) and DBP (light blue) respectively) and heart rate (HR, shown in dashed black), n=26 and for
B) oxygenated and deoxygenated haemoglobin (O,Hb (dark blue) and HHb (light blue) respectively) and
tissue saturation index (TSI; shown in dashed black), n=25. All trajectories are shown relative to the baseline
value at 40 to 10 s before standing up. At t=0 s patients stood up.

In Figure C.1 in Appendix C, a flowchart describing the exclusion of subjects and signal quality is

presented. In Figure 11, the course during an orthostaticchallengeis shown forall physiological signals
that were measured, relative to the baseline sittingvalue. One patient was excludedfornot being able
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to stand up within 10 seconds. Standing up took between 1.2 and 5.4 seconds with amean (SD) of 2.5
(1.0) seconds. Upon standing, both SBP and DBP decrease, coming from a mean (SD) absolute finger
SBP/DBP of 122/68 (26/17) mmHg. BP reaches a nadirin approximately10-15seconds. After the initial
drop, BP rises again and recovers slowly to baseline values. Heart rate increases immediately upon
standing and stabilises above baselinevalues. On average, relative O,Hb shows adrop upon standing,
while relative HHb shows a small increase. TSI decreased upon standing, starting from an average
baseline TSl of 73.4 (5.6)%. The TSI responses were heterogeneous, having astandard deviation of at
least 2% during the entire orthostatic challenge. Between patients with a fast hospital discharge and
patients who had a longer stay, slightly different average BP and cerebral oxygenation trajectories
could be observed (shown in Figure 12), but none of these were significantly different (p>0.309).
Baseline TSI values did not differ significantly between both groups (73.9 (7.9)% versus 75.2 (3.6)%;
p=1.000).

-

oy

o
]
-
Jry
o

y

— Short (<10 days) hospital stay
Long (>13 days) hospital stay
,\« /\I

-
=)
?

M

e
-
él

2

©
o
1
©o
<

0
>

SBP recovery (% of baseline)
DBP recovery (% of baseline)

1
1
1
'
'
'
!
0

-3

o
©
C

T T T
50 100 150

-50 50 100 150
: 1 1
1 1
0- ’\ : 0.4 ' . |
= \ ) H a !
3 = 0.2 i we i
4] o ] A\ o ]
£ E ! 5
3 1 ! g 0.0 \/\"\" ' - 04 h
2 : a \ e v
) ' I -0.2 '
lo) ] = ]
-2+ 1 14 '
l ) l
' -0.4 1 '
1 1 l
-50 0 50 100 150 -50 0 50 100 150 -50 0 50 100 150
Time after standing (s) Time after standing (s) Time after standing (s)

Figure 12: Preliminary results showing average responses upon standing of patients who had a relatively
short hospital stay (<10 days; n=5; in dark blue) and patients with a relatively long stay (>13 days; n=5; in
light blue). The upper figures show the systolic blood pressure (SBP) and diastolic blood pressure (DBP)
response, and the lower figures the relative change in oxygenated and deoxygenated haemoglobin (O,Hb
and HHb respectively) and change in tissue saturation index (TSl) after standing.
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Figure 13: Example of grip challenge for one patient: the patient squeezed two times maximally, followed
by a grip work measurement, combining maximum grip strength and endurance. Maximum grip strength
(GSmax) and fatigue resistance (FR) are indicated by blue dots.

In Figure 13, an example of the grip challenge is shown, representing squeezing maximally twice, and
the third attempt represents the grip work measurement of squeezing maximally and sustaining as
long as possible (until fatigue resistance is reached). Simultaneous continuous BP recording shows an
increase in SBP as well as DBP during sustained grip.Some abrupt changesin BP can be seen, occurring
while starting to squeeze and releasing grip strength. In Table 7, average values of the grip strength
measurements are shown forall patients, butalso split based on duration of hospital stay. Maximum
grip strength showed a trend to be higher for patients with a short hospital stay compared to those
who stayed longerat the hospital, but corrected forbody weight thistrend disappeared.

Table 7: Outcome parameters resulting from the grip challenge.

Parameter Value Short (<10 days) Long (>13 days) P-value
hospital stay hospital stay

n=27 n=5 n=5
Maximum grip strength (kPa) 82.6 (28.3; 38.0-138.4)  106.9 (17.7) 74.7 (26.1) 0.056
Maximum grip strength/kg 0.97 (0.28; 0.44-1.55) 1.2 (0.27) 0.87 (0.29) 0.222
body weight (kPa/kg)
Fatigue resistance (s)* 43.3 (26.1; 5.7-94.0) 53.5(30.0) 36.5 (26.1) 0.421
Estimated grip work (x10® 2.47(1.60; 0.20-5.00) 3.86 (1.82) 1.93 (1.41) 0.095
kPas)*
Estimated grip work/kg 30.0(20.4; 2.5-67.3) 45.1 (23.2) 22.4 (17.1) 0.222

bodyweight (kPas/kg)*

Data are presented as mean (SD; range)
*11 patients did not sustain until their grip strength dropped to 50%; the time until they loosened handgrip was

taken as fatigueresistance.
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4.3.3 Feasibility of clinical implementation

Quantitative resilience measurements were successfully implemented in the workflow at the
cardiothoracic surgery preoperative outpatient clinic. Per patient, the preoperative visit took
approximately 30 minutes to shortly explain the measurements, sign informed consent forms and
performthe orthostaticand grip challenge. Withoutaneed forinformed consent, the measurements
themselves could be performed in 15-20 minutes. Follow-up measurements were planned
simultaneously with the three-month follow-up visit patients had at the cardiothoracic surgeon and
took 15-20 minutes. However, in practice, notall patients who werereferred from hospitals rel atively
far away came to the Radboudumc for a follow-up visit. Therefore, we could only perform follow-up
by phone, leading to missing follow-up measurements. Of all patients that were eligible forinclusion,
95% were willing to participate, and measurements were well-tolerated. Patients scaled them on
average (SD) 2.0(1.2) onascale from 1to 10 (1 not burdensome atall; 10very burdensome and tiring).
Technically, measuring in a clinical setting with time constraints had some consequences. BP
measurements were available in all patients. In 4 patients, relative O,Hb and HHb were only available
on one side, mainly due to temporarily loosening of one NIRS device, leading to sudden shifts. TSI was
only available ononesidein 5 patients, and quality was moderate on one side in 16 patients, leading
to exclusion of TSl on one side in 21 patients. For 4 patients, TSI quality was moderate on both sides.
However, these measurements were still included, as TSI values and courses were reasonable.
Altogether, cerebral oxygenation measurements wereonly excluded for one patientdue to loosening
of the device, butsignal quality did not influence the number of exclusions. Thisis specifiedin Figure
C.1in Appendix C. During the grip challenge, 11 patients did not sustain until fatigue resistance was
reached, forvarious reasons. These reasons ranged from muscle cramp or pain to instructions to stop
squeezing accidentally given too early. However, we still considered time until letting go of grip
strength to be the fatigue resistance. Geriatricians’ opinion on feasibility of standard application of
orthostatic BP and grip measurements is dependent on the availability of interpretable outcome
measures. These ideally consist of alist of individual values relativeto referencevalues for patients of
thatgenderand age, sayingifand to what extent a patient’sperformanceis above or below what could
have been expected. When such easily interpretable outcome values become available, clinicians see
added value of these measurements in practice. For orthostatic BP measurements, cut-off values for
orthostatic hypotension (BP drop of (SBP/DBP) >20/10 mmHg) or diminished orthostatic recovery
(295% of baseline value) are already available [24, 30]. For handgrip strength and work, the aim isto
collectreference datafor patients of different gender and age groups, but these are not available yet.

4.4 Discussion
Clinical implementation of quantitative resilience measures was successful and feasible. Patients

were able to perform the orthostaticand grip challenge, and these were well-tolerated. Preliminary
results show that we retrieved data of sufficient quality of orthostatic BP and relative cerebral
oxygenation, and grip measurements.

4.4.1 Orthostatic challenge

For all patients, BP measurements and relative O,Hb and HHb measurements during sitting and
standing could be retrieved, and showed realistic courses upon standing, comparable with previous
literature [18, 30, 112]. TSI values seemed slightly less reliable, although on average their course
upon standing was comparable to what has been described in previous research, showingadecrease
followed by an overshoot and recovery phase [96, 112]. Left-right differences were large, and many
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TSI measurements (on one side) had to be excluded. This could have been caused by aneed for
recalibration. Nevertheless, regarding BP and relative oxygenation values, the orthostaticchallenge
was technically feasibleto determine resilience. In contrast to our researchin elderly with MCI

(see Chapter2), we determined recovery from the moment of standing up, which was defined as the
moment the patientstarted to stand up and heartrate increased. We settwo different markers,
when starting to stand and when an upright position was fully assumed. In that way, we were able to
determine if asit-to-stand manoeuvre took so long that the actual challenge (the BP drop) was not
there. This was the case for only one of our included patients.

4.4.2 Grip challenge

The use of grip strength and grip work measurements appeared to be feasiblein a preoperative
outpatient clinicsetting. Grip strength values, ranging from 43.5 kPa ina small womanto 138 kPaina
taller man, were comparable to known values from previous studies [113, 114]. However, fatigue
resistance values should be interpreted with caution, as for various reasons some of our patients did
not reach fatigue resistance, and average values are thereforelowerthan reported previously [100,
113]. These patients were not excluded, as muscle cramp aftera few seconds ora mental component
could give an indication of fatigability, and therefore contains valuable information. BP
measurements during the grip challenge were distorted in most patients. Although patients were
squeezing the bulb with theirdominant hand, and the BP device was attached to the non-dominant
hand, the distortion may have been caused by muscle tension or movements of the non-dominant
hand. The abrupt changesin BP caused by exerting force make intermediate calibrations of the BP
signal necessary to prevent stabilization of the measurement at an erroneous BP level [37]. However,
the built-in calibration function was turned off during the entire measurement, to prevent calibration
artefacts. Moreover, releasing pressureon the handgrip balloon ledtoanimmediatefallin BP. No
recovery phase was visible to be used as resilience measure. Instead of using BP and oxygenation
recovery aftera stressor, these measurements mightstill be useful . Assessing the difference
between BP and cerebral oxygenation values before and during squeezing might be ameasure for
autonomicfunction. Ewing’s standard battery, aset of tests to determine cardiovascularautonomic
dysfunction, uses this. Changesin diastolic BP caused by sustained exertion of force are then thought
to reflectautonomicfunction [50, 115].

4.4.3 Clinical value

Some of the resilience measures that were implemented are already being introduced in clinical
practice, especially in geriatric medicine. At the geriatric outpatient clinic, a routine orthostatic BP
measurement is already performed, as a screening tool for orthostatic hypotension. BP is then
measured while lying, and at 1, 3 and 5 minutes of standing, using an oscillometric device. This
measurement could easily be replaced by our orthostatic challenge protocol, when extending the
standing measurement to 5 minutes and replace sitting by lying. In this way, two different questions
could be answered on an individual basis. The first one concerns a more reliable diagnosis of
orthostatic hypotension [23]. As the entire BP curve upon standing is known, complaints such as
dizziness and light-headedness may be explained more easily. Eventually, even more insightinto these
complaints could be given by supplementing the BP measurement with a cerebral oxygenation
measurementas used in ourstudy or another measure of cerebral perfusion. Second, adiminished or
delayed BP recovery, defined as not reaching 95% BP recovery after an orthostatic challenge, might
provide additional insightinto the patient’s resilience [30]. Apart from the orthostaticchallenge, grip
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strength, fatigue resistance and grip work are already being implemented at the outpatient clinic, to
determine muscle strength and fatigability. Robust reference valuesperage group and gender are only
available for grip strength, and not yet for fatigue resistance and grip work. Nevertheless, routine use
of grip strength and grip work measurements could aid in collecting alarge dataset to provide amore
extensive set of reference values. Moreover, international collaboration with other researchers who
are also collecting grip work datais set up to provide areference dataset for clinicians.

4.4.4 Recommendations

Preliminary results between two groups based on the duration of hospital stay are not interpretable
yet, as this duration was known foronly 10 patients. Our preliminary results were compared
betweentwo groups, based onthe duration of hospital stay. Fornow, the division was made
between acompletely uncomplicated stay and a stay with minor or major complications. Whena
larger study sample becomes available, it would be more sufficient to distinguish different groups: a
group having no or minor complications and agroup with major complications. In this way,
identification of patients at risk of major complications, which s clinically most relevant, could be
investigated, to be able to offerthem a prehabilitation programme, or even refrain from surgery at
all. Moreover, baseline characteristics such as surgical indication and procedures, age and
comorbidity varied widely amongthe included patients, emphasizing the necessity of alarge study
sample. Preoperative parameters retrieved from continuous BP, cerebral oxygenation and handgrip
measurements, could be linked to various adverse outcomes separately. It should be investigated
what additional predictive value our resilience measurements have abovethe conventionalfrailty
estimationinolderadults, and above already known baseline characteristics.

As a nextstep, the follow-up data, until now consisting of medical records and follow-up
measurements at approximately 3 months after surgery, can be complemented with more visits
during hospital stay. Additionally, ourresearch could be combined with other studies performing
guestionnaires after ICUadmission, a study population overlapping with ours, forexample regarding
quality of life. Inthis way, more insight could be gained into the extent of recovery of different
outcome measuresto or preferably above the preoperative state, and the individual recovery curve
could be assessed as accurately as possible.

Therefore, our main recommendationis to continue performing these measurementsin
clinical practice at the cardiothoracicoutpatient clinic, to directly apply them. The retrieved
information could be used in the advice to the treating surgeon and the patientand caregivers.
Moreover, measurements could be introduced more routinely in clinical practice, starting with the
geriatricoutpatientclinic, at which a similar orthostatic challenge is already performed. This broad
use of resilience measurements canleadto a large and heterogeneous, but therefore also
representative, cohortto furtherestablish the concept of physical resilience. Eventually, evaluation
of resilience priorto surgery may aid the information given to patients and caregivers. Patients could
use the time before surgery to optimally prepare themselves by improving theirresilience, for
instance by stayingactive or reduce alcohol use. Receiving feedback on their personal extent of
resilience may aid in followingtheseguidelines.

4.4.5 Conclusion

In conclusion, this clinically embedded study answers the need forgaining more insightinto
processes underlying recovery from surgery, especially in elderly. We showed feasibility of clinical
use of resilience measurements based on haemodynamicsignals and grip strength.
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C. Exclusion of subjects and signal quality
Included patients: n=27

Orthostatic Cerebral Handgrip
blood pressure oxygenation strength

TSI (fit factor <98%) — poor quality

One side: n=5

Both sides: n=0

TSI (fit factor <99.5%) — moderate quality
Onesside: n=16

Both sides: n=4

Relative oxygenation values (sudden shifts) Fatigue resistance

One si‘de: n=4 not reached:
Both sides: n=0 n=11

Orthostatic challenge >10s:
n=1

Orthostatic TSI rest

Loosening NIRS device upon challenge
standing
n=1

A, A ¥

n=26 [n=25| [n=27| n=27

Figure C.1: Flowchart describing exclusion of subjects (in light blue) for orthostatic blood pressure, cerebral
oxygenation (both orthostatic and rest) and handgrip strength measurements. Moreover, signal quality
has been indicated. For TSI, signals of good quality (TSI fit factor >99.5%) were used when available
averaged from both sides. When TSI on only one side was of good quality, the other side was removed.
When no TSI of good quality was present, TSI with moderate quality was used, either averaged when
present on both sides, or of only one side. Patients who did not reach fatigue resistance, were not
excluded. Eventually, orthostatic blood pressure recovery could be analysed for 26 patients, orthostatic
cerebral oxygenation recovery for 25 patients, and resting TSI and handgrip for all 27 patients. TSI: tissue
saturation index, NIRS: near-infrared spectroscopy.
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5. General conclusion

In this thesis, different methods to quantify resilience have been investigated. These were used to
determine the relation between resilience and cognitive status, and whether quantitative resilience
measures could be predictive of cognitive decline. Ultimately, clinical implementation of these
guantitative resilience measures was performed and evaluated.

In relation to cognitive decline, results suggest that challenging the human body may be necessary to
assessresilienceinrelative remoteness of acritical transition in rest. We mainly focussedon acquiring
resilience measures from continuous BP measurements, as these seem most robust, and only little
influenced by artefacts. CBF and NIRS measurements were investigated as well during an orthostatic
challenge in relation to cognitive decline. However, the added value of these, being both cerebral
perfusion measures, in addition to BP measurements remains unknown. Cerebral perfusion is even
more tightly regulated than BP, by means of cerebralautoregulation. Therefore, both CBF and cerebral
oxygenationshow asmallerdrop after standingthan BP. This may imply that the challenge of standing
on CBF and cerebral oxygenationissmaller than on BP, which may make BP more suitable for capturing
loss of resilience.

Altogether, our resultsimply that challenging the body as a complex system can provide more insight
into functioning and dysfunction of subsystemes, in this case the cardiovascular system. For now,
resilience obtained from BP and handgrip measurements seems most appropriate for routine
implementation in clinical practice, mainly because of the easy and fast execution and relatively
straightforward interpretation. In the future, research consisting of routinely collecting time series of
physiological data, whether or not directly embedded in clinical practice, may provide new insights
intothe role of resilience in estimating physical reserve and recovery potential around treatment.
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Sanne, julliewil ik graag bedanken voor de gezelligheid, hetieder uur (of soms nogvaker) meedoen
aan mijn koffie/theerondje en het meedenken metenaanhorenvan mijn frustraties als dingen even
nietluktenzoalsik wilde.

Mijn begeleiders vanuit de Universiteit Twente wil ik ook bedanken. Marleen, dankjewel voor
hetluisterentijdens de intervisies en de verdiepende vragen waarmee je me meerinzichtin mezelf
enmijn (soms watonrealistische) overtuigingen. Daarmee heb je bijgedragen aan hetvergrotenvan
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Deborah, Denise, Lianne, Maritta, Nynke en Tess, we hebben alweer ons zesjarig
vriendschapsjubileum gehad, terwijl onze een-, twee en driemaandelijkse jubilea nog zo kortgeleden
lijken. Ik vind het heel fijn dat we altijd op elkaars steun kunnen rekenen, van oneindige snaaisessies
met koekjes, pepernoten, paaseitjes en nogveel meerinde collegezaal, tot al onze vakanties samen,
dankjulliewel datjullie de afgelopen zes jaar zo speciaal hebben gemaakt. Hopelijk kunnen we onze
Spaanse avonturen uithet eerste jaar snel herbeleven! Maritta, nog een extrabedankje voorjou. Ik
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veranderen. Estheren Lea, mijn Amersfoortsevriendinnen, jullie wilik bedanken voor de gezellige
lunch- en koffiedates, waarbijik metjullie ook overtotaal andere dingen dan stage en TG kon praten!
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