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1. Introduction 
The global prevalence of Alzheimer’s disease and related 
dementias (ADRD) is projected to exceed 150 million by 
2050, with approximately 50% of affected older adults 
residing in institutional long-term care settings such as 
nursing homes (NHs) [1,2]. In the United States alone, more 
than 1.2 million individuals live in approximately 15,000 
Medicare- and Medicaid-certified NH facilities, and residents 
with ADRD constitute the majority of this population [2]. 

These individuals spend an estimated 90% or more of their 
time indoors, making the quality of the indoor environment 
a critical, yet often overlooked, determinant of their health 
and well-being [3,4]. 

Indoor environmental quality (IEQ) includes thermal 
comfort, indoor air quality (IAQ), lighting, and acoustics, 
all of which have been linked to the behavioral and 
psychological symptoms of dementia (BPSD), including 
agitation, aggression, sleep disturbances, and depressive 
affect [5–7]. Tartarini et al. demonstrated that cumulative 

Abstract: Background: Older adults in nursing homes (NHs), particularly those with Alzheimer’s disease and 
related dementias (ADRD), spend most of their time indoors and may be vulnerable to poor indoor environmental 
quality (IEQ). Multi-pollutant IEQ in U.S. dementia care facilities remain limited. Objectives: To characterize 
indoor air quality (IAQ), thermal comfort, and ventilation across residential and common rooms in three NHs 
serving residents with dementia, and to descriptively explore room-level environmental conditions with cognitive 
status. Methods: TSI AirAssure monitors were deployed in eight residential rooms and five common areas across 
three Oklahoma NHs (NH-A, NH-B, NH-C) in October 2023 and February 2024. Temperature, relative humidity (RH), 
CO2, PM2.5, PM10, total volatile organic compounds (tVOC), CO, NO2, and O3 were recorded at 1- or 15-minute intervals. 
Ventilation rates (air changes per hour, ACH) were estimated from CO2 decay curves. Residents’ cognitive status, 
depression scores, and clinical diagnoses were abstracted from the Minimum Data Set (MDS). Results: Temperature 
and RH generally met ASHRAE 55 guidelines, though the winter-monitored facility showed low-humidity 
exceedances. CO2 concentrations were predominantly below the 1000 ppm ASHRAE 62.1 threshold, although 
one residential room in NH-C exceeded this guideline 29.9% of the time. tVOC exceeded the Comité Européen 
action level (0.4 mg m−3) across 19.2%–100% of observations in every monitored location. PM2.5 and PM10 were 
generally low, with short duration spikes in several rooms in NH-B. Estimated ventilation rates ranged from 
0.84 to 5.07 ACH. Conclusions: This pilot multi-facility assessment identifies IEQ concerns in Oklahoma NHs 
serving residents with dementia, particularly elevated tVOC levels, winter-season low humidity, and low 
estimated ventilation in selected rooms. The findings support targeted source control, humidity, ventilation, 
and motivate larger longitudinal studies to evaluate whether chronic indoor environmental exposures are 
related to cognitive or behavioral outcomes in this vulnerable population. 
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exposure to temperatures above or below an empirically 
derived reference temperature of 22.6 °C was linearly 
correlated with agitation frequency in NH residents 
with dementia [8]. Ma et al. reported that low indoor 
humidity during heating seasons and elevated nighttime 
CO2 concentrations were the primary environment related 
complaints in a Dutch NH [9]. The landmark Geriatric study 
in Europe on health effects of air quality in nursing homes 
(GERIE) study, a multi-country European investigation, found 
that even at low concentrations, PM10, NO2, and formaldehyde 
were associated with excess risks of breathlessness, 
cough, and wheeze among NH residents, with effects more 
pronounced in poorly ventilated facilities [4]. More recently, 
a scoping review highlighted that total volatile organic 
compound (tVOC) levels were significantly correlated with 
behavioral changes in people with moderate to severe 
dementia [7]. 

Despite the growing evidence, comprehensive multi-
pollutant IEQ assessments in U.S. NHs remain limited. 
Prior studies have largely focused on single parameters 
(e.g., temperature or CO2 alone) or have been conducted 
in European or Asian settings where building codes, climate, 
heating, ventilation, and air conditioning (HVAC) systems, 
and care delivery models differ substantially from those 
in the U.S. [10,11]. Furthermore, the intersection of IAQ with 
residents’ cognitive status, as measured by validated clinical 
instruments such as the Brief Interview for Mental Status 
(BIMS), has rarely been explored in field studies [12–14]. 
This gap is particularly consequential in Oklahoma and 
the broader south-central U.S. [15,16], where extreme 
seasonal temperature variations, reliance on forced air 
HVAC, aging building stock, and healthcare infrastructure 
disparities may create exposure conditions that are not 
be adequately represented by studies conducted elsewhere. 

To address these knowledge gaps, we conducted a 
pilot cross-sectional environmental assessment across 
three NH locations in Oklahoma serving residents with 

ADRD. Our objectives were to: (1) characterize the spatial 
and temporal distribution of nine IAQ parameters 
(temperature, RH, CO2, PM2.5, PM10, tVOC, CO, NO2, O3) 
in residential and common rooms; (2) evaluate these 
parameters against established regulatory or guideline 
values and compare them with findings from the international 
literature; and (3) descriptively explore room-level IEQ 
in relation to residents’ cognitive function. The findings 
are intended to inform IEQ management practices in 
dementia care facilities and to guide the design of future 
epidemiological studies examining chronic indoor 
environmental exposures in this vulnerable population. 

2. Methods 

2.1. Study setting and design 

This pilot cross-sectional environmental assessment was 
conducted in three NH facilities (NH-A, NH-B, and NH-C) 
in Oklahoma, USA. Facility labels are anonymized study 
identifiers and do not indicate monitoring order. This study 
was reviewed and approved by the University of Oklahoma 
Institutional Review Board (IRB-15818). NH-A and NH-C 
were monitored in October 2023 (fall), and NH-B was 
monitored in February 2024 (winter). In total, 87 occupants 
resided in these three facilities at the time of monitoring. 
The linked resident-level analyses were limited to the 
eight residents occupying the monitored residential rooms. 
Eight residential rooms and five common rooms were 
selected for monitoring across the three facilities (Table 1). 
Each residential room in NH-A and NH-C accommodated 
one resident, while each room in NH-B accommodated 
two residents. Common rooms included dining areas, 
an activity room, a front lobby, and a television room, 
which were shared by occupants within the respective 
facilities for meals, recreation, and socialization.

Table 1. Monitoring configuration and resident characteristics among the eight monitored residential rooms. 
Characteristic NH-A NH-B NH-C Overall 
Monitored resident rooms, n 2 4 2 8 
Monitored common areas, n 2 1 2 5 
Monitoring window 2023-10-10 to  

2023-10-12 
2024-02-06 to  
2024-02-11 

2023-10-17 to  
2023-10-21 

2023-10-10 to  
2024-02-11 

Residents with linked MDS, n 2 4 2 8 
Age, years, mean (SD) 81.8 (11.6) 81.0 (21.1) 71.5 (13.2) 78.8 (16.0) 
Female, n/N (%) 1/2 (50.0%) 3/4 (75.0%) 2/2 (100.0%) 6/8 (75.0%) 
White, n/N (%) 1/2 (50.0%) 4/4 (100.0%) 2/2 (100.0%) 7/8 (87.5%) 
BIMS score, median (IQR) 8.5 (5.8–11.2) 2.5 (1.8–6.0) 0.5 (0.2–0.8) 2.5 (1.0–5.8) 
Depression score, median (IQR) 1.5 (0.8–2.2) 0.0 (0.0–0.2) 0.0 (0.0–0.0) 0.0 (0.0–0.2) 
Any dementia, n/N (%) 2/2 (100.0%) 4/4 (100.0%) 2/2 (100.0%) 8/8 (100.0%) 
Chronic lung disease, n/N (%) 1/2 (50.0%) 1/4 (25.0%) 1/2 (50.0%) 3/8 (37.5%) 
Respiratory failure, n/N (%) 1/2 (50.0%) 1/4 (25.0%) 0/2 (0.0%) 2/8 (25.0%) 
Dyspnea, n/N (%) 0/2 (0.0%) 1/4 (25.0%) 0/2 (0.0%) 1/8 (12.5%) 
Oxygen therapy, n/N (%) 0/2 (0.0%) 1/4 (25.0%) 1/2 (50.0%) 2/8 (25.0%) 
Current tobacco use, n/N (%) 0/2 (0.0%) Not available 0/2 (0.0%) 0/4 (0.0%) 
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2.2. Indoor environmental monitoring 
Indoor environmental parameters were continuously 
monitored using TSI AirAssure IAQ Monitors (Model 
8144-6, TSI Inc., Minnesota, USA) [17,18]. These multi-
sensor instruments simultaneously measure temperature, 
RH, barometric pressure, PM1, PM2.5, PM4, and PM10, CO2, 
CO, NO2, O3, and tVOC. Full sensor specifications, ranges, 
and accuracies are detailed in Table S1 of the Supplementary 
Information. Data were logged at 15-minute intervals in 
NH-A and NH-C and at 1-minute intervals in NH-B because 
the NH-B deployment used an updated logging configuration 
implemented after the fall monitoring visits. 

Monitors were placed at a height of approximately 
2.0 to 2.2 m above the floor (Figure S1) to minimize 
disturbance or accidental contact, since residents with 
dementia may move unpredictably within the room and 
could tamper with or displace equipment if it were 
installed at a lower height. Monitors were located away 
from direct HVAC supply diffusers, windows, and doors 
to minimize localized airflow artifacts. The PM response 
was further verified in the laboratory by co-locating each 
study monitor with a reference instrument and reviewing 
inter-instrument agreement before deployment. 

2.3. Ventilation assessment 
For each residential room, the ventilation rate (air changes 
per hour, ACH) was estimated by fitting nighttime indoor CO2 
measurements to a single-zone mass-balance model [19,20]. 
The model considers CO2 generation from occupant 
exhalation and removal through ventilation exchange 
with outdoor air: 

dCin(t)
dt

=
n ∙ S

V
+ ACH × Cout
− ACH × Cin(t) 

(1) 

where 𝐶𝐶𝑖𝑖𝑖𝑖(𝑡𝑡) is the indoor CO2 concentration at time 𝑡𝑡, 
𝑆𝑆 is the CO2 generation rate per occupant, 𝑛𝑛 is the number 
of occupants, 𝑉𝑉  is the room volume, and 𝐶𝐶𝑜𝑜𝑜𝑜𝑜𝑜  is the 
outdoor CO2 concentration. The CO2 generation rate 
was assumed to be 9 L h−1 per person for older adult 
occupants based on measurements reported by Yan et al. 
and outdoor CO2 𝐶𝐶𝑜𝑜𝑜𝑜𝑜𝑜was assumed to be 450 ppm, 
consistent with typical outdoor background levels reported 
by American Society of Heating, Refrigerating and Air-
Conditioning Engineers (ASHRAE) [21,22]. 

Under the assumptions of constant source strength, 
constant outdoor concentration, and well-mixed room 
air, the analytical solution to Equation (1) is: 

Cin(t) = Cout +
n ∙ S

V ∙ ACH
+ (Cin(0) − Cout

−
n ∙ S

V ∙ ACH
)e−ACH∙t 

(2) 

where 𝐶𝐶𝑖𝑖𝑖𝑖(0) is the indoor CO2 concentration at the 
start of the analysis period. The room-specific ACH was 
estimated by fitting Equation (2) to observed nighttime 
CO2 data for each room. Candidate fitting windows were 
selected from periods with relatively stable inferred 

occupancy, operationally defined as nighttime intervals 
with no abrupt CO2 step changes, no obvious door/window 
disturbance signatures, and a coherent decay pattern 
after peak CO2. Room-specific ACH values were then 
obtained by nonlinear least-squares fitting, with ACH 
constrained to positive values. ACH was not estimated for 
common rooms because continuous and variable occupancy 
precluded identification of clean decay periods. Because 
NH-B used 1-minute data while NH-A and NH-C used 
15-minute data, the fitted decay curves differ in temporal 
resolution and should be interpreted as approximate 
screening estimates rather than directly comparable 
precision measurements. 

2.4. Resident health data 
Resident demographic and clinical data were shared by 
the participating nursing homes and abstracted from the 
Minimum Data Set (MDS) [13]. Abstracted items (Table 1) 
included the BIMS score, an integer score ranging from 0 
to 15 and commonly classified as cognitively intact (13–15), 
moderately impaired (8–12), or severely impaired (0–7) [17]; 
mood/depression score; diagnoses of Alzheimer’s disease 
and non-Alzheimer’s dementia; chronic lung disease; 
respiratory failure; dyspnea; oxygen therapy; and current 
tobacco use. Demographic variables included age, sex, and 
race/ethnicity. For all monitored residents, the MDS 
Assessment Reference Date fell within three days before 
the start of environmental monitoring. All eight residents 
in the monitored rooms had a documented diagnosis of 
either Alzheimer’s disease or non-Alzheimer’s dementia.  

2.5. Regulatory guidelines 
Measured IAQ parameters were evaluated against the 
following guidelines: temperature and RH against 
ASHRAE Standard 55 (thermal comfort for sedentary 
occupants, 20–26 °C and RH 30%–60%) [23]; CO2 against 
ASHRAE Standard 62.1 (1000 ppm above outdoor levels, 
approximated as 1000 ppm total) [24]; PM2.5 and PM10 
against the U.S. Environmental Protection Agency (EPA) 
24-hour National Ambient Air Quality Standards (NAAQS; 
35 and 150 µg m−3, respectively) [25] and the World Health 
Organization (WHO) 2021 Air Quality Guidelines (15 µg m−3 
for PM2.5) [26]; tVOC against the Comité Européen (CE) 
action level (~0.4 mg m−3) [27]; CO against the EPA 8-hour 
NAAQS (9 ppm) [25]; NO2 against the EPA 1-hour NAAQS 
(100 ppb) and WHO 24-hour guideline (25 ppb) [25,26]; 
and O3 against the WHO 8-hour guideline (60 ppb) [26]. 
The CE tVOC action level was used because no directly 
comparable U.S. ASHRAE pollutant-specific tVOC guideline 
was available for this study context, and the CE value 
provides a commonly cited screening benchmark for 
indoor volatile organic compound (VOC) burden. 

2.6. Data analysis 
Descriptive statistics were calculated for each parameter 
by facility and room type (residential vs. common). The 
percentage of monitoring time during which each parameter 
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exceeded the applicable guideline was computed. Box 
plots and time-series visualizations were generated to 
illustrate spatial and temporal variability across facilities 
and room types. To facilitate inter-room comparison, IAQ 
parameters were min-max normalized and presented as 
radar plots overlaid on BIMS scores. Because the sample 
included only eight residents and rooms were clustered 
within facilities, all room-level health-environment comparisons 
are presented as descriptive and exploratory only; no 
multiplicity adjustment or clustering model was applied. 
Spearman rank correlation analysis was conducted only 
for NH-B because it had the largest and highest resolution 
monitoring dataset, and the analysis was used to describe 
correlations among IAQ parameters rather than to test 
hypotheses. ACH was plotted against BIMS scores and 
summarized by broad BIMS category for visualization 
only All analyses were conducted in R using packages 
including tidyverse, ggplot2, dplyr, and stats for data 
processing and visualization [28]. 

3. Results 
3.1. Facility and resident characteristics 
Table 1 summarizes the monitoring configuration and 
linked resident characteristics for the eight monitored 
residential rooms and these values should not be interpreted 
as facility-level demographic summaries of all 87 occupants. 
The three NHs were monitored for 2 to 5 days each. The 
eight monitored residents (six female, 75.0%) had a 
mean age of 78.8 years (SD = 16.0). All eight had documented 
dementia diagnoses, including non-Alzheimer’s dementia 
(n = 6), and Alzheimer’s disease (n = 2). Median BIMS 

scores ranged from 0.5 (IQR: 0.2–0.8) in NH-C to 8.5 
(IQR: 5.8–11.2) in NH-A. Three residents (37.5%) had 
chronic lung disease, two (25.0%) had respiratory failure, 
and two (25.0%) were receiving oxygen therapy, indicating 
a clinically vulnerable monitored sample rather than a 
purposively selected respiratory disease cohort. 

3.2. Thermal comfort 

Figure 1 shows box plots of IAQ parameters stratified 
by nursing home and room type, while Figure S2 presents 
the time series of multiple IAQ parameters across the 
three nursing homes. Mean indoor temperatures ranged 
from 22.3 °C (NH-C residential rooms) to 24.5 °C (NH-B 
residential rooms), with all facility-level means within 
the ASHRAE 55 comfort range of 20–26 °C (Table 2) [23]. 
At the room level, B_NH_2 exceeded 26 °C for 28.5% of 
the monitoring period, and B_NH_3 exceeded this 
threshold 9.2% of the time (Table S2). These exceedances 
were intermittent, with maximum temperatures of 
28.6–28.7 °C. 

Relative humidity differed markedly by season. In the 
fall-monitored facilities (NH-A and NH-C), mean RH ranged 
from 42.5% to 47.8%, comfortably within the ASHRAE 
55 recommended range of 30%–60% [23]. In contrast, the 
winter-monitored NH-B exhibited substantially lower RH, 
with facility-level means of 28.7%–28.8%. At the room level, 
RH fell below 30% for 47.8%–73.8% of monitoring time 
across all five NH-B locations (Table S3), with the lowest 
values reaching 20% RH. This pattern is consistent with 
winter forced-air heating without supplemental humidification.

 
Figure 1. Box plots of air quality parameters by nursing home and room type. (a) CO2; (b) PM2.5; (c) Temperature; 
(d) Relative humidity; (e) tVOC; (f) O3. Boxes represent the interquartile range with median line; whiskers 
and points show the plotted distribution according to the figure settings. Guideline lines, where shown, 
are screening thresholds rather than inferential cutoffs. 
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Table 2. Summary statistics of indoor air quality parameters by nursing home and room type (mean ± SD 
[median; IQR]). Values in parentheses indicate percent of observations exceeding the listed screening guideline. 
Bold indicates mean values outside the listed screening guideline. 

Parameter Guideline 
(Reference) 

NH-A Common 
Area 

NH-A Resident 
Rooms 

NH-B Common 
Area 

NH-B Resident 
Rooms 

NH-C Common 
Area 

NH-C Resident 
Rooms 

Temperature 
(°C) 

20–26 
(ASHRAE 55) 

23.8 ± 0.9 
[23.6; 23.2–24.5] 

23.4 ± 1.5 
[24.0; 22.4–24.6] 

24.4 ± 0.4 
[24.4; 24.2–24.6] 

24.5 ± 1.3 
[24.4; 23.8–24.9] 
(10% > guideline) 

23.4 ± 0.6 
[23.4; 23.1–23.8] 

22.3 ± 1.1 
[21.9; 21.4–23.1] 

Relative 
Humidity (%) 

30–60 
(ASHRAE 55) 

46.1 ± 3.3 
[46.0; 44.0–48.0] 

44.8 ± 3.5 
[43.0; 43.0–47.0] 

28.7 ± 2.5 
[29.0; 26.0–30.0] 

28.8 ± 3.3 
[29.0; 27.0–31.0] 

42.5 ± 2.5 
[42.0; 41.0–44.0] 

47.8 ± 3.3 
[48.0; 45.0–50.0] 

CO2 (ppm) 1000 
(ASHRAE 
62.1) 

688.1 ± 110.3 
[657.5; 599.2–
788.0] 
(0% > guideline) 

595.7 ± 128.0 
[586.0; 481.0–
669.5] 
(1% > guideline) 

449.5 ± 36.4 
[442.0; 422.0–
474.0] 

616.8 ± 93.2 
[613.0; 541.0–
682.0] 
(0% > guideline) 

822.9 ± 104.5 
[818.0; 757.0–
879.0] 
(5% > guideline) 

848.9 ± 134.5 
[833.0; 734.0–
959.0] 
(18% > guideline) 

PM2.5 (µg m⁻³) 35 
(EPA 24-hr 
NAAQS) 

2.9 ± 3.4 
[3.0; 2.0–3.0] 
(0% > guideline) 

2.7 ± 0.6 
[3.0; 2.0–3.0] 

4.7 ± 4.6 
[4.0; 2.0–6.0] 
(0% > guideline) 

4.5 ± 22.9 
[2.0; 1.0–4.0] 
(1% > guideline) 

2.6 ± 1.5 
[2.0; 2.0–3.0] 

2.6 ± 10.3 
[1.0; 1.0–1.0] 
(1% > guideline) 

PM10 (µg m⁻³) 150 
(EPA 24-hr 
NAAQS) 

2.9 ± 3.4 
[3.0; 2.0–3.0] 

2.7 ± 0.6 
[3.0; 2.0–3.0] 

5.1 ± 5.6 
[4.0; 2.0–6.0] 

5.2 ± 29.3 
[2.0; 1.0–4.0] 
(1% > guideline) 

2.6 ± 1.9 
[2.0; 2.0–3.0] 

2.7 ± 11.6 
[1.0; 1.0–2.0] 
(0% > guideline) 

tVOC (mg m⁻³) 0.4 
(CE action 
level) 

2.9 ± 4.3 
[1.6; 1.0–2.3] 
(100% > 
guideline) 

0.3 ± 0.4 
[0.1; 0.0–0.4] 
(24% > 
guideline) 

0.4 ± 0.3 
[0.3; 0.1–0.7] 
(41% > guideline) 

0.4 ± 0.4 
[0.2; 0.0–0.8] 
(42% > guideline) 

0.3 ± 0.3 
[0.2; 0.1–0.6] 
(38% > guideline) 

0.4 ± 0.3 
[0.2; 0.1–0.6] 
(41% > guideline) 

CO (ppm) 9 
(EPA 8-hr 
NAAQS) 

0.8 ± 0.4 
[0.9; 0.4–1.2] 

0.3 ± 0.2 
[0.4; 0.1–0.5] 

0.0 ± 0.0 
[0.0; 0.0–0.0] 

2.6 ± 0.8 
[2.6; 2.0–3.1] 

1.4 ± 0.4 
[1.4; 1.1–1.6] 

0.7 ± 0.3 
[0.7; 0.5–0.9] 

NO2 (ppb) 100 
(EPA 1-hr 
NAAQS) 

11.9 ± 10.6 
[10.0; 0.2–21.0] 

6.8 ± 11.5 
[0.0; 0.0–14.2] 

3.3 ± 5.2 
[0.0; 0.0–6.0] 

9.3 ± 13.9 
[0.0; 0.0–16.0] 
(0% > guideline) 

2.9 ± 6.3 
[0.0; 0.0–4.0] 

51.6 ± 22.2 
[55.0; 36.0–67.0] 
(1% > guideline) 

O3 (ppb) 60 
(WHO 8-hr) 

5.6 ± 8.7 
[0.0; 0.0–9.0] 

5.5 ± 4.1 
[7.0; 0.0–8.2] 

0.1 ± 0.6 
[0.0; 0.0–0.0] 

21.4 ± 23.0 
[11.0; 1.0–32.0] 
(7% > guideline) 

28.0 ± 20.3 
[19.0; 15.0–43.0] 
(11% > guideline) 

0.5 ± 2.7 
[0.0; 0.0–0.0] 

3.3. Carbon dioxide and ventilation 

Room-level mean CO2 concentrations ranged from 
449.5 ppm (NH-B common area, Table 2) to 898.0 ppm 
(C_NH_1), Table S2. Most locations remained below the 
1000 ppm ASHRAE 62.1 screening threshold; however, 
C_NH_1 exceeded this threshold 29.9% of the time, and 
C_NH_2 exceeded it 15.1% of the time (Table S3). These 
rooms also had low estimated ACH values (1.16 and 
1.09 h−1, respectively; Table S4). Common room C_CR_2 

exceeded 1000 ppm of CO2 for 8.5% of observations, 
consistent with periods of higher occupancy. 

Table S4 summarizes the estimated ACH values for 
the eight residential rooms. Estimated ventilation ranged 
from 0.84 ACH (A_NH_2) to 5.07 ACH (B_NH_4) (Figure 2a). 
Using the ASHRAE 170 minimum threshold of 2 ACH as 
a reference [29], five rooms met or exceeded this benchmark 
(A_NH_1, B_NH_1, B_NH_2, B_NH_3, and B_NH_4), 
while A_NH_2, C_NH_1, and C_NH_2 were below 2 ACH. 
Because logging intervals differed by facility, these ACH 
values should be compared descriptively. 

 
Figure 2. Descriptive ventilation rate results across eight resident rooms. (a) Estimated ACH by room with 
corresponding BIMS score; (b) Scatterplot of ACH and BIMS score; (c) ACH summarized by broad BIMS 
category. Room labels are abbreviated for readability: A1 = A_NH_1, A2 = A_NH_2, B1 = B_NH_1, B2 = B_NH_2, 
B3 = B_NH_3, B4 = B_NH_4, C1 = C_NH_1, and C2 = C_NH_2. 
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3.4. Particulate matter 
Figure 1 shows that PM2.5 concentrations were generally 
low across all facilities, with most room-level means in 
the range of 1.1–4.7 µg m−3, well below the EPA 24-hour 
NAAQS of 35 µg m−3 [25]. Room B_NH_4 had short duration 
PM2.5 episodes reaching a maximum of 532 µg m−3, but only 
4.3% of observations exceeded the EPA threshold and 
5.5% exceeded the WHO guideline of 15 µg m−3 (Table S2). 
Similarly, C_NH_1 exceeded the EPA PM2.5 guideline 
4.1% and the WHO guideline 10.3% of the time (Table S2) [26]. 
These transient episodes may reflect localized indoor 
activities, with coarse particles plausibly related to 
housekeeping or bedmaking and fine particles potentially 
reflecting combustion, resuspension, or other short lived 
indoor sources [30]. Without activity logs or outdoor 
monitoring, source attribution remains uncertain. PM10 
concentrations followed a similar low-baseline pattern, 
with exceedances occurring only sporadically in rooms 
with high PM events. 

3.5. Total volatile organic compounds 
tVOC was the most consistently elevated pollutant across 
all three facilities (Table 2). Every monitored location 
exceeded the CE action level of 0.4 mg m−3 for at least 
a portion of the monitoring period [31], ranging from 
19.2% (A_NH_1) to 100% (A_CR_1) of observations 
(Table S2). Common areas in NH-A showed strikingly 
elevated tVOC (mean 2.9 mg m−3 in A_CR_1, with a 
maximum of 27.15 mg m−3), with room-level means 7-fold 
above the action level and 99.2%–100% guideline exceedance. 
In NH-B, tVOC exceedance ranged from 26.3% to 49.0% 
across residential rooms (Table S2). NH-C showed a similar 
pattern (21.6%–50.8% exceedance) (Table S2). Potential 
sources include cleaning products, disinfectants, personal 
care products, building materials, furnishings, and 
incontinence care supplies, all of which are commonly 
used in NH environments [32,33]. 

3.6. Gaseous pollutants: CO, NO₂, and O₃ 
Table 2 indicates that CO concentrations remained well 
below the EPA 8-hour NAAQS of 9 ppm across all 
locations [25]. NH-B residential rooms showed the highest 
CO levels (mean 2.0–2.8 ppm), which were below the 
regulatory threshold, but higher than those in NH-A 
(mean 0.1–0.5 ppm) and NH-C (mean 0.6–0.8 ppm) 
(Table 2). These descriptive differences may reflect differences 
in cooking equipment proximity, HVAC configuration or 
outdoor infiltration. 

NO2 concentrations showed substantial spatial 
heterogeneity. While most locations remained below 
the EPA 1-hour NAAQS of 100 ppb [25], several rooms 
exceeded the more health-protective WHO 24-hour 
guideline of 25 ppb for substantial proportions of monitoring 
time (Table S2) [26]. Notably, C_NH_1 exceeded the WHO 

NO2 guideline 69.1% and C_NH_2 exceeded it 91.7% of 
the time, with mean concentrations of 30.3 and 57.0 ppb, 
respectively. In NH-B, B_NH_1 (23.4%) and B_NH_3 
(22.4%) also showed frequent WHO guideline exceedances 
(Table S2) [26]. The GERIE study identified NO2 as a risk 
factor for breathlessness and cough in older adult NH 
residents [4], suggesting these exposures merit further 
investigation. Because outdoor NO2 was not monitored 
concurrently, indoor sources and outdoor infiltration 
cannot be distinguished. 

O3 concentrations were generally low in most rooms, 
but B_NH_2 exhibited mean concentrations of 58.5 ppb 
with 29.1% of observations exceeding the WHO 8-hour 
guideline of 60 ppb (Table S2) [26]. Common room C_CR_2 
similarly exceeded the O3 guideline 21.4% of the time. 
These elevated O3 levels may reflect outdoor infiltration or 
indoor photochemical reactions involving precursor 
pollutants. Without concurrent outdoor measurements, 
the relative contribution of each pathway cannot be determined. 

3.7. Inter-parameter correlations 
Descriptive Spearman correlation analysis of the NH-B 
dataset (Figure S3) showed moderate positive correlations 
between CO2 and temperature (ρ = 0.40–0.55), consistent 
with possible occupancy related co-elevation. tVOC was 
positively correlated with PM2.5 (ρ = 0.25–0.45), suggesting 
possible shared timing of indoor activities. NO2 and O3 
showed moderate negative correlations (ρ = −0.30 to 
−0.50), consistent with ozone titration by nitric oxide (NO). 
Temperature and RH were inversely correlated (ρ = −0.55 
to −0.70), as expected given the thermodynamic relationship. 
These correlations were not adjusted for multiple 
comparisons or facility-level clustering and are presented 
only to describe patterns within NH-B. 

3.8. Diurnal patterns 
Diurnal analysis of NH-B (Figure S4) showed temporal 
variations in several IAQ parameters. CO2 was higher 
during the predefined daytime window (08:00–18:00) 
and lower during the nighttime window (22:00–07:00). 
Hours outside these windows were treated as transition 
periods and not classified as daytime or nighttime. tVOC 
followed a similar pattern, and temperature increased 
modestly during. daytime hours by approximately 1–2 °C. 
These patterns are consistent with, but do not prove, 
activity-related variation in indoor air. 

3.9. IEQ and cognitive status:  
exploratory observations 
Figure 3 presents normalized IAQ profiles for each resident 
room, color-coded by facility and annotated with the 
occupant’s BIMS score. In most rooms, CO2 and temperature 
were the dominant features, while PM2.5 and O3 remained 
comparatively low, and RH showed moderate variability. 
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Overall, visual inspection did not indicate a consistent 
gradient between BIMS score and the composite 
environmental profile. Differences appeared more strongly 

related to room-specific or facility-specific conditions 
than to cognitive status alone. 

 
Figure 3. Normalized indoor air quality parameters for each resident room. Values are min-max normalized 
across monitored resident rooms for visualization. Colors indicate nursing home facility, and labels report 
the linked resident BIMS score. The figure is descriptive and not a statistical comparison.

Figure 2b illustrates the descriptive relationship between 
ACH and BIMS scores. BIMS scores were distributed across 
a broad range of ventilation rates, with no significant 
linear pattern in this pilot sample. Figure 2c summarizes 
ACH by broad BIMS category: residents with higher BIMS 
scores (8–15) and lower BIMS scores (0–7) both occupied 
rooms spanning low to high estimated ventilation rates. 

We emphasize that these observations are descriptive 
only and do not establish causal relationships. The 
directionality of any possible relationship is ambiguous: 
room conditions may be influenced by care routines, 
door position, room location, HVAC operation, resident 
mobility, or other facility-level factors. Conversely, prior 
literature raises the hypothesis that chronic air pollution 
exposure could influence cognitive trajectories [34]. 
With only eight residents, confounding by facility, room 
location, disease severity, or other unmeasured factors 
cannot be excluded. These patterns are presented only 
to generate hypotheses for future studies. 

3.10. Cross-study comparison of nursing 
home IAQ studies 
To contextualize the descriptive results, we conducted 
an informal narrative comparison with recent nursing 
home IAQ studies reporting PM2.5, CO2, tVOC, or NO2 
(Figure 4). Studies were selected from the literature cited 
in the Introduction and Discussion and from targeted 

searches of peer-reviewed nursing-home or elderly-care 
IAQ studies. This comparison was not a systematic review 
or meta-analysis. 

Mean PM2.5 concentrations in the present facilities 
were generally at the low end of the reported nursing 
home range, and mean CO2 concentrations were broadly 
consistent with mechanically ventilated facilities in 
prior European and U.S. studies [35–38]. However, the 
room-level spread in CO2 within NH-C illustrates the 
heterogeneity that can be missed by facility-level or 
common-area-only monitoring. The PM2.5 maxima observed 
in B_NH_4 and C_NH_1 are best interpreted as short-
duration episodes rather than sustained high exposures; 
therefore, mean values and percent-time-above-threshold 
metrics are emphasized for cross-study interpretation. 

Mean tVOC values in the present study, especially in 
NH-A common areas, were relatively higher than values 
reported in several European and Korean nursing-home 
studies [4,37–39]. Because the present measurements 
used a photoionization detector and prior studies used 
heterogeneous sampling and analytical methods, these 
comparisons should be interpreted cautiously [3]. NO2 
concentrations in NH-C residential rooms were also 
higher than those reported in many prior nursing-home 
studies [4,6,35]. Because outdoor concentrations were 
not measured concurrently, these room-level exceedances 
cannot be attributed definitively to indoor combustion, 
outdoor infiltration, or both. 

Overall, the comparison supports the value of simultaneous 
multi-pollutant monitoring in both resident rooms and 
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common areas, while underscoring that the present pilot 
data should be used to generate hypotheses for larger 

studies rather than to establish generalizable facility-
level rankings.

 
Figure 4. Cross-study comparison of indoor air quality in nursing homes. Comparisons are narrative and 
based on reported mean/range values from selected peer-reviewed studies; monitoring methods, instruments, 
seasons, and room types differed across studies.

4. Discussion 
This pilot study provides a comprehensive multi-pollutant 
indoor environmental assessment of three Oklahoma 
nursing homes serving residents with dementia. By 
simultaneously monitoring nine air quality parameters 
across eight residential rooms and five common areas, 
we identified several IEQ concerns that merit further 
study and practical attention. 

4.1. tVOC: a pervasive and  
underrecognized concern 
The most consistent finding was the elevation of tVOC 
concentrations. Every monitored location exceeded the 
CE action level of 0.4 mg m−3 for at least one-fifth of the 
monitoring period [31], and common areas in NH-A exceeded 
the guideline continuously. These concentrations were 
considerably higher than those reported in the GERIE 
study [4], which found mean tVOC levels below 0.2 mg m−3 
in European NHs [31], and higher than values reported 
in Korean NHs (0.07–0.52 mg m−3) [32], although cross-study 
comparisons should be interpreted cautiously because 
monitoring instruments, sampling durations, seasons, 
room types, and VOC metrics differed. The elevated 
tVOC in our study may reflect cleaning and disinfection 
products, incontinence care products, air fresheners, 

personal care items, building materials, or furnishings 
commonly present in dementia care environments [40]. 

Chronic tVOC exposure may be relevant for older adults 
with dementia, but the present study cannot determine 
health effects due to pilot scope and feasibility. Prior 
epidemiological and toxicological studies have linked 
some VOC exposures with neuroinflammation, oxidative 
stress, impaired cognitive function, and respiratory 
irritation [41]. In this pilot sample, three of eight monitored 
residents had documented chronic lung disease, supporting 
the need for cautious source identification and exposure 
reduction rather than causal interpretation. 

4.2. Thermal comfort and humidity 

Temperature was generally well controlled across all three 
facilities, with most rooms maintaining conditions within 
the ASHRAE 55 comfort range [23]. Localized temperature 
exceedances above 26 °C in two NH-B rooms were intermittent. 
These findings are relevant because Tartarini et al. reported 
increased agitation when temperatures deviated from 
22.6 °C in NH residents with dementia [8], and a UK dementia 
hospital study identified increased odds of aggression 
on warmer days [42]. 

The most notable thermal comfort issue was low RH 
in NH-B during winter monitoring. With 47.8%–73.8% 
of monitoring time below 30% RH, conditions in this facility 
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may contribute to discomfort or respiratory irritation [43]. 
Ma et al. similarly identified low humidity as a problematic 
IEQ indicator in a Dutch NH during the heating season [9]. 
These findings support further evaluation of supplemental 
humidification in mechanically heated NHs during winter. 

4.3. Carbon dioxide and  
ventilation adequacy 

While most locations in our study maintained CO2 below 
the 1000 ppm ASHRAE threshold [24], exceedances in 
NH-C residential rooms suggest possible periods of 
inadequate ventilation. The estimated ACH values of 
0.84–1.16 h−1 in the low-ventilation rooms of NH-A and 
NH-C fall below the 2 ACH minimum recommended by 
ASHRAE 170 for patient rooms in healthcare facilities [24]. 
In the Japanese geriatric facility studied by Tsuchihashi 
et al., baseline ACH of 2.0–6.2 h−1 was measured [44], 
comparable to the range in our study These comparisons 
should be interpreted cautiously because our estimates 
rely on CO2 model assumptions and different logging 
intervals across facilities. 

4.4. Particulate matter and NO2 

PM2.5 and PM10 concentrations were low in most rooms, 
while selected rooms showed transient spikes (e.g., rooms 
B_NH_4 and C_NH_1). These episodes may be important 
for susceptible residents, but they should not be interpreted 
as sustained facility-wide exposure. Future studies should 
combine time-weighted averages, percent-time-above-
threshold, event duration, activity logs, and outdoor monitoring 
to distinguish local indoor events from outdoor infiltration. 

The elevated NO2 concentrations in NH-C (mean up to 
57.0 ppb, with 91.7% exceedance of the WHO 24-hour guideline) 
were the most notable nitrogen dioxide finding [26]. Potential 
contributors include roadway infiltration, gas cooking 
equipment, or combustion appliances. Because outdoor 
NO2 was not measured, source attribution is not possible. 
Chronic NO2 exposure has been associated with respiratory 
morbidity in older adult populations and warrants source 
identification and mitigation [45]. 

4.5. Implications for dementia care 
The room-level IEQ and BIMS patterns in this pilot study 
should be interpreted cautiously. We did not observe 
a consistent descriptive gradient between BIMS score 
and the composite environmental profile, and reverse 
causation or confounding is plausible: residents with more 
severe dementia may be less mobile, may have doors kept 
closed for safety, or may require care routines that alter 
indoor pollutant levels. Separately, broader epidemiological 
literature links long-term air pollution exposure, particularly 
fine particulate matter and NO2, to accelerated cognitive 
decline and increased dementia incidence [34,46]. The 

present data therefore support further investigation of 
indoor environmental exposures in dementia care, but 
they do not show that IEQ contributed to cognitive decline 
in these residents. 

The recent scoping review noted that indoor environmental 
factors, including tVOC, were correlated with BPSD occurrence 
in specific NH areas [7]. Our data are consistent with the 
need to consider multiple indoor pollutants in U.S. dementia 
care facilities. Future longitudinal studies should incorporate 
repeated IEQ monitoring alongside serial cognitive and 
behavioral assessments (e.g., BIMS, Cohen-Mansfield 
Agitation Inventory) to clarify temporal sequence and 
potential mechanisms. 

4.6. Limitations 

Several limitations should be acknowledged. The small 
sample size (n = 8 residents in 8 rooms) limits statistical 
power and generalizability; findings are hypothesis-
generating, not confirmatory. The monitoring duration 
(2–5 days per facility) captures a snapshot rather than 
long-term exposure patterns. NH-B was monitored at 
1-minute resolution while NH-A and NH-C used 15-minute 
intervals, creating differences in temporal granularity 
and in the precision of CO2 decay fitting. Monitors were 
installed at approximately 2.0 to 2.2 m above the floor 
to reduce the likelihood of disturbance or tampering 
by residents with dementia. As a result, measurements 
may not fully represent the resident breathing zone. 
Outdoor air quality was not concurrently measured, 
precluding calculation of indoor-to-outdoor ratios and 
limiting source attribution for NO2, O3, and particulate 
episodes. The cross-sectional design and use of MDS 
assessments preceding monitoring cannot establish 
temporal or causal relationships between IEQ and cognitive 
function. Finally, specific VOC speciation (e.g., formaldehyde, 
benzene) was not possible with the PID-based tVOC sensor; 
future studies should incorporate compound-specific 
measurements to identify actionable sources. 

5. Conclusions 
This pilot multi-facility environmental assessment of three 
nursing homes in Oklahoma identifies IEQ concerns relevant 
to residents with dementia. Elevated tVOC across all facilities, 
winter-season low humidity in mechanically heated 
environments, and low estimated ventilation in selected 
residential rooms represent modifiable conditions that 
may be addressed through VOC source reduction, supplemental 
humidification during heating seasons, and targeted 
ventilation review in rooms with ACH below 2.0 h−1. 

The room-level cognitive analyses remain exploratory 
and do not support causal inference. Large scale longitudinal 
studies incorporating continuous IEQ monitoring, speciated 
VOC measurements, personal exposure assessment, 
outdoor monitoring, activity logs, and repeated neurocognitive 
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and behavioral evaluations are needed to determine 
whether indoor environmental exposures contribute to 
cognitive or behavioral outcomes in ADRD care settings. 
In the interim, proactive IEQ management is a reasonable 
precautionary strategy in dementia care facilities. 
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