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Abstract

Older adults are more thermally vulnerable than the younger adults that comfort metrics tend to be
empirically drawn from. They are less able to discriminate between warmth and cold and those that
experience motor or neurological impairments may be less able to perceive or communicate their
thermal sensation and preference; placing the onus of thermal regulation on their carers. This situation
is accentuated as societies age, so that there is a growing need for guidance for the thermal regulation
of care homes; to establish whether existing metrics may be used with confidence or whether the
evidence base needs to be extended to encompass data from older adults. To this end, this paper presents
a study of three approaches to thermal comfort modelling for older age care home residents: (1)
Predicted Mean Vote (PMV), (2) Adaptive Comfort, and (3) long wave infrared thermography (IRT).
Based on measurements from a previous field survey, our results show that (1) PMV can, in principle,
be applicable to older people, but procedures for estimating metabolic rates are outmoded and
summertime conditions tend to be free-running; (2) Adaptive Comfort appears to be well suited and can
also consider feedback from adaptive actions; (3) The difference in skin temperature obtained from
infrared maps of the upper extremities (hands, wrist, forearm) has potential as an indicator of thermal
comfort, if these measurements can be practically deployed. However, all three approaches are limited
in their ability to account for the distribution of thermal sensations collected from subjects with

dementia.
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The global population of people aged 65 years or over is projected to approach 1.5 billion by 2050 [1].
In the UK, it is estimated that by 2037 approximately 24% of the population will be aged 65 years and
over, compared to 18.2% in 2017 and 15.9% in 1997 [2]. For over a decade, there have been concerns
about the UK’s ageing society, especially the rising number of older people requiring long-term care
[3]. Thus, the provision of residential care by care home service-providers is of increasing importance
as societal demographics change [4].

As people age, the health risk of exposure to rapid or extreme changes in environmental temperature
present challenges for thermal homeostasis [5, 6, 7]. Thermal stress, due to either indoor (and outdoor)
cold or heat strain, is a potential health hazard [8] especially for older people with multiple co-morbid
conditions. Furthermore, the increased vulnerability to heat as people age exacerbates heat-related
morbidity and mortality [9] making residents susceptible to the effects of changes in the thermal
environment [10, 11]. This makes it important to tailor indoor environmental conditions to meet the

thermal needs of residents, a crucial consideration for health and wellbeing.

Older people are generally considered to suffer from impairment of temperature regulation, making
them susceptible to the impact of even moderate fluctuations in outdoor (and indoor) temperature [12]
[13]. Continued exposure to unfavourable room temperatures can have an adverse impact on pre-
existing disease and health conditions especially under extreme weather changes (cold snaps [14] and
heat waves [5]). This, coupled with a diminution of temperature discrimination means that older people
may not be aware of how cold, or hot, they are [15]. Furthermore, for those who are unable to
communicate their feelings, as in stroke or dementia, the ability to perceive (and report) thermal
sensation increases the risk of thermal discomfort and attendant emotional and health consequences
[16]. This places greater emphasis on others, particularly carers, to make choices for the older person

with respect to clothing insulation and garments as well as adjusting room temperature [17].

Now, as societies age, and many more people are living in residential care [18], there is an increasing
need for provision of indoor environment guidelines tailored to vulnerable older people [15]. Having a
reliable indicator to assess or predict an older persons’ indoor thermal sensation is crucial in helping to
create a thermal environment which meets comfort conditions as well as providing an optimum indoor
temperature for the living space [19, 20]. How this is achieved in the setting of residential care presents
a major challenge for residents with advanced age or health conditions, specifically with respect to their
ability to perceive a change in the thermal conditions of their immediate environment which, day to
day, is typically controlled entirely by younger staff [15]. In addition, care home residents with dementia
may be unable to communicate verbally, or reliably, their satisfaction with indoor environmental
conditions [21].

Indoor thermal comfort standards such as EN 1SO 7730 [22] and ASHRAE 55 [23] are widely in use to
assess or predict occupants’ thermal comfort levels and no distinction is made by age. However, these

standards were mainly established through measurements made upon ‘healthy’ adults. Although studies
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revealed these standards may be applicable to elderly people [24, 25], it remains unclear whether they
are sufficiently reliable to predict thermal comfort for older, often frail individuals, living in residential
care [26, 27]. Their practical deployment is also complicated by difficulties in measuring metabolic rate
[28]. There is thus a need to carefully assess the applicability (or practicability) of existing thermal
comfort models/methods to care home setting.

In this paper, based on the measurements collected previously from a field survey undertaken in
multiple United Kingdom (UK) care homes, a study of three thermal comfort modelling methods is
presented: (1) Predicted Mean Vote (PMV), (2) Adaptive Comfort, and (3) Infrared Thermography
(IRT). Therefore, this study aims to evaluate their potential utility to the care home setting as a pilot
study, and finally to inform the research design of a large fieldwork campaign acquiring a rigorous

evidence base to support thermal design and control for the care home sector.

2. Thermal comfort for older recipients being cared

A literature review was first carried out to address (1) what we know about thermal environment and
thermal comfort within the senior ‘care’ homes, and (2) why those abovementioned three thermal
comfort approaches need to be evaluated for care home setting. Thus, this section is to identify a clear
research gap between the existing thermal comfort models/methods and the requirements of the

thermally comfortable environment for older recipients being cared by younger adults.
2.1. People in care homes

As people age, there are rising numbers of older people requiring long-term care, particularly older
people with frailty, dementia or both [3]. Care homes provide a homelike residential place with ‘care’,
and in the UK, they are divided into residential homes and nursing homes, funded by the UK National
Health Service (NHS) or private businesses [29]. Residential homes provide shelter and personal care,
such as washing, dressing, toileting, feeding and mobility plus administration of prescribed medication.
The main distinction between residential care and nursing care is the provision of one or more qualified
nurses on duty to provide nursing care in addition to personal care, including for those with learning
disabilities and/or severe physical disabilities. Some nursing homes offer special services for people

who may need more supervised care: for example, the elderly mentally infirm (EMI).

People in care homes cannot simply be described by ‘old’. The World Health Organisation (WHO) [30]
explains that ageing accompanies biological changes, but the changes are complex [31], with
progressive accumulation of a wide range of molecular and cellular damage [32, 33], which however is
not linearly and consistently associated with age in years [32]. This suggests large variations of
physiological function individually in thermal regulation responding to the ambient thermal

environment.

The ‘thermal environment’ can be described as the characteristics of the environment that affects the

heat exchange between the human body and the environment [16]. One distinctive environmental
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characteristic of care homes is that the indoor thermal condition is typically controlled entirely by
‘others’ (carers or staffs), whose age is younger than those being cared. This is potentially problematic
to people with dementia (or learning disabilities) who are unable to sense and communicate reliably
their satisfaction with indoor thermal conditions; a capacity that diminishes with cognitive function
[34]. ASHRAE [23] defines thermal sensation as a conscious feeling, which requires subjective
evaluation, and thermal comfort is defined as the state of mind which expresses satisfaction with the
thermal environment. The subjective expression of thermal sensation and comfort potentially differs
from the biological response to the thermal environment, leading to adverse health outcomes and
wellbeing [35]. The effective provision of thermally comfortable conditions can thus be challenging

even without cognitive or physiological dysfunction.

Studies have revealed that the optimum temperature of older people to achieve thermal comfort is higher
than that of young adults with equivalent clothing insulation, owing to lower metabolic heat production
[36, 37, 38, 39]. Furthermore, females tend to be more sensitive to cold temperatures and hence to prefer
warmer temperatures [40, 41, 42]. However, this distinction is not well established for older-old, often
frail or older people with dementia in care homes, with differing thermal perceptions and sensitivities
[16, 43].

2.2. Thermal comfort models into care home setting
2.2.1. The Predicted Mean Vote

Developed by Fanger [44], the Predicted Mean Vote (PMV) is the basis for multiple standards for
assessing building occupants’ indoor thermal comfort [22, 23, 45]. It was developed under the steady-
state conditions of the climate chamber and based on the results of 1396 college-aged adult subjects.
By contrast, validation of the PMV for application to older people was undertaken with a much smaller

sample; 128 older subjects [44].

Based on available studies [21, 22], ASHRAE [47] state that the PMV model for thermal comfort
assessment is applicable for young and old alike. This, it is claimed, is because metabolic rate clothing
choices account for the effects of age (and gender) in PMV estimations [12]. Ageing decreases resting
metabolic rate (RMR) [48, 49]. A reduction in heat production accounts for the lower body temperature
in older people [12], leading to the need for thicker clothing to increase body insulation in older people
[50, 51]. Typically, RMR declines at a rate of 10% per decade from age 3 to over 80 for males [52], or
10-15% per decade for females with a similar body size [53]. However, these studies date back some

40-60 years, when like expectancy was significantly lower.

The key determinants of the PMV model consist of four indoor climate parameters (ambient air
temperature, relative humidity, mean radiant temperature and air speed) and two personal factors
(clothing insulation and metabolic rate). Each PMV variable has a certain boundary, as specified in ISO

7730. This is to avoid a biased PMV outcome contributed to by a single or combined multiple variables



[54]. Thermal comfort is assumed to occur at thermal neutrality; specifically at -0.5 <PMV < 0.5 [23].
For sensitive and frail people, EN 15251 [45] suggests a range of -0.2 <PMV <0.2 for thermal comfort.

Table 1. PMV Predictors’ boundary conditions in application to be free from bias (Source: [54]).

Predictors ISO 7730 Humphreys and Nicol, 2002
Indoor air temperature (T,, °C) & 10-30 for T,; 10-40 for MRT, 35°C ~ Upper limit of operative temp:
mean radiant temperature (MRT, °C) | of upper limit of operative temp 8K lower than ISO 7730
Relative humidity (%) 30-70 Below 60

Air speed (m/s) 0-1 0-0.2

Metabolic rate (MET) 0.8-4.0 Below 1.4

Clothing insulation (clo) 0-2.0 0.3-1.2

Daily mean outdoor temperature (°C) | - Biased at 5-10; <12; >25

Recent field studies have shown that there is an argument against the applicability of PMV to older
people. Wang et al. [55] indicated that the PMV for older people (aged 64 — 76 years) is inconsistent
where the PMV is less than -1. Furthermore, in a care home field study (398 subjects aged 65 - 90 in
26 care homes) in South Korea [56], the applicability of PMV in the cooling season (summertime) is

poor compared to the heating and mid-seasons.

PMV is particularly sensitive to air speed, clothing insulation (clo) and metabolic rate (MET). Thus,
inaccurate measurements (or assumptions) result in an incorrect interpretation of PMV-based thermal
comfort assessment [54, 28]. Put simply, for precise thermal comfort assessment, a precise
measurement of metabolic rate is also required, below 2 MET particularly [28]. Furthermore, Brager
et al. [57] found that clo can vary by up to 0.1 units depending on the standards and algorithms used in

its calculation.
2.2.2. Adaptive comfort

As the PMV model was developed under the controlled conditions of an indoor climate chamber, its
use may be best suited to air-conditioned buildings (Table 1). Where the indoor environment of
buildings in warm climates is not air-conditioned, previous field studies show that PMV predicts a
warmer predicted thermal sensation than that ‘perceived’ by the occupants, suggesting that PMV
overestimates thermal sensation in these circumstances [27, 28]. As a result, efforts were made to adjust
PMV to extend its applicability to non-air-conditioned buildings using an expectancy factor (e), to

account for an occupants’ local climate adaptation [60].

Also, particularly for a naturally ventilated building, the adaptive method [61, 62] accounts for local
climatic adaptation by season. The only determinant here is outdoor temperature but there are multiple
versions of adaptive thermal models using different measures of outdoor temperature: daily mean
outdoor temperature in CIBSE Guide A [63] and monthly mean outdoor temperature as recommended
in ASHRAE 55 [23] based on the findings from de Dear and Brager [64]. Furthermore, Nicol and
Humphreys [65] suggested the use of an exponentially weighted running mean of outdoor temperature.

A drawback of this approach, however, is that predictions of neutral temperature are independent of the



specific characteristics of the building being occupied or of the characteristics of the population
occupying it and their associated behaviours [66].

As a further development of the adaptive method, Haldi and Robinson [66] proposed a framework
which unifies thermal perception and adaptive actions, explicitly incorporating feedback on thermal
sensation of specific adaptive behaviours to maintain or restore thermal comfort. However, the
assumptions about residents’ voluntary or involuntary adaption actions can be questionable under
biological ageing compounded with underlying personal health conditions. Specifically, residents with
dementia may have difficulty in perceiving their thermal discomfort correctly and in taking adequate

actions to restore their thermal comfort.
2.2.3. Thermographic method

As discussed by Hoof et al. [15] and Childs et al. [21], there is a clear need for easily deployable
techniques to allow carers to make timely assessments and for them to take adequate actions to help the
resident to achieve thermal comfort. Currently, there lacks a reliable indicator to determine a person’s
thermal sensations physiologically without the need to ask. This is particularly valuable for those who

are unable to communicate appropriately due to cognitive decline.

Previous studies have investigated skin temperature as a predictor of thermal sensations (i.e., [36, 37,
38, 39]). In South Korea, Bae et al. [71] found that skin temperatures (cheek, upper arm, back of hand,
and top of foot) of older people were strongly correlated with actual thermal sensation in a climate
chamber study with 30 subjects (15 males and 15 females), and in their field study (294 older residents
in 7 welfare centres) they concluded that cheek and back of hand skin temperature can be used to predict
thermal sensations for older people. More recently, Tejedor et al. [72] performed infrared thermography
at four face points (nose, forehead, cheekbone, and chin) showing that it is possible to detect thermal
neutrality and found that the thermally ‘neutral’ state is reached when all facial temperatures were equal

to 35°C, where the operative temperature is 23.5°C and relative humidity is 54%.

Childs et al. [21] present a case for using IRT to ‘see’ the thermal map of the extremities and to deduce
the corresponding thermal sensation vote. The principle here is that, (under thermally neutral
conditions) skin blood flow in the hands is tonically active such that vasomotor tone of skin capillaries
operates as the primary ‘controller’ of deep body temperature. Hands (and feet) represent ‘radiator’
organs [73] losing heat to the environment as well as retaining and conserving body heat. Skin
temperature therefore varies with changes in vasomotor tone, and this is reflected in the appearance of
the thermal map through changes in the capillaries. Non-glabrous skin, along with arterio-venous
anastomoses (AVASs) of glabrous (hairless) skin of hands and feet are continuously adjusting (cycling)

blood flow to extremity skin to balance heat loss with heat retention [43, 44].

It is noteworthy that more than 80% of thermal comfort field studies have focussed on young adults,

aged 20-25 [76]. There are very few studies of vulnerable populations in care homes [15] and no studies



have comprehensively assessed the applicability (or practicability) of existing thermal comfort
models/methods in care home settings.

3. Materials and methods

3.1. The care home field survey and measurements

The field survey and data measurements were performed by Childs et al. [21] with participation from
69 older residents (60—101 years of age) living in 15 residential care homes within the South Yorkshire
and Derbyshire counties of the UK, over a 12-month period (June 2017 - June 2018).

3.1.1. Screening and Recruitment Pathway

Older people were invited to submit their written informed consent to participate in the study after
having reviewed the participant information sheet. The capacity screening was carried out by research
nurses of the clinical research network for the Yorkshire-Humber and Derbyshire National Health
Service. Each residence manager was first contacted and the outline of the study was introduced
verbally and via leaflets for the care home staff. If the manager expressed an interest in the objectives
of the study, a researcher visited the care home to discuss the details of the study. Older participants
that were capable of giving their own informed consent were identified by the care home manager.
Consent to participate was obtained in every case, either from the participant his/herself or from an
authorised representative. A mutually convenient date was then identified for the field survey and

associated measurements of each participant.

3.1.2. Data collection

Participants were recruited to two groups: dementia (N=34) and non-dementia (N=35), based on the
scores obtained using the 10-point scale of the Abbreviated Mental Test (AMT) [77]. Residents with
AMT<8 were assigned to the ‘with dementia’ group. Participants with a medical diagnosis or clinical
presentation of dementia were included, providing that they could understand the questions. Typically,
this would be those participants with a dementia score between 6 and 8. As memory and cognition is
labile, there are times when people with dementia can participate in studies of this nature, i.e., offer a
narrative. Demographic and clinical data included age, gender, and clinical frailty, using a seven-point
scale (version 2007-09 Dalhousie University, Halifax, NS, Canada [78]).

The indoor environmental data was collected in the communal areas of each of the care homes, where
the Long-Wave Infrared Thermography (IRT) was performed. This included ambient air temperature,
relative humidity and air speed (Kestrel 3000, Kestrel Instruments, Boothwyn, PA, USA), with the
measurements recorded when commencing thermography. To estimate clothing insulation (clo), a
weighted valuation of clothing ensembles worn by participants was obtained [79]. Also, body
temperature was measured at the tympanum using a thermo-scan device (Model LF 40, Braun,

Lausanne, Switzerland) just before commencing thermography.



Long-Wave Infrared Thermography (IRT) was performed using a micro-bolometer detector (model A-
600 series, FLIR, Taby, Sweden, image resolution 640x320 pixels). Participants were asked to rest for
15 minutes to avoid the effect of ‘movement’ on the measurement. The IRT imaging data was obtained
from participants’ non-dominant hands from fingertip to forearm, sitting comfortably in the communal
areas of the care homes: specifically the distal phalange, middle phalange, proximal phalange,
metacarpal, capitate bones and distal humerus.

During the IRT measurements, each participant was asked to rate their thermal sensation vote (TSV)
using the ASHRAE 7-point thermal sensation scale, ranging from -3 (cold) to +3 (hot). In addition, the
Mclntyre thermal preference scale [80] was used to obtain a response to the question “T would like to
be: (a) cooler, (b) no change, (c) warmer. Thermal preference does not indicate thermal ‘neutrality’
but it can be used to inform decisions to control (or change) the thermal environment [81]. This study
only used the thermal preference vote as a reference for subjects to express their feedbacks regarding
their thermal environment where/when it was measured. All measurements were performed one person
at a time, meaning that the sample size of each dataset follows the number of subjects: older people

with dementia (N=34), older people without dementia (N=35).

A separate field survey was undertaken whereby 17 younger adults (aged 18-34 years) were studied
during October 2017 to March 2018 as a comparator group for the older aged adults. Participants were
healthy and without pre-existing medical conditions and were volunteers from University and National
Health Service (NHS) communities. The same infrared equipment and monitoring set-up was used as
for the residential care setting, and the measuring method used for older people was equally applied to
young adults. These data are presented in this paper to allow comparisons with the older participants’
data.

3.2. The methods: PMV, Adaptive Comfort, and Infrared Thermography

Given the field measurements, we examined three methods for assessing thermal comfort of older
people living in residential care: (1) Predicted Mean Vote (PMV), (2) Adaptive Comfort, and (3)
Infrared Thermography of extremity skin temperature. A probabilistic approach to modelling thermal
comfort based on the actual thermal sensation votes (TSV) was employed. This is to account for the
distribution of thermal sensations potentially derived from individual biological ageing and personal
expectations compounded with residents’ underlying health conditions. We also reviewed the thermal
sensation votes collected from the participants with dementia. Thus, samples were divided into people

with and without dementia.

3.2.1. PMV-based approach

During the field survey, the mean radiant temperature (MRT) and metabolic rate (MET) of participants
were not measured. Here we assume MRT being equivalent to air temperature. Also, in the absence of
measured MET, we estimated participants’ (and their aggregated) MET by investigating the relationship

between actual thermal sensation vote (TSV) and the predicted mean vote (PMV), under the assumption
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that PMV is applicable to care home residents with two bands of PMV thermal neutrality: -
0.5<PMV<0.5 (strictly comfortable) and -1<PMV<1 (loosely comfortable).

As TSV was surveyed where the subjects were typically sedentary, the estimated MET would be
expected to be below 1.2 under the PMV applicability assumptions to care home subjects. In cases
where the estimated MET was out of the sedentary threshold (1.2 MET), further analyses were required
to identify a possible threshold of comfort PMV for care home residents under the assumption that their
body size is not different from “average adults” of 30 years old: male (70kg, 175cm, 1.8 m? of body
surface area); female (60kg, 170cm, 1.6m? of body surface area). The MET can be estimated by the
following expressions:

e MET = EER/RMR
o EER for male = 864 — 9.72xAge (years) + PA(14.2xWeight (kg) + 503xHeight (m))
e EER for female = 387 — 7.31 (years) + PA(10.9xWeight (kg) + 660.7xHeight (m))
e RMR = 10xWeight (kg) + 6.25xHeight (cm) — 4.92xAge (year) + 166xGender -161,
(Female=0, Male=1)
Where EER is the estimated energy requirement (Kcal/day) [82], RMR is the resting metabolic rate
(Kcal/day) [83], and PA is a physical activity coefficient (sedentary: PA=1, low active: PA=1.12 (1.14)

for male (female), active: PA=1.27, and very active: PA=1.54 (1.45) for male (female) [82]).

3.2.2. Adaptive comfort approach

We selected the adaptive comfort modelling framework suggested by Haldi and Robinson [66], which
unifies thermal perception and adaptive actions to maintain or restore thermal comfort'. The rationale
is that an adaptive comfort model can potentially account for individual distributions in thermal
sensations alongside personal adaptive actions and expectations in the care homes, where residents
spend the majority of their time indoors. Here, we utilised logistic regression techniques for modelling
the distribution of thermal sensations to probabilistically deduce indoor air temperatures for thermal
comfort. As evidenced in Figure 3 (b), it shows that residents without dementia seem capable of taking
action to maintain (or restore) their thermal comfort, i.e., clothing selection according to the indoor air
temperature. Also, according to the thermal preference vote, about 80% (N=28/35) of residents without
dementia did not want to change their existing indoor thermal conditions. These circumstances seem to
suggest a case for adaptive thermal comfort by modelling both occupants’ behaviours and the feedbacks

of these behaviours relating to their thermal sensations.
3.2.3. Infrared thermography of extremity skin temperature

Adaptive comfort modelling of thermal sensations may reflect care home residents’ overall thermal

comfort. However, it may not be adequate to serve as a common guideline for care homes, considering

1 Although this does in principle support building and population specific predictions (irrespective of building
types), doing so effectively in practice would require a substantially larger dataset than was available to us, to
substantiate the framework.
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the assumptions about residents’ voluntary or involuntary adaption actions, i.e., people with dementia.
In line with a clear demand for easily deployable measures, which allows carers to take timely and
adequate actions to maintain or restore their residents’ thermal comfort, we investigated how the
measured long-wave infrared thermography (IRT) data of a non-dominant hand can help to assess (or
predict) thermal comfort for older people in care homes.

From the thermal map of the IRT image, the mean temperature differences (°C) between distal phalange
(Top), capitate bones (Tcap) and distal humerus (Ton) was calculated as AT1 = Tpp - Tcap, and AT2 = Tpp
- Ton. The rationale of considering AT1 or AT; is that a significant threshold of thermal comfort may be
determined at some point where the temperature difference between finger to forearm may indicate a

persons’ thermal sensation and comfort [84].

Here we again employed probabilistic thermal comfort modelling, but now to identify a possible
thermographic threshold of thermal comfort for older people in care homes. In this way, we assess the
potential utility of thermography as an additional assessment technique for care home settings, using
the results from Childs et al’s feasibility study [21], in conjunction with the further measurements of

young adults mentioned above.

The results from the PMV, Adaptive Comfort and Infrared thermography methods are presented in
Section 4. Our intention was to assess the applicability of the three approaches to care home setting as
a pilot study and to discuss the practicability of their deployment in care homes and thus to inform the
research design of a large fieldwork campaign with which to develop a rigorous evidence base to

support thermal environment management in this little studied setting.
4. Results

4.1, Characteristics of the indoor thermal environment in the care homes

The seasonal variance of indoor air temperatures in the 15 care homes is shown in Figure 1 (a). The
annual timeline is divided into four periods: summer (May to August), ‘transition to heating’
(September), ‘heating’ (October to March) and ‘transition to summer’ (April). Transition months
(September and April) were added between two major seasons as a relatively inconsistent distribution
was found in comparison to heating and summer periods. The range of indoor air temperature over a
year was 23.62 (Mean) £ 1.21°C. In heating and summer periods, the temperature was similarly
distributed: 23.60 £ 0.95°C in heating and 23.42 + 1.01°C in summer period, respectively. The clothing

insulation (clo) had an opposite pattern to air temperature as shown in Figure 1 (b).
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Figure 1. Seasonal variance in (a) indoor air temperature (°C) and (b) Clothing insulation (clo) collected
in 15 care homes over a year. Each Notch indicates 25% from the median (thick solid line) and () is
number of samples.

A one-way between-groups analysis of variance (ANOVA) was performed to explore the seasonal
impact on indoor air temperature and clothing insulation. The two transition periods were excluded,
owing to a lack of clarity of the seasonal classification and the relatively small number of measurements
at these time point (N=7 in September and N=8 in April). There was no statistically significant
difference at the p <.05 level in indoor air temperature and clothing insulation for heating and summer
periods: F(1,52) = 0.342 with p = 0.561 (indoor air temperature) and F(1,52)=0.007 with p =0.936 in
(clothing insulation). This suggests an absence of adaptation. However, this does not confirm that the
indoor thermal environments of the 15 care homes surveyed were maintained at a consistent temperature
during the 12-month study period, even excluding April and September. To confirm if there is
consistency of indoor temperature over a year, a further field study is required to establish the details
of heating and cooling practice in care homes (including also opening/closing windows and doors for
natural ventilation).
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As care homes provide care for residents with and without dementia, the field survey data allows us to
explore differences in personal and environmental factors between these two groups. Among the known
factors affecting residents’ thermal sensations, clothing is the only one which care home residents can
voluntarily act upon. As shown in Figure 2 (b), participants with dementia tended to wear slightly
thicker clothes than participants without dementia in both heating and summer periods with two
extremity outliers, where the indoor temperature was lower than that of residents without dementia
(Figure 2 (a)). Transition months were not compared. An independent-samples t-test was performed to
compare the factors affecting thermal sensations between the two groups over a year. Table 2 shows
that there was a statistically significant difference in air temperature and clothing insulation between

the two groups.

Table 2. Outputs of Differences (T-test) in each of factors between participants with and without
dementia over a year. (): Non-dementia

N Mean St. Dev. Sig. Eta Magnitude of
squared difference
Indoor Temp (°C) 34 (35) 23.15(24.07) 1.21(1.03) .001  .149 large
RH (%) 34 (35) 49.40(52.10) 6.37 (9.60) 174 027 small
Clothing (clo) 34 (35) .70 (.60) 16 (112) 005 111 large

The selection of clothing can be considered an important voluntary action to maintain or to restore
thermal comfort. We investigated the relationship between clothing insulation (clo) and indoor air
temperature (°C). Overall, as shown in Figure 3 (a), clothing was not linearly fitted with indoor
temperature in all residents over a year, while residents without dementia were relatively more
responsive to indoor temperature change than residents with dementia. We further analysed these data
with a probabilistic approach using ordinal logistic regression. Given the sample sizes N=35 for Non-
dementia and N=34 for Dementia, the predicted probability did not meet statistical significance.
However, it reveals the differences in how the clothing selections by residents with or without dementia
responded to the indoor temperatures. Figure 3(b) shows that the predicted clothing insulation
probabilities for residents without dementia (solid lines) were inversely related to indoor temperature,
as expected (i.e., higher temperature — lower clo with reasonable changes of probabilities accordingly).
Furthermore, when indoor temperature is 21°C (low in comparison with the annual mean of 24.07°C),
the clothing level with the highest predicted probability (at 0.35) is 0.7-0.8 clo, (“thicker” than the
annual mean of 0.6 clo), while the thinnest clo (below 0.5) has the lowest probability, at 0.07. When
indoor air temperature is 26°C, (which is relatively high), the predicted probability of the thick clo (0.7-
0.8) is reduced to 0.08 (from 0.35), while the probability of the thin clo (0.5) is increased to 0.45 (from

0.07). However, the converse is the case for residents with dementia.
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The implication of a person with dementias’ selection of clothing can be problematic for maintaining
their thermal comfort considering the selection of clothing is the voluntary action to restore their thermal
comfort. Outdoor mean temperature may be a more precise predictor on selection of clo [85]. Further
study, and a significantly larger sample size, is required for this, perhaps including a survey of outdoor

activities (physical exercise) in care homes.

4.2. Application of PMV to the care home residents

4.2.1. Probability of the estimated MET for thermal neutrality

Of the six predictors on PMV estimation, metabolic rate (MET) has been identified as the most sensitive
variable [86]. We carried out a sensitivity analysis of PMV to MET, given the collected samples. A
forward finite difference equation was used to calculate magnitude of change (sensitivity, S;) of PMV
by MET (0.1 MET): S;= (PMV; — PMV))/(MET; — MET;) within the range of 0.7-2.0 MET. The
proportion was determined by max S; (10.8) and min (0.1), meaning the largest magnitude change of
PMV is 1.08 PMV between 0.7 and 0.8 MET (Figure 4). It also shows that a high sensitivity occurred
below 1.3 MET, and very high below 1 MET. This suggests that when applying PMV to assess thermal
comfort of older people in care homes, who are inherently biased towards low physical activity levels,
some care is needed in measuring (or estimating) MET. Indeed, we would argue that, with a
progressively ageing global population, there is a need for new laboratory studies on metabolic rates

with which to derive new, more applicable, predictive models.
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Figure 4. Sensitivity of the predicted mean vote (PMV) to metabolic rate (MET).

In the absence of measured MET, MET was estimated by investigating the relationship between actual
thermal sensation vote (TSV) and the predicted mean vote (PMV), under the assumption that PMV, in
principle, is applicable to care home residents. This is to investigate the diversity of personal metabolic
rate under the assumption that PMV is applicable to older residents in care homes. Considering the
uncertainty in the reliability of TSV received from participants with dementia, we used only samples
from the non-dementia group with “neutral thermal sensation”, which can be compared to “neutral”
votes predicted by PMV. We used two bands of PMV for thermal neutrality centred to 0: -1 <PMV <
1 for “loosely comfortable”, and -0.5 < PMV < 0.5 for “strictly comfortable”. Given each participant’s
actual ambient indoor climate and clothing insulation datasets, a possible metabolic rate was initially
calculated wusing the PMV calculator (CBE Thermal Comfort Tool ASHRAE-55,
https://comfort.cbe.berkeley.edu/) according to each PMV threshold value (i.e., -1.2, -1.0, -0.5, -0.2, 0,
0.2, 0.5, 1.0, 1.2). Then, the probability of each participant’s MET was estimated using multinomial
logistic regression under a threefold thermal sensation: cool (below -0.5 PMV), neutral (-0.5 <PMV <

0.5), and warm (above 0.5) in the case of “Strictly comfortable”.

Figure 5 shows the thermal neutrality probabilities fitted with the estimated MET of the non-dementia
group. The estimated MET is largely distributed between 0.91 and 1.95 in both loosely and strictly
comfortable cases, while it is centred between 1.3 and 1.39 MET by aggregation. However, considering
the expected low MET of older sedentary people compared to an average young adult (about 1.2 MET),
this result might be somewhat overestimated. This implies that the threshold of PMV (with its applicable

range) for thermal neutrality might be biased towards negative PMV values.
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Figure 5. Fitted individual thermal neutrality probabilities with respect to MET in the non-dementia.
*Solid line: aggregated thermal neutrality (black), cool (blue) and warm (red) discomfort, and their 95%
ClI (dash line). The MET value at Pcomt_ max indicates the comfort-maximising metabolic rate.

4.2.2. Possible PMV thresholds for thermal comfort in care homes

To identify a possible threshold of PMV for thermal comfort of care home residents, a first estimation
of personal MET using only the age and gender data available from the field survey was used, with
other inputs taken to be the same as an “average adult” of 30 years old. Based on the estimated MET
(plausible range of sedentary activities, 1.07 £ 0.06), each subject’s PMV was calculated. Then, using
their actual thermal sensation vote, a probabilistic model was generated using multinomial logistic
regression. Samples were again divided into two groups (dementia and non-dementia), due to the

uncertainty in thermal responses from people with dementia.

Figure 6 (a) shows that the threshold of PMV for comfort lies at around -0.76, which is biased to
“minus” from 0, given the estimated MET. The biased PMV (to minus) for thermal comfort was also
confirmed from the relationship between TSV and PMV in Figure 7 where a relatively large proportion
of thermal neutrality in TSV is placed at -1 PMV scale. However, for the dementia group, the thermally
neutral probability did not follow the normal curve. This may result from either the wrong assumptions
in estimating the MET or the unreliability of the returned TSV. If the body sizes (weight and height) of
the dementia group are not substantially different from the non-dementia group, the thermal responses
from residents with dementia are not reliable for PMV to be applicable. Furthermore, some relatively

odd discomfort votes from the dementia group can be seen in Figure 7.
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Figure 6. (a) Probabilities of thermal neutrality (black line) and discomfort (blue for cool discomfort
and red for warm discomfort) fitted with the PMV of the dementia (dash line) and non-dementia groups
(solid line); (b) Binary logistic model of warm (red) and cool (blue) discomfort to estimated PMV of
the non-dementia group with observed TSV (0=cool discomfort; 1=warm discomfort). *Dash line: their
95% CI band of the likely asymmetric location of the true parameter.

To confirm if the PMV is biased to minus for comfort, we carried out a binary (warm and cool
discomfort) logistic regression for the non-dementia group. Figure 6 (b) shows that the threshold of
PMV for thermal comfort was identified at -0.51 of PMV where both warm and cool discomfort curves
are crossed at P(1-Pwam)(1-Pcoo)=0.5. Here the model reliability is inconclusive as seen in the 95% of
confidence interval, which is largely overfitted due to a likely lack of TSV samples reporting
discomfort. However, collecting discomfort data may be challenging in field studies of existing care
homes because the corresponding conditions may endanger residents’ health. Also, the PMV-based
approach may need to consider the relatively thermally homogenous heating season in case of the UK.
In this study, the sample size of the non-dementia group for the heating season is only 9: cool (N=1);

neutral (6); warm (2).

N=1 N=17 N=11 N=5 TSV _N=1 N=19 N=10 N=4

- _—!-—-_

80%

100% 100
-
N-

=

0
11
2

80% 80

60% 60% 60

APD (%)

40% 40

40% |

20% 20% 20

. ® Dementia
0% 0% o| @MNon-Dementia @
-2 -1 0. 1 204 0 1
Non-Dementia Dementia 3 2 4 0 1 2 3
Neutral: -0.2<PMV<0.2 PMV

(a) Neutral: -0.2<PMV<0.2

16



s | NE9_ N=24  N=1 TSV

100% 100

80% m> 80% 80

60% 60% 50

z
s
[a]
o
<

40% 40% 40

20% 20% 20

0% 0% o| @ Non-Dementia

-1 0 1 -1 0 |
Non-Dementia Dementia & ) 3 5 y 2 3
Neutral: -0.5<PMV<0.5 PMV

(b) Neutral: -0.5<PMV<0.5
Figure 7. Binned actual thermal sensation vote (TSV) with respect to the interpreted PMV thermal scale
and PMV-APD (actual percentage of discomfort) relationship compared to the Fanger’s PMV-PPD
model (solid line) between the dementia and non-dementia. Cases (N<4) are excluded in PMV-APD.

4.3. Adaptive approach to thresholds of indoor air temperature for thermal comfort in care home

residents

As seen in Figure 3 (b), the residents without dementia seem to take actions to maintain their thermal
comfort or restore thermal discomfort by clothing selection in response to the indoor air temperature.
Also, according to the thermal preference vote, about 80% (N=28/35) of the non-dementia group did
not want to change their existing indoor thermal conditions. Thus, we examined an adaptive comfort
approach using probabilistic modelling to deduce thermal comfort zones in the care homes using
multinomial logistic regression on thermal sensation with respect to indoor air temperature. Owing to
the small sample size, we reclassify the 7-point TSV into three categories: cool (TSV<-1), neutral (0),
and warm (TSV>+1). Also, considering that it could be difficult for the participants to determine their
actual thermal sensations near to neutral, we also used a binary logistic regression using only the TSV
reporting cool and warm discomfort. Figure 8 shows the outputs, from which comfort zones can be
determined between 22.83°C and 23.59°C with max probabilities, where Pcomf,_max = 0.74 and P(1-
Pcoot) (1-Pwarm) = 0.87 in multinominal, and P(1-Pcoo1)(1-Pwarm) = 0.5 in binary logistic regression.

As this approach assumes voluntary adaptive actions to maintain thermal comfort, its applicability may
be limited to residents who do not have dementia. This was confirmed in the comfort probability model
fitted to the dementia group (shown in the dash lines in Figure 8 (a)). However, based on the findings
of temperature in Figure 8 and clothing insulation responding to indoor temperature in Figure 3 (b), the
thresholds derived from the non-dementia group through the adaptive method may be applicable to

provision of assistive care for residents with dementia.
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4.4. Modelling thermal comfort based on IRT imaging of extremities

4.4.]. IRT (AT1and AT>) threshold for thermal comfort in the care homes

We first performed a relational analysis between the infrared thermography (IRT) data of a non-
dominant hand and actual thermal sensation vote (TSV) to investigate how the IRT measurements can
be an indicator of thermal comfort or discomfort. As described in section 3.2.3, we focussed on the
temperature differences between the temperature of distal phalange (Top) and capitate bones (Tcap) and
distal humerus (Ton) from the physiological point of view. Hence, AT1 = Tpp - Tcap and ATz = Tpp - Ton.
Also, TSV’ was defined as the votes for thermal discomfort by excluding the “neutral” votes in the
original TSV dataset. Spearman correlation was used as TSV is categorical. Table 3 shows the outputs.
Table 3. Spearman correlation coefficients between infrared thermography (IRT) data and actual

thermal sensation vote (TSV) in both young adults and older people. TSV’: thermal discomfort where
excluding samples of neutral responses in TSV. ** Sig. <.01 and * Sig. <.05

Young Adults Care home residents
Dementia Non-Dementia
TSV TSV’ TSV TSV’ TSV TSV’
ATy Spearman-C 463 .839** -.068 -.119 247 .667*
(Top— Tcap) Sig. .061 .005 707 712 159 .018
N 17 9 33 12 34 12
AT, Spearman-C .488* .839** .076 129 .290 .631*
(Top — Ton) Sig. .047 .005 .675 .691 .096 .028
N 17 9 33 12 34 12

In the case of the young adults, Spearman correlation coefficients between A values and TSV (and
TSV’, thermal discomfort) show that there was a much stronger relationship in TSV’ than in TSV, with
the correlation being significant at the .01 level. This stronger correlation also occurred in the non-
dementia group. Furthermore, AT1 was slightly more influential than AT> on TSV’. This suggests that

AT can be a potential indictor in determining thermal discomfort (cool and warm) in both age groups.
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To confirm this, we carried out further analyses via thermal comfort modelling of the young group and
the older group separately. However, in the dementia group, the AT values were not correlated with
either TSV or TSV’. Here, if AT: is considered a potential indicator of residents’ thermal sensations,
there may be a question regarding the reliability of the TSV responses from the dementia group. We
therefore propose to extrapolate the mapping from AT values to TSV from the non-dementia group to
the dementia group, this being a reasonable compromise between reliability and practicality. Thus, only
the IRT data from the non-dementia group was used in modelling thermal comfort. Figure 9 shows how

AT are related to participants’ actual thermal sensations.
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Figure 9. Linear relationship between AT: (Top — Tcap, °C) and TSV in young adults (a) and in non-

dementia care home residents (b).

As seen in Figure 9 (both young and older people), the responses of thermal neutrality were widely
scattered through the whole range of AT:. When excluding the neutral thermal sensations from all
samples, discomfort datasets show a better linear fit between them. It follows that usage of discomfort
data can be effective when the collection of large samples may prove difficult, with cool and warm
votes being more weighted than neutral votes. To explore this further, we carried out two types of
probabilistic modelling to identify possible thresholds of AT; for thermal comfort zones: multinomial

and binary (cool and warm discomfort) logistic regression.
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Figure 10. (a) Fitted thermal neutrality (black line) and discomfort (blue for cool discomfort and red for

warm discomfort) probabilities with respect to AT1 by using multinomial logistic regression for the non-

dementia group (Dash line: young adults). (b) Fitted binary (cool and warm) discomfort model on AT

for the non-dementia group with observed TSV (0=cool; 1=warm, Dash line: 95% CI).

In Figure 9, the discomfort samples are biased to warm (in older people) and cool (in young adults).
The fitted thermally neutral probabilistic model is also biased accordingly as shown in Figure 10 (a).
To identify the threshold of AT for thermal neutrality, the cross-point of discomfort was used: P(1-
Pcoo)(1-Pwarm). In the case of young adults, the threshold for thermal neutrality (neither cool nor warm)
was found to be near to 0 (-0.05°C of AT1) with P(1-Pcoo)(1-Pwarm)=0.74, while that of older people was
-1.71°C of AT1 with P(1-Pcoor)(1-Pwarm)=0.84. Similarly, this threshold of older people was determined
using the binary approach in Figure 10 (b): AT1 = -1.96 °C with P(1-Pcoot)(1-Pwarm) = 0.5. However, as
indicated by the 95% ClI, the determination of a possible range of AT for thermal comfort is limited by
the small sample size. Notably, the young adult’s threshold of thermal neutrality met the theoretically

ideal point, AT1 = 0, where Tpp is equal to Tcap; Whereas older people are associated with a lower value.

4.4.2. Factors in IRT (ATx)

We investigated which factors are dominant in determining AT using Pearson correlations (Table 4).
Firstly, common to both age groups, AT: is more strongly correlated with Tp, than with Tcap. This
confirms what is physiologically expected: fingertips (Top) as radiator organs. Secondly, there were
different correlation coefficients found in each of the variables in the two age groups. In the case of
young adults, indoor air temperature (+), clothing insulation (+) and age (-) were strongly correlated
with AT, while core body temperature (+) and clothing insulation (-) had an influence on AT; at a level

of sig. < .01 in older people.

Another noteworthy observation is that clothing insulation in care home residents is negatively
correlated with ATs, in contrast to that observed in young adults. However, as we know from the field
survey that the prevailing indoor thermal condition (air temperature) of the dementia group was lower
than the non-dementia group (also the opposite in clothing insulation, see Figure 2), the negative
influence of clothing on ATy was clearly found only in the dementia group (Table 4). This implies that

under a (relatively) low temperature condition, thicker clothing may not always lead to an increase of
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hand temperature. Furthermore, the effect of frailty (clinical score 0 to 6: 0, very fit; 6, severely frail)
on AT was found not statistically significant.
Table 4. Pearson correlation coefficients between infrared thermography (IRT) AT1 (Top — Tcap, °C) and

several factors in both young adults and care home residents. () is Sig. ** Sig. < .01 and * Sig. < .05.
For frailty, Spearman correlation.

Top, Tcap, Core Body Indoorair  Clothing Age  Frailty

(°C) (°C) Temp, (°C) temp, (°C) (clo) (years)
Young adults  N=17 .916** .324 .086 .833** J24%*% - 611** -
(<.001)  (.205) (744)  (<.001) (.001) (.009) -
Older total N=67 .862**  411** .349%* 150  -.339*%* -.166 -121
(<.001) (<.001) (.004) (.222) (.005) 177y (.327)
Non-dementia N=34 .816** .326* .249 .037 -.059 -.357* -.080
(<.001) (.033) (.155) (.832) (.735) (.035)  (.648)
Dementia N=33 875**  452** .303 -.011 -.363* -.046 .004

(<.001)  (.008) (086)  (953)  (.038)  (798)  (.983)

Table 5. Coefficients of multiple regression model for both young adults and older people and their
error statistics: the observed and predicted mean + 95% confidence interval for mean (°C), mean
absolute error (MAE), root mean squared error (RMSE).

Dependent Independent B Std. Error Beta Sig.

R2=700 AT (°C) (Constant) -48.988 17.381 .015
p=.001 Young adults  Air temperature (°C) 2.045 .818 814 .027
N=17 Clothing (Clo) 2.259 5.959 .104 711
Age (years) .045 124 .087 723

R?=209 AT; (°C) (Constant) -43.942 17.251 .013
p=.001 Older people  Core body temp (°C) 1.228 465 .298 .010
N=67 Clothing (Clo) -3.332 1.256 -.299 .010
Error Statistics Mean. Pred. Mean. Obs. MAE (°C) RMSE (°C)
Young adults -2.73+1.42 -2.73+1.70 1.58 1.76

Older people -1.02+0.19 -1.02+0.41 1.19 1.47

In the multiple linear regression analysis, the variables were selected at a level of Sig. <0.01 (Table 4).
Considering AT; and other variables, which are the objective and continuous measurements, all samples
(N=17 for young adults and N=67 for older people) were used in the analysis. Table 5 shows the outputs
of multiple linear regression analysis and its error statistics. The indoor air temperature (+) was
identified as the most influential factor on AT (°C) in young adults, but other variables did not meet
statistical significance owing to the small sample (N=17). In older people however, core body
temperature (+) and clothing insulation (-) had a similar influence on AT; at a level of Sig.<0.05. Like
the correlational study, the effect of clothing insulation on AT; was negative, which might be derived
from those residents with dementia (see Table 4). By contrast to young adults, core body temperature
can play a key role in AT; for older people. This implies that under the controlled indoor thermal
conditions of care homes, the interplay between physical activity, metabolic heat production and core
body temperature can be reflected in cutaneous blood flow to fingertips (radiator organs), a visible (via
IRT) reflection of the distribution of heat at the extremities and a crucial indicator of thermal comfort

in older people.
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Given the coefficients of the multiple regression model, we further evaluated model reliability. As the
sample size is not sufficient to validate with other tests, only error statistics were examined within the
modelled sample. Owing to the different correlated predictors and strengths in the correlation study,
cross-validation between age groups was not considered either. Finally, following Haldi and Robinson
[85], evaluation of model reliability in thermal comfort modelling can be performed by assessing the
proportion of correctly classified thermal sensations through comparison between actual TSV and the
thermal sensations predicted by AT, derived from the regression model. However, as we only have
identified the threshold of AT for thermal comfort in both age groups (-0.05°C for young adults; -
1.96°C or -1.71°C for older people), the reliability of thermal comfort modelling based on IRT imaging

of extremities should be evaluated in further research.

5. Discussion and Conclusions

In this paper, we have introduced a novel probabilistic technique for thermal comfort modelling which
accounts for individual distributions of thermal sensations potentially derived from personal
expectations and biological ageing compounded with residents’ underlying health conditions. Applying
it to the evaluation of heat balance, adaptive comfort, and thermographic methods to care home setting,
this pilot study aimed to inform the research design of a large fieldwork campaign, to develop a rigorous
evidence base to support thermal design and control for the care home sector. The data underpinning
all three should be consolidated, with a view to determining which of them can be most reliably and
practicably employed to satisfy the dual objectives of energy and discomfort minimisation. Whilst these
models provide valuable insight to the complex problem of provision of thermal comfort to older
people, the utility of employing these models in day-to-day residential care has yet to be investigated

for possible incorporation into care guidelines.

Applicability of PMV in care homes: In the absence of measured energy expenditure and thus metabolic
rate, PMV may be applicable to care homes in principle under an assumed plausible MET range (1.07
+ 0.06) of sedentary activities, where the body sizes of residents are not significantly different from
average young adults and the threshold of comfort PMV lies at around -0.75 to -0.51. However, the
applicability of this stationary model to dynamic everyday life in care homes and the level of frailty of
the older residents is challenging in terms of data requirements and sensitivity on PMV estimation.
PMV is particularly sensitive to air speed, clothing insulation and MET. Thus, inaccurate assumptions
can undermine the utility of PMV-based thermal comfort assessment [54]. Havenith et al. [28] reported
that clothing insulation (clo) and MET (below 2 MET in particular) must be carefully considered in
PMV assessment. However, real life measurements of metabolic rate, using indirect calorimetry, are
challenging and would require a feasibility study for this very aged group. Also, current equations of

resting metabolic rate should be evaluated for their reliability [87].

Adaptive methods to deduce thermal comfort temperature: The failure to account for feedback of
behavioural adaptations can undermine the applicability of a stationary PMV model to transient
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environments. As discussed by Haldi and Robinson [66], conventional comfort criteria account for
comfort assessment and adaptive actions (and personal expectations) separately, despite these being
intrinsically interdependent. This study suggests that Adaptive Comfort appears to be well suited and
can also consider feedbacks from adaptive actions, but this requires a significant pool of data. Based on
the field survey, the threshold of comfort temperature is determined between 22.83°C and 23.60°C using
measurements obtained from patients without dementia only. This finding would be comparable to the
indoor minimal risk temperature for thermal-related health effects recommended from the WHO
guideline [88]: for instance, 22-23°C for heat-related conditions in the United Kingdom. Further studies

are required to establish guidelines for older people under cold-related conditions.

Infrared thermographic imaging of the skin temperature of the non-dominant hand: The difference in
skin temperatures between distal phalange and capitate bones can be an indicator of thermal comfort
for care home residents who may have difficulties in taking timely adaptive actions, where the threshold
for thermal neutrality is between -1.96°C and -1.71°C ATy, which is lower than that of young adults
(near to 0°C AT3). If these measurements can be practically deployed, the IRT based approach would be
valuable for carers to make timely assessments and to take adequate actions to help the residents who

are unable to communicate appropriately to maintain or restore thermal comfort.

Finally, based on the findings of this study, the following measures can be considered to mitigate
potential thermal discomfort for older residents living in residential care where the usual activity is of
a sedentary nature:

e Indoor air temperature between 22.83°C and 23.60°C as a comfortable range over a year.

e Cloof 0.6 +0.12 as derived from the non-dementia group, but this should be updated through

further modelling of clothing selection corresponding to both outdoor and indoor temperature.

6. Implications and Future Studies

This pilot study shows that probabilistic thermal comfort modelling technique is pertinent to the care
home setting, but doing so effectively in practice would require a substantially larger dataset to
substantiate the model reliability. The sample size of logistic models in medical studies can typically
be examined by an Event per Variable criterion (EPV), which is determined by the ratio of the number
of events divided by the number of predictor variables (strictly, degree of freedom [89]). Although this
can vary depending on the strength of association between covariates and outcomes, such as the
estimated maximum likelihood of odd ratio [90, 91], EPV > 10 can be considered the minimum in the
binary model with a single predictor [92, 93], or EPV > 50 in case of stepwise predictor selection with
a significance level of 0.05 [94]. This suggests samples of at least N=50 for each discomfort event (cool
and warm). Sampling must also be carefully performed to effectively represent the distinct ‘populations’

of care home residents. For instance, this study divided samples into people with and without dementia,
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and found that all three approaches were limited by the samples collected from subjects with dementia
(compounded by the likelihood that votes from this group are uncertain).

In further studies, it would be beneficial to collaborate with carers in collecting samples from care home
residents during their everyday life. It is of a particular research interest to acquire survey data for both
cool and warm conditions, and for sufficiently large sample to identify statistically reliable thresholds
of thermal comfort. This is because participants (even young adults) have difficulties in defining their
actual thermal sensations near thermal neutrality [95]. Considering the decreased thermal sensitivity
and perception, it will be more difficult for older residents in care homes to determine and communicate

reliably their actual thermal sensation near to neutral.

To place the adaptive comfort model into practice, the availability of individual adaptive behaviours
and corresponding feedbacks must be effectively examined, even under the relatively homogeneous
indoor thermal environments. Observed examples of adaptive behaviours of older people [15, 96, 97]
include adjusting their location, activity level, posture, clothing, and use of doors, curtains and blinds

and the consumption of drinks.

Given that care homes (and other relevant facilities) have limited potential to provide personalised
indoor climates to residents, it would seem particularly important to account for the combined effect of
biological ageing and personal health conditions together with available adaptive actions and their
impacts on under- or over-heating risks, to avoid adverse health effects. Even in the UK context, care
homes can be exposed to potential overheating risk during the summer period [98], where indoor
cooling largely relies on natural ventilation. It would also be useful to better understand the extent to
which setpoint temperatures (for heating) can be lowered by compensating with higher clothing level
(or with other possible operational aids) whilst ensuring localised comfort is not compromised, to save

energy and reduce carbon emission.

Finally, this pilot study has only shown a ‘learning’ in understanding the conditions of the built
environment that has been little studied for those being cared. Further research is required to drive
forward our understanding of thermal comfort and ways of achieving comfort for those at risk in the
care home environment, and thus to support the evidence-based formulation of guidelines for the indoor

environmental management of care homes.
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