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Abstract: Biomass burning for home energy use is a major environmental health concern. Improved
cooking technologies could generate environmental health benefits, yet prior results regarding
reduced personal exposure to air pollution are mixed. In this study, two improved stove types
were distributed over four study groups in Northern Ghana. Participants wore real-time carbon
monoxide (CO) monitors to measure the effect of the intervention on personal exposures. Relative to
the control group (those using traditional stoves), there was a 30.3% reduction in CO exposures in
the group given two Philips forced draft stoves (p = 0.08), 10.5% reduction in the group given two
Gyapa stoves (locally made rocket stoves) (p = 0.62), and 10.2% reduction in the group given one of
each (p = 0.61). Overall, CO exposure for participants was low given the prevalence of cooking over
traditional three-stone fires, with 8.2% of daily samples exceeding WHO Tier-1 standards. We present
quantification methods and performance of duplicate monitors. We analyzed the relationship between
personal carbonaceous particulate matter less than 2.5 microns (PM2.5) and CO exposure for the
dataset that included both measurements, finding a weak relationship likely due to the diversity of
identified air pollution sources in the region and behavior variability.

Keywords: exposure; carbon monoxide; cooking; mixed effects models; micro-environment

1. Introduction

Carbon monoxide (CO) is commonly measured in cookstove and air pollution exposure studies
due to its association with adverse health effects and birth outcomes such as low birth weight [1–3],
the relatively low cost of real-time wearable monitors, logistical challenges of measuring other pollutants,
and a (hypothesized) correlation with other co-emitted pollutants. These reasons, along with the
well-established health effects associated with particulate matter less than 2.5 microns (PM2.5) [4],
have led to the study and use of CO as a surrogate for PM2.5. Previous studies have found varied
results for this relationship, with differences ascribed to variability in source types like fuels and stoves,
behaviors, and home designs, among other characteristics [5–10].

Building on prior work, this paper seeks to characterize CO exposures, their determinants
across households and across time, and their association with PM2.5 exposures in the context of a
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cookstove intervention study in Northern Ghana. The REACCTING study (research of emissions,
air quality, climate, and cooking technologies in Northern Ghana) was a 200 household cookstove
intervention in the Kassena-Nankana districts of Ghana’s Upper East region from November 2013 to
December 2015 [11]. The 200 study households were divided into four groups, with one group given
two locally made Gyapa rocket stoves, one group given two Philips HD4012 LS forced draft stoves, one
group given one of each intervention stove, and the last group serving as control until the end of the
study, when they were given their choice of two stoves. Details of the study design [11] and region [12]
are described elsewhere. Piedrahita and colleagues [13] present personal, cooking area, and ambient
carbonaceous PM2.5 results from the study, while Piedrahita et al. (2016) and Dickinson et al. (2019)
present stove usage results, and Piedrahita et al. (2019) reports on the use of time-activity monitors to
further explain exposure as it relates to human behavior during and beyond cooking [14–16]. Findings
from these publications support the idea that sources beyond residential cooking contribute to personal
exposure and that cookstove-targeted efforts to reduce exposure represent a significant, yet limited,
approach. For example, background CO concentrations in urban areas tend to be higher than rural
ones [16], creating an elevated baseline concentration during urban cooking events that augment
the direct impacts of the stove being used. Here, we present personal CO exposure results over the
complete study period, focusing on the effects of stove group and other covariates on exposure. Further,
we identify and characterize behavioral factors affecting exposures gleaned through the daily trends
observed in CO concentrations in kitchen areas and exposure profiles. Finally, we report on correlations
between personal CO and PM2.5 exposures and reflect on reasons for their apparent divergence in
this context.

2. Methods

To asses REACCTING intervention impacts on personal CO exposure, an air quality measurement
campaign was performed. Personal CO exposure sampling was performed throughout the
REACCTING study, from November 2013 through November 2015, with a total of 786 days of
data collected (derived from 48 h samples) and passed through quality checks (Supplementary
Information Section 2). A summary of the demographics of the people sampled for CO exposure
is presented in Table 1. Lascar USB-CO300 and CO1000 monitors were used to measure 1 min CO
concentrations and were typically worn on the mother and child of the study household, as well as
other available and consenting family members. Sampling was usually carried out from Monday
to Wednesday, and then Wednesday to Friday, at four households during each week, one from each
arm of the intervention study. Adult study participants typically wore the monitors either on neck
lanyards, or in a waist pack when additional monitoring equipment was included, such as PM2.5 filter
samplers. Children carried the Lascar monitors in the chest pockets of custom locally fabricated cotton
t-shirts, or in backpacks when carrying other instruments (SI, Figure S1). Field enumerators asked the
participants to wear the Lascar monitors as much as possible and instructed them to leave them within
arms-reach if they could not wear them or while they were sleeping. A subset of samples included
duplicate Lascar monitors placed side-by-side.
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Table 1. Sample statistics for the personal CO exposure deployments throughout research of emissions,
air quality, climate, and cooking technologies in Northern Ghana (REACCTING).

Control Gyapa/Philips Philips/Philips Gyapa/Gyapa

Sa
m

pl
e

ov
er

vi
ew

Total days deployed * 256 239 278 210

Non-flagged days deployed
(retained for analysis)

207 (81% of total
days deployed) 201 (84%) 212 (76%) 166 (79%)

Duration hours (mean (SD)) 23.1 (1.3) 23.1 (1.2) 23.1 (1.4) 23.3 (1.1)

Days duplicate monitor were deployed 42 24 32 43

Unique participants 62 73 68 64

G
en

de
r

co
va

ri
at

es Primary cook Females (person-days) 113 97 105 111

Non-primary cook females (person-days) 51 46 60 34

Non-primary cook males (person-days) 43 58 47 21

Female age in years (med, SD, min, max) 27.4, 18.7, 1.2, 75.4 33.4, 15.9, 2.4, 63.4 24.5, 16, 1.2, 53.4 30.4, 16.8, 2.1, 63.4

Male age in years (med, SD, min, max) 4.2, 4.2, 1.3, 13.8 4.5, 17.1, 1.4, 61.4 6.4, 2.8, 1.1, 11.6 3.9, 2.8, 1.1, 10

SE
S

**
(p

er
so

n-
da

ys
) Least poor 22 39 40 39

Less poor 37 46 38 33

Poor 63 41 65 45

Poorer 22 45 28 40

Poorest 63 30 41 9

Se
as

on
s

**
*

(p
er

so
n-

da
ys

) Harmattan/bush burning 85 91 94 53

Transition 20 20 16 18

Light Rainy 14 26 30 32

Heavy Rainy 60 34 45 32

Hot dry 28 30 27 31

* flagged days represent days where issues occurred and have been omitted from analysis. ** socioeconomic status
as by Awini and colleagues. *** seasons: ‘light rainy’ (April–June), ‘heavy rainy’ (June–October), ‘transition’ (only
October), ‘Harmattan’ (November to mid-February), and ‘hot dry’ (mid-February to April).

Bluetooth Beacons were deployed during a subset of samples to estimate distance between
participants and cookstoves [17]. The variability in the distance measurement was used to estimate
compliance; variability indicative of no motion of the participant suggests the devices were not being
worn. Here, compliance was defined by thresholds determined by [17].

2.1. Calibration and Data Preparation Methods

CO monitor calibrations were performed as often as possible over the 2-year study period,
averaging 1.5 calibrations per monitor (range 1–7, SD = 1.5) and Pearson’s r of 0.99 ± 0.06 from linear
calibration functions (SI, Figure S3). In most cases (101/110), monitors were calibrated with NIST
traceable CO gas concentration standards. Further, on a weekly basis, the monitors were co-located with
the reference monitor (Thermo 48C, Thermo Scientific) located at the Navrongo Health Research Centre
(NHRC) for field normalization (9/110 calibrations). In some instances, the ambient concentrations
were too low to generate a satisfactory calibration curve in the concentration range desired for the
personal exposure measurements; those normalizations were not applied.

Twenty percent (197) of the sampling days were removed due to CO sensor degradation and
electronics concerns (flagged and removed sampling days are the difference between ‘total days
deployed’ and ‘non-flagged days deployed’ in Table 1). Paired CO Lascar monitors were successfully
deployed on 141 days, with duplicates showing a Pearson’s r of 0.78 for the calibrated and 0.92 for the
un-calibrated daily average concentrations (SI, Section 4). Lower correlation for the calibrated monitors
can be attributed to the general observed trend of decreased sensitivity with Lascar age (SI, Figure S3).
When some of the monitors were calibrated and others were not, the improved data quality of the
calibrated monitors resulted in poorer correlation (SI, Figure S4). As the monitors were randomly
distributed among stove groups and individuals, there is minimal risk of systematic bias, and the
calibrated Lascars should provide more accurate results despite the lower correlation. Calibrations
are also important to avoid bias related to the factory calibration of the monitors and to adjust for the
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Lascar change in sensitivity over time. When the monitors were first calibrated, the following linear
regression form was used.

LascarSignal = p1 + p2(ReferenceConcentration) + ε.

The average slope (p2, sensitivity) was 1.06 ± 0.06 and intercept (p1) was 0.08 ± 0.13 ppm.
When paired monitors were deployed and both were deemed free of failures, minute average
concentrations from the two monitors were used in further analyses.

2.2. Personal Exposure Mixed Effects Model Specification

Mixed effects modeling was performed to ascertain the intervention effects while accounting for
repeated measures [18,19], in an approach very similar to other work [13]. The Akaike information
criterion (AIC) and adjusted R2 were used to select a parsimonious model and assess the fit after the
most relevant variables were included (stove group, season, socioeconomic status (SES)). Using these
model selection methods, the number of family members and age group variables were not found
to have significant effects on predicted 24 h average CO exposures and did not improve the fit, so
were excluded from the final model we present. The final model form regressed daily (24 h) average
log-transformed CO exposure (ppm) against stove group, season, SES, and primary cook-by-gender
(Model 1, see Equation (1)).

Log(Personal COij) = ß0 + ß1(Stove group)j + ß2(SES)j + β3(Primary cook*Gender)i + β4(Season)i + αj + eij (1)

The equation above is slightly simplified; ß0 is the model intercept and represents the overall
expected log of CO exposure in ppm. ß1 represents the 4 stove group categories, ‘Control’,
‘Gyapa/Philips’, ‘Philips/Philips’, and ‘Gyapa/Gyapa’ with ‘Control’ as the reference group. ß2 represents
five categories for socioeconomic status, ‘poorest’, ‘very poor’, ‘poor’, ‘less poor’, and ‘least poor’ [20],
calculated for each household using data from a district-wide health and demographic surveillance
survey [12]. ß3 represents three categories, ‘female primary cook’, ‘female non-primary cook’, and
‘male non-primary cook’, where primary household cook was identified in the baseline survey [11],
and there were no male primary cooks. ß4 represents the season categories, defined as ‘light rainy’
(April to June), ‘heavy rainy’ (June to October), ‘transition’ (only October), ‘Harmattan’ (windy with
bush-burning, November to mid-February), and ‘hot dry’ (mid-February to April). The random
effect αj accounts for the correlation within subjects due to repeated measures (i.e., daily exposure
measurements made more than once for a given individual), and eij represents the variation from
subject to subject. A small positive exposure concentration was added to all values to include exposures
of zero ppm in the log-transformed model. A compound symmetry covariance structure was employed,
using the assumption that any repeated measurements of participants had equal correlation regardless
of the time between them [19]. Residual distributions approached normality, satisfying the assumptions
required to employ this modeling technique. We applied Equation (1) separately to the calibrated and
un-calibrated Lascar CO datasets to compare results and understand the importance of our calibrations
over the study.

3. Results

3.1. Personal CO Exposure Results

The results from Model 1 (Equation (1)) are presented here in terms of percent change relative
to the reference categories built into the model, as well as expected concentration values (geometric
means) at those categories (Table 2). The reference for Model 1 were those measurements taken from
primary cooks (all female) in the control stove group also in the ‘poorest’ SES category during the
Harmattan season. The reference group experienced a daily (24 h average) CO exposure concentration
expected value of 0.55 ppm (95% CI 0.34–0.90). By holding all variables constant except for stove
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group, the effect of stove group is isolated relative to the control group. On average, the CO exposure
of the Gyapa/Gyapa group was 10.5% lower than control group (0.49 ppm (0.32–0.77), p = 0.62),
the Philips/Philips group was 30.3% lower (0.39 ppm (0.26–0.58), p = 0.08), and the Philips/Gyapa
group was 10.2% lower (0.51 ppm (0.26–0.58), p = 0.61). Males and females listed as non-primary cooks
experienced 36.7% (p = 0.02) and 33.2% (p = 0.03) lower average CO exposures than female primary
cooks, respectively. The ‘light rainy’ and ‘heavy rainy’ seasons had 59.0% and 15.5% higher expected
exposures than the ‘Harmattan’ (p = 0.02, p = 0.38), while the ‘hot dry’ season was 30.1% lower (p = 0.06)
than the ‘Harmattan’ season. Relative to the ‘poorest’ SES group, on average, the ‘poorer’ group had
3.5% higher exposure levels, and the ‘poor’, ‘less poor’, and ‘least poor’ groups experienced 7.5%,
29.1%, and 38.6% lower exposure levels respectively (p ≥ 0.05). The between-subject variation was 0.80
(p < 0.01), and residual error variation was 1.44, giving an intra-class correlation coefficient (ICC) of
0.36. Summary statistics grouped by Model 1 covariates are presented in SI Table S1.

Using the mixed effects model described in Equation (1) on the un-calibrated exposure data
demonstrated that the results were stable and consistent with the results presented in Table 2, though
some covariates did shift out of significance (SI Section 5).

The average measured rate of compliance for the data subset that had Bluetooth Beacon
measurements was 77.8% and can be expected to be a lower estimate of all the samples because the
Beacons were deployed as part of a larger sampling pack, whereas most deployments included the
less-intrusive Lascar USB-CO monitors only.

Table 2. Personal CO 24 h average exposure Model 1 results and summary statistics.

St
ov

e
gr

ou
ps

Equation 1 % Change from Reference Expected Exposure (ppm) (95% CI) P Value
Control Reference group 0.55 (0.34, 0.90)

Gyapa/Philips −10.2 0.5 (0.33, 0.75) 0.61

Philips/Philips −30.3 0.39 (0.26, 0.58) 0.08

Gyapa/Gyapa −10.5 0.49 (0.32, 0.77) 0.62

G
en

de
r Primary cook females Reference group

Non-primary cook females −33.2 0.37 (0.26, 0.53) 0.03

Non-primary cook males −36.7 0.35 (0.24, 0.51) 0.02

SE
S

Least poor −38.6 0.34 (0.21, 0.55) 0.05

Less poor −29.1 0.39 (0.24, 0.64) 0.17

Poor −7.5 0.51 (0.32, 0.82) 0.74

Poorer 3.5 0.57 (0.37, 0.89) 0.88
Poorest Reference group

Se
as

on
s

Harmattan Reference group

Transition −14.5 0.47 (0.31, 0.73) 0.48

Light rainy 59.0 0.88 (0.6, 1.28) 0.02

Heavy rainy 15.5 0.64 (0.46, 0.88) 0.38

Hot dry −30.1 0.39 (0.27, 0.56) 0.06

3.2. Relationship between 48 h Averaged CO and 48 h Cumulative Carbonaceous PM2.5 Exposure

A subset of measured CO personal exposure measurements were made alongside personal
exposure observations of carbonaceous (elemental carbon (EC) and organic carbon (OC)) PM2.5 using
pump and filters reported in detail elsewhere [13]. Linear regression modeling was employed to
assess the relationship between the log of personal 48 h average EC and OC PM2.5 concentration
and the log of 48 h average CO concentration with 108 personal exposure sample periods available
for the comparison. Personal PM2.5 EC and OC were analyzed using the NIOSH 5040 method [21],
as described by Piedrahita et al. [13]. A linear regression was employed to assess this relationship
(Model 2, shown in Equation (2)).

Log(Personal PM2.5) = ß0 + ß1*(log(CO)) + e (2)
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The correlation coefficient (R) of Model 2 (Equation (2)) was 0.07 for EC and 0.19 for OC (see
Figure 1). (Supplementary Information, SI Section 7). The weak relationships are likely due to
the variability in personal behaviors and the diversity of air pollution sources in the region [13,22].
The stronger relationship with OC may be due to the higher co-emission of CO than with EC in a typical
biomass fire [23–25]. During the smoldering phase of biomass combustion, CO is more abundantly
co-emitted with OC than with EC due to oxygen-deficient, lower temperature combustion where
volatilized organics condense to form larger particles [26]. Additionally, the later smoldering phase of
biomass combustion may be a higher source of CO exposure than other burning phases, due to the
relative duration of the phase and behavioral factors (e.g., participants using smoldering fires to (pre)
heat water for other tasks).
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Figure 1. PM2.5 elemental carbon (EC) and organic carbon (OC) concentration vs. CO personal
exposure concentration (48 h averaging) from the dataset with concurrent measurements. Note the lack
of correlation between pollutants (R = 0.07 for EC and R = 0.19 for OC), even when accounting for
stove group.

4. Discussion

4.1. Contributing Factors to Personal CO Exposure

Results from the mixed effects model (Equation (1)) using 24 h-averaged CO exposures showed
reductions in CO exposure for all three intervention groups (though not statistically significant at
p < 0.05), suggesting a reduction in air pollution exposure to CO due to the intervention. This result is
supported by previous analysis from this study showing that carbonaceous PM2.5 was lower for all
intervention groups, though the reductions were less substantial for CO [13]. In that PM2.5 analysis,
OC exposure was found to be significantly lower in the three intervention groups by factors of 49.4%
for the Philips/Philips group, 57.3% for the Gyapa/Gyapa group, and 63.2% for the Gyapa/Philips
group [13]. This reduction in exposure to OC was observed despite high continued use of traditional
three-stone fires (TSFs) in all of the intervention groups, especially the group given two Philips stoves,
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which here had the biggest decrease in CO exposure. The Gyapa/Gyapa and the Gyapa/Philips groups
had the greatest replacement of TSFs, with TSF use was reduced by about 50% of days cooked as
measured with stove use monitors (SUMs) and household surveys [14,15]. The result of larger average
CO exposure reductions in the groups given the Philips stoves is further explained by results from
stove emission testing that showed the Philips stove, operated by participants in the field, emitting
roughly half as much CO on a dry fuel basis as a TSF, whereas the Gyapa stove CO emissions were no
different [27].

Although the PM2.5 EC and OC results presented elsewhere [13] were from only the first year of
the study, similar trends in seasonal effects were observed for the two-year CO data set. Compared to
the ‘Harmattan’ season, CO exposures during the ‘heavy rainy’ and ‘light rainy’ seasons were higher
by 18.3% (p = 0.30) and 59.0% (p = 0.02), while CO exposures during the ‘transition’ and ‘hot dry’
seasons were 33.2% (p = 0.03) and 14.0% (p = 0.49) lower, respectively. Lower carbonaceous PM2.5

exposures were observed in all seasons relative to the ‘Harmattan’ season, but the biggest decreases in
OC were during the ‘light’ and ‘heavy’ rainy seasons [13], in contrast to the results in the CO exposures.
In-field stove emission testing during REACCTING found increased CO emissions from wood fuel at
higher moisture contents, though not statistically significant at 0.05 [27]. Others have linked increased
CO emissions with higher fuel moisture [28]; however, this trend does not appear to be shared with
carbonaceous PM2.5 at the fuel moisture levels observed here [29]. Dionisio and colleagues [7] also
found increased CO exposure during the rainy season in The Gambia, when measuring exposure for
children under age 5. The decrease in CO exposures during the ‘transition’ and ‘hot dry’ seasons
observed in this study may be due to changes in fuel choices, behaviors during those seasons like
cooking indoors or under a roof less frequently, as well as the relative importance of non-cooking
pollution sources, such as regional biomass burning that occurs during these time periods [13].

The observed reductions in CO exposures may also have been dampened due to measurement
uncertainty (0.14–0.15 ppm across stove groups) further discussed in Section 2 of the SI. As such,
differences observed between stove groups may have been blunted. The root mean squared error
(RMSE) of daily-average duplicate Lascar CO monitors was 1.16 ppm, higher than the expected exposure
of any stove group (0.39–0.55 ppm). However, the large quantity of samples collected improves the
statistical power of the analysis and allows the identification of CO exposure differences among groups
and across explanatory variables such as season and demographics. Confidence in the results would
be bolstered, and the relatively large uncertainty of single, 24 h average exposure estimates reduced by
more frequent calibration and more precise instrumentation, which is recommended for future studies.

4.2. Observations from the Real-Time CO Exposure Time Series

Temporal patterns in the minute-resolution CO data can illuminate behavioral patterns, and
changes therein, due to the intervention. Figure 2 shows CO exposures by time of day for each stove
group smoothed using B-splines, which we use because of their efficient computation and calculation of
confidence intervals [30,31]. All groups exhibited high exposure modes in the evening, peaking around
17:00–18:00 local time, while the Philips/Philips, Gyapa/Philips, and control groups had relatively
large peak exposures at different times throughout the morning. The Gyapa/Gyapa group had the
lowest morning exposure, but also the highest evening exposure, while both groups given a Philips
stove had higher morning time peaks than evening peaks. Participants reported the Gyapa stove
to be better at preparing TZ, the most popular dish in the region, than the Philips. TZ is a thick,
starchy staple made from millet and is traditionally served with soup. This dish requires the cook to
vigorously stir the contents of the pot, placing them directly over the stove for a significant period of
time, exposing the cook to potentially high levels of CO and PM2.5. This specific cooking behavior may
be more pronounced in the Gyapa/Gyapa group, explaining the large peak in evening CO exposure
compared to cooks using the familiar TSF or preparing dishes more suitable to other stoves. These
behavioral trends are difficult, if not impossible, to capture using surveys alone, which has motivated
groups to monitor participant proximity to stoves using sensors [17]. The control group had nearly
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equal CO exposure peaks in the morning and evening. The differences in morning exposures by stove
group likely stem from changes in cooking behaviors, fuel type, or food preparation due to the stove
intervention. The Philips stove was commonly fueled with woody biomass and/or charcoal whereas
the Gyapa and TSF were exclusively fueled with woody biomass. The choice/availability of fuel at
the time a meal was prepared can have impacts on emissions and resulting exposures. CO emissions
from wood-fueled Philips stoves were on average half that of TSF, but charcoal-fueled Philips stoves
emitted nearly 25% more CO than a TSF, per kilogram of fuel burned. The diurnal pattern is generally
consistent with expected cooking patterns, although analysis of the stove use monitors (SUMs) showed
the highest use for most stoves in the afternoons [14].

Atmosphere 2018, 9, x FOR PEER REVIEW  9 of 14 

 

 

Figure 2. Spline-smoothed personal CO concentration by hour of day (0 = midnight) and stove group. 

The shaded bands represent 95% confidence intervals on the mean estimates. 

Aggregated, smoothed time series were also plotted specifically for the primary cooks and for 

the study participants by gender. (SI Figures S7–S8). Primary cook females had high morning and 

evening peaks, with the morning peaks coming around two hours earlier than male participants. This 

suggests differences in exposure sources, with those male exposures possibly incurred when away 

from home, and at work. Males under 5 had very similar exposure trends to the males over 5, and 

females under 5 had somewhat similar exposure trends to females over 5. These results suggest that 

gender roles are contributing to proximity to combustion sources and subsequent CO exposures as 

has been widely reported in other locations.  

To further investigate personal exposure by stove group, we examined the time series of the CO 

concentrations measured in the cooking areas, which were available on a subset of the exposure 

monitoring periods (Figure 3). The cooking area CO concentration time series by stove group 

consistently showed morning and evening peaks, for all the stove groups, and largely matched the 

personal exposure trends for the earliest and latest peaks. The personal exposure trends showed more 

pronounced increases later in the morning, when the cooking area CO was not elevated, pointing to 

non-cooking CO exposure sources. Cooking area morning and afternoon CO peaks were also 

substantially higher than personal CO for all groups, especially for the control group, possibly 

indicative of changes in cooks’ behaviors due to available stove and fuel types as discussed. Seasonal 

differences in the diurnal trends in cooking area CO concentrations were highly variable (SI Figure 

S6), possibly due to lower data density for some of the study groups. This, along with stove use, 

warrant further exploration as they also hold information about fuel and behavior change with 

season and location within the study region [17].  

Time of day
0 5 10 15 20

C
O

 p
p
m

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

P ersonal exposure by stove group

S tove G roup
Control

Gyapa/Gyapa

Gyapa/Philips

Philips/Philips

Figure 2. Spline-smoothed personal CO concentration by hour of day (0 = midnight) and stove group.
The shaded bands represent 95% confidence intervals on the mean estimates.

Aggregated, smoothed time series were also plotted specifically for the primary cooks and for
the study participants by gender. (SI Figures S7 and S8). Primary cook females had high morning
and evening peaks, with the morning peaks coming around two hours earlier than male participants.
This suggests differences in exposure sources, with those male exposures possibly incurred when away
from home, and at work. Males under 5 had very similar exposure trends to the males over 5, and
females under 5 had somewhat similar exposure trends to females over 5. These results suggest that
gender roles are contributing to proximity to combustion sources and subsequent CO exposures as has
been widely reported in other locations.

To further investigate personal exposure by stove group, we examined the time series of the
CO concentrations measured in the cooking areas, which were available on a subset of the exposure
monitoring periods (Figure 3). The cooking area CO concentration time series by stove group
consistently showed morning and evening peaks, for all the stove groups, and largely matched the
personal exposure trends for the earliest and latest peaks. The personal exposure trends showed more
pronounced increases later in the morning, when the cooking area CO was not elevated, pointing
to non-cooking CO exposure sources. Cooking area morning and afternoon CO peaks were also
substantially higher than personal CO for all groups, especially for the control group, possibly indicative
of changes in cooks’ behaviors due to available stove and fuel types as discussed. Seasonal differences
in the diurnal trends in cooking area CO concentrations were highly variable (SI Figure S6), possibly
due to lower data density for some of the study groups. This, along with stove use, warrant further
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exploration as they also hold information about fuel and behavior change with season and location
within the study region [17].
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stove group.

4.3. Comparisons with Previous Personal CO Exposure Results

Exposures in this study were generally low in comparison to past cookstove studies, given the
extensive use of biomass fuels in the study households. In total, 8.4% of sample days exceeded
the WHO guideline over the daily, 1 h maximum averaging period (35 mg/m3, 30.6 ppm), and less
for the other guideline averaging periods [32] (SI Figure S2). Twenty-four-hour mean CO exposure
for the control, Gyapa/Gyapa, Philips/Philips, and Gyapa/Philips groups were 1.05, 1.15, 0.90, and
0.94 ppm, respectively (SI Table S1). Key characteristics influencing exposure here include the
prevalence of outdoor cooking, where pollutants can disperse at a faster rate, and low dwelling,
vehicular, and industrial activity density. No primary cook reported smoking tobacco when asked in a
survey. However, 30% of households reported having at least one tobacco smoker. Observationally,
individuals smoking tobacco were elderly residents often smoking outdoors in common areas and
are not expected to affect mean CO exposure differences among groups. In comparison, a study in
Gambia that monitored the CO exposures of children under age 5 found mean 48 h exposures of
1.04 ppm (SD = 1.46 ppm) [7]. In rural Upper West Ghana, a study measuring the effects of a brick
and mortar chimney stove intervention found that there was no significant difference in CO exposure
compared to the control group, as measured during uncontrolled cooking tests [33]. Ochieng and
colleagues [34] found median personal CO concentrations of primary cooks of 6.5 ppm in rural Kenyan
homes using TSFs, and 4.4 ppm in homes using improved mud stoves. In Guatemala, in a colder
climate with more indoor cooking, adult women cooks in the control group of the RESPIRE study
experienced average 48 h exposures of 4.8 ppm (SD = 3.6), while the group with an improved plancha
stove had an average exposure of 2.2 ppm (SD = 2.6). Also in the RESPIRE study, children under
18 months in the control group had average exposures of 2.8 ppm (SD = 2.5), while the intervention
group averaged 1.5 ppm (SD = 1.9) [35]. Gautam and colleagues [36] measured daily CO exposure of
primary cooks in Haryana, India using the Lascar-USB-CO finding 78% higher average CO exposures
in households cooking with biomass (5.37 ± 0.60 mg/m3) than households only using liquid propane
gas (0.68 ± 0.32 mg/m3). Exposures measured in households that were categorized as ‘no[t] cooking’
were even lower (0.26 ± 0.32 mg/m3). Also, location of the kitchen (closed vs. open) was found to be a
key determinant of exposure.
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4.4. Relationship between Personal CO and Carbonaceous PM2.5

Strong relationships between CO and either PM2.5 EC and PM2.5 OC were not expected in
this study region, due to the observed variability in cooking areas (often moved between indoors
and outdoors), and the numerous additional contributing pollution source types observed both by
observation and by source apportionment [13]. This is consistent with other studies. Roden and
coworkers [37] directly measured emission factors from biomass cookstoves in laboratory and field
settings, and found correlation coefficients between CO and PM2.5 of 0.79 in-lab and 0.30 in-field. Other
researchers [6] measured CO and PM2.5 (N = 29) on children under age 5 in The Gambia, and found
a correlation coefficient of −0.04. In Kenya, Ezzati et al. [38] found large variations in the strength
of kitchen CO–PM10 relationships depending on fuel and stove types. They further noted that the
real-time correlation between CO and PM is weak and is thus a concern for the valid use of CO as a PM
surrogate. McCracken and fellow researchers [8] observed a strong relationship between CO and PM2.5

likely due to the relative contribution of cooking on personal exposure in the Guatemalan study region,
consistency in fuels used, and the use of an indoor cooking area with a relatively tight ventilation
envelope, that serves as the nucleus of the home. Carter et al. [5] reviewed studies comparing measured
CO and PM2.5 from indoor concentrations and personal exposures and found correlation coefficients (R)
for personal exposure ranging from 0.22 to 0.97 (median = 0.53), and from 0.10 to 0.96 (median = 0.71)
for indoor cooking area concentrations. That work discussed the sources of variability contributing
to the quality of the relationship and noted that rigorous validation of the relationship should be
performed if its widespread use is intended in a study. Our study confirms this inconsistency in the
relationship between observed CO and PM2.5, suggesting that CO is not a good surrogate for PM2.5

exposure in our study region.

5. Conclusions

This work assessed the impacts of an improved cookstove intervention on personal CO exposure
in a rural area of Northern Ghana over a two-year period. A combination of improved stoves was
disseminated across three groups of the study and one group acted as a control receiving their
preference of two stoves at the conclusion of the study. Lascar CO monitors were calibrated and
deployed to measure personal CO exposure at 1 min temporal resolution. Mixed effects models were
employed to better understand the drivers of CO exposure. Moreover, the relationship between CO
and carbonaceous PM exposure was investigated. A decrease in CO exposure in the three intervention
groups was identified, with the largest decrease (33%) seen in the Philips/Philips group (p = 0.08),
the group receiving two of the cleaner-burning stove. Average daily CO exposure levels for all groups
were quite low, averaging under 1.15 ppm for all arms of the intervention. Elevated 15 minute
and one-hour average CO exposures indicative of cooking events were clearly observed in many
exposure time series, especially for women that are primary cooks, but they were usually lower than
the WHO Tier-1 guidelines of 35 and 100 mg/m3, respectively [32]. Seasonal impacts on daily CO
exposure were likely related to fuel type availability/preference, weather conditions, and subsequent
cooking behavior changes. Future work investigating links between cookstove use and exposure
would benefit from time-resolved PM2.5 measurements and more robust stove use information offering
insights into activity-based exposure. A better understanding of these effects, along with the observed
trend of decreasing CO with increasing SES, would provide valuable feedback for study participants.
Diurnal effects on exposures and indoor concentrations by stove group showed clear differences that
also warrant further investigation. Improved tools and methods to quantify the time people spend
occupying spaces engaged in day-to-day activities (e.g., at home cooking, not cooking, and away from
home) and the associated exposures during these times are essential to understanding the magnitudes
of various source contributions to overall exposure. These tools and methods are in development and
have been deployed in a subset of these study households and results from these measurements are
published elsewhere [17]. The relationship between CO and carbonaceous PM2.5 was weak, suggesting
that CO should not be used as a surrogate for PM2.5 exposure in the region, a finding also supported
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by a source apportionment analysis of the organic component of PM2.5 from personal and cooking
area samples from this study [13]. Future work will also address the link between cookstove use and
CO exposure over time, as stove breakdowns over the two-year study were not uncommon and may
have influenced inter-group comparisons.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4433/10/7/402/s1,
Figure S1: Lascar CO monitors worn on lanyards around the neck or placed inside custom pockets on project
t-shirts, Figure S2: Distributions of average CO exposure by time periods relevant to WHO tier-1 standards,
Figure S3: Example calibration of a Lascar that returned from the field after deployment to Navrongo, Figure S4:
Lascar USB-CO calibration and data quality time line. Some Lascar monitors like #1 and #3 never operated
correctly and were returned to the manufacturer. In most cases, the monitors were non-operational upon their
return to the CU Boulder Hannigan Lab, so a post-calibration could not be performed, Figure S5: Agreement of
daily average Lascar USB-CO duplicates for both calibrated and raw values colored by days since first deployed,
Figure S6: Personal exposure by season and stove group, smoothed using b-splines, Figure S7: B-spline smoothed
personal CO exposure grouped by primary cook status gender group. ‘0’ values are for non-primary cooks, and ‘1’
is for the females listed as primary cooks. No males were listed as primary cooks, Figure S8: B-spline smoothed
personal CO exposure grouped by age and gender group. ‘0’ values are under 5, and ‘1’s are over 5 years of age,
Table S1: Descriptive 24 h average CO exposure statistics.
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