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Abstract:  

Outdoor PM2.5 was sampled in Pretoria, 18 April 2017 to 28 February 2020. A case-

crossover epidemiology study was associated for increased PM2.5 and trace elements 

with increased hospital admissions for respiratory disorders (J00-J99). The results 

included a significant increase in hospital admissions, with total PM2.5 of 2.7% (95% 

CI: 0.6, 4.9) per 10 µgꞏm−3 increase. For the trace elements, Ca of 4.0% (95% CI: 

1.4%−6.8%), Cl of 0.7% (95% CI: 0.0%−1.4%), Fe of 3.3% (95% CI: 0.5%−6.1%), K 

of 1.8% (95% CI: 0.2–3.5) and Si of 1.3% (95% CI: 0.1%−2.5%). When controlling 

for PM2.5, only Ca of 3.2% (95% CI: 0.3, 6.1) and within the 0–14 age group by 5.2% 

(95% CI: 1.5, 9.1). Controlling for a co-pollutant that is highly correlated with PM2.5 

does reduce overestimation, but further studies should include deposition rates and 

parallel sampling analysis. 
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Introduction 

Ambient air pollution exposure has been associated with human health effects ranging from 

symptoms resulting in hospital admissions to mortality.[1]  According to the World Health 

Organization, air pollution poses the highest level of environmental risk.[2-4]  

 

Africa is undergoing a developmental, household and ambient air pollution transition.[5] 

In the northern regions of Africa, Ethiopia, Ghana and Rwanda, air pollution is improving 

with the introduction of better domestic energy systems and supply.[5] This trend may not be 

taking place in the Southern African regions.[6] Increased development, urban sprawl and 

failing fossil fuelled power stations pose the greatest risk to human wellbeing.  

 

In South Africa, nearly 1.8 million deaths were reported during 2015 to 2018. Of these, 

nearly 10% were due to respiratory diseases.[7] Locally, Wichmann and Voyi[5] reported an 

increase of 1.3% and 2.0% in respiratory disease mortality per inter-quartile range increase 

in PM10 (12 µg.m-3) and NO2 (12 µg.m-3), respectively in Cape Town, South Africa during 

2001-2006. A follow-up study by Thabethe et al[6] using data from 2006-2010 of three large 

South African cities, namely Cape Town, Durban and Johannesburg. In the meta-analysis, 

an overall excess mortality risk of 0.4% and 1.2% was observed for respiratory disease 
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mortality following a 10 μg.m-3 increase in PM10 and NO2, respectively. These studies did 

not investigate PM2.5.  

 

Impediments to health studies include inadequate government air pollution monitoring 

networks and comprehensive air quality laws at domestic levels.[8] Health management 

systems in various countries may also lack an electronic health registry data system.[3, 4] 

Researcher-initiated exposure assessment studies are not evenly distributed across Africa 

and not sustained over long study periods.[9] Studies may include questionnaire-based 

exposure indicators only.[10] Another challenge for health studies is when the total dataset 

from the South African Air Quality Monitoring Stations (SAAQIS) is of low quality due to 

missing values.[11]  

 

It is commonly recognised that PM2.5 is more hazardous to human health than PM10, as it 

can penetrate deeper into the respiratory tract than PM10, penetrate the lung barrier and enter 

the blood system.[12]  

PM2.5 is a complex mixture of numerous constituents, each with different physicochemical 

properties and toxicity. The proportion of which over the total particle mass varies by 

location, source and season.[13] Although the first epidemiology study reporting on acute 

health effects and some constituents of PM2.5 occurred in 1996, there is still uncertainty as to 

which PM components are the most harmful.[14]  In 2000, the first epidemiology study 

reported on the risk of acute exposure to PM2.5 trace elements on mortality.[15] In the 

meantime, numerous studies were conducted globally on the health effects of PM2.5 

composition, but none in Africa.[4] 

 

This is the first attempt to investigate the effects of PM2.5, its trace element composition and 

identified sources on respiratory hospital admissions in the capital city of South Africa, 

Pretoria.  

 

Materials and Methods 

Study area and population 

Pretoria is situated in central South Africa and has an overall population of about 2.6 

million in 2020.[16] It is located approximately 50 km north of Johannesburg in the north-
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east of South Africa. With an altitude of about 1 350 m above sea level, the city enjoys a 

moderate climate surrounded by hills of the Magaliesberg range. The sampling site was the 

School of Health Systems and Public Health, University of Pretoria (S25° 43' 57” E28º 12' 

10”). (Fig. 1) There is a main road (Steve Biko road) running alongside the campus and an 

industrial area north of the campus. The hospital data is collected from three Mediclinics 

(Medforum, Meulmed and Kloof). (Fig. 1) Sources of the PM2.5 air pollutant include 

Secondary S (significantly higher during the summer months, p<0.001), biomass burning 

(significantly higher during the winter months, p<0.001), industrial burning, vehicular 

emissions, mining and resuspended dust matrix.[17] 

 

Sampling and data analysis 

PM2.5 sampling, gravimetric and chemical analyses  

Briefly, the sampling of ambient PM2.5 by gravitational methods, followed the EPA MLD 

055 SOP as used in the ULTRA studies. Outdoor PM2.5 filter samples were collected 

manually, every third day from 16 April 2017 to 28 February 2020. Samples were collected 

on 37 mm PTFE membrane filters (Zefon International, Florida, USA) using GilAir-5 

personal air samplers (Sensidyne, Schauenburg Electronic Technologies Group, Mulheim-

Ruhr, Germany). The GilAir-5 pump flow rates were maintained at 4 l.min-1. Sampling 

started 9 a.m. and ended 9 a.m. the next day. The sampling method follows previous studies 

in South Africa utilising gravimetric sampling methods.[18]   

 

The PM2.5 filter samples were weighed at the SHSPH in batches of 20 before and after 

sampling. An ultra-micro-balance (Mettler-Toledo XP6) was used under climate-controlled 

conditions (temperature: 20.1-22.0 °C, relative humidity: 43-54%). The filter samples were 

stored in a refrigerator at 4 °C.  
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A XEPOS 5 energy-dispersive X-ray fluorescence (EDXRF) spectrometer (Spectro 

analytical instruments GmbH, Germany) at the Atmospheric Science Division, University of 

Gothenburg, was used to analyse the elemental composition of the aerosol particles on all 

filters. The EDXRF spectra were processed and quantified using the Spectro XRF Analyzer 

Pro software. All PM2.5 filter samples were analysed using a total time of 3000 seconds, 

automatically divided between the four analytical setup conditions. The concentrations of 

the following 21 elements were analysed for: As, Ba, Br, Ca, Cl, Cu, Fe, K, Mn, Ni, P, Pb, 

S, Sb, Se, Si, Sr, Ti, U, V and Zn. The mean analytical precision was 15% to 20%, as 

calculated from repeated analysis (n=7) of two randomly selected filters, one having a low 

and the other, a high mass loading. A good correlation between PM2.5 levels measured on 

filter samples using a GilAir-5 pump and those obtained using a continuous real-time 

instrument (Aeroqual) during May 2018 to May 2019 is observed. (Supplementary Fig 

1).[19]  

The duplicate sample values were averaged. Precision was estimated using the root mean 

square method on the duplicate sample concentration.[20] Results will only be reported for 

nine of the 21 trace elements as these had levels above the limit of detection LoD. Br, Ca, 

Cl, Fe, K, S, Si, Ti and Zn. (Table 1) Measurements below the (LoD) were treated as 

missing. 

 

Hospital admissions data (Mediforum, Meulmed and Kloof) 

In total, 15 155 respiratory disease hospital admissions were included in this study (Table 

2). This data was obtained from three Medi clinics (ethics 300/2020). Meulmed Hospital is 

situated 3.56 Km Southeast as the crow flies, Mediforum Hospital is 1.73 Km Southerly as 

the crow flies. Finally, Kloof Hospital is approximately 10.27 Km in the Southerly 

direction. Approximately 1000 fewer male (n=7 095) than female (n=8 060) patients were 
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admitted (Table 2). At most, 114 patients were admitted for respiratory disease in a day. The 

respiratory hospital admissions had clear seasonal trends with more hospital admissions per 

day during winter than in summer, p<0.001. (Fig. 2) 

 

In terms of average admissions per age group; the 0 - 14 age group had an average of 11 

admissions per day over the study period.  More boys than girls were admitted with an 

average of 13 admissions per day for all respiratory diseases. The highest number per day 

was 38 for girls and 49 for boys for all respiratory diseases. The highest number of 

admissions for a respiratory disease was for pneumonia with a mean of 7 girls and 8.5 for 

boys. Boys seemed to be more vulnerable at this age. (Table 3) 

 

For the 15 – 64 years age group, there was nearly double the number of admissions for 

females than males with an average of 9.8 and 5.4 admissions per day, respectively. The 

highest mean was for asthma for females (4.2) and 1.6 for males. For the elderly (>65 years) 

the highest number of admissions due to pneumonia with an average of 2.5 for females and 

1.6 for males. For the >65 age group, the average number of admissions was 3.9 and 3.5 

respectively.  

 

The average number of admissions for asthma for the 15 – 64 age group was 4.2 for females 

and 1.6 for males. For the >14 age group, the average number was 1.6 for females and 2.4 

for males. For the >64 age group, 1.4 for females and 0.96 for males. Lifestyle, occupational 

exposure, and outdoor activities could account for the trend. There were no admissions for 

emphysema for children and a very low average for the 15 – 64 age group for both females 

and males, (0.06 and 0.12 respectively). The average increases for the elderly (0.29 and 0.48 

respectively). (Table 3) 
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Study design and statistical method for case-crossover epidemiology study 

Ambient temperature is a well-established confounder for an air pollution-morbidity 

association. Tapp incorporates temperature, humidity and sometimes wind speed. Most 

studies considered temperature alone as the confounder and did not take relative humidity 

into account, even though relative humidity plays a significant role in health effects. Tapp is 

a better indicator of health effects rather than temperature alone.[21] (Table 4) 

 

The following equations were used to calculate the Tapp    

Saturation vapour pressure = 6.112 × 10 (7.5 × temperature °C/ (237.7 + temperature °C) (1)  

Actual vapour pressure = (relative humidity (%) × saturation vapour pressure)/100  (2)  

Dew point temperature °C = (−430.22 + 237.7 × ln (actual vapour pressure))/−ln (actual 

vapour pressure) + 19.08)          (3)  

Apparent temperature °C = −2.653 + (0.994 × temperature °C) + 0.0153 × (dew point 

temperature °C)           (4) 

 

The statistical analysis for the case-crossover study was performed in SAS where the daily 

number of hospital admissions (frequency) usually has a quasi-Poisson distribution, i.e., 

over-dispersed, meaning very few days with a low number of hospital admissions. The 

distribution has a long tail as the frequency declines, i.e., very few days have a large number 

of hospital admissions. Tables 5 and 6 

Yt  Poisson (t)         (5) 

The statistical model for investigating the association between PM2.5 sources and respiratory 

disease hospital admissions is: 

log (t) =  + SOURCEt + Tappt + pubholt + DOWt + Stratat  (6) 

where: 
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t is the day of the hospital admission;  

Yt is the hospital admission count on day t;  

 is the intercept;  

SOURCEt is a is a categorical variable and indicates the source type of PM2.5 on day t,  

 is a vector of coefficients for SOURCE,  

Tappt is the linear tem of apparent temperature;  

 is a vector of coefficients for Tapp;  

DOWt  is is a categorical variable and indicates the day of the week on day t and  

pubholt is a binary variable for public holidays.  

 indicates the vector of coefficients for DOW and pubhol.  

Stratat is a categorical variable of the year and calendar month used to control for long-term 

trend and seasonality and  is a vector of coefficients for Strata. 

SOURCEt is a categorical variable and not a continuous variable. The reference level of the 

SOURCEt variable was selected once the sources of PM2.5 have been identified. 

 

The association between respiratory disease hospital admissions and PM2.5, soot, BC and UV-

PM was also determined by means of the same model replacing SOURCEt for POLt. POLt is 

the linear term for PM2.5, soot, BC or UV-PM. PM2.5. Soot, BC and UV-PM usually have a 

very strong correlation. Only single pollutant models were therefore investigated. The lag0 of 

the air pollutant (PM2.5, soot, BC or UV-PM) and Tapp was utilised in the models. Lag0 refers 

to the air pollution or Tapp level on the day of hospitalisation. This method follows on 

previous studies as no default method was found. [22-24]  

 

Susceptibility of age groups (<15 years, 1564 years and ≥65 years) and sex (male/female) 

was investigated by stratified analyses. The associations between hospital admissions and air 
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pollutant level were presented as the percentage excess risk in hospital admissions per specific 

unit increase in an air pollutant level, in line with previous studies. The specific unit of 

increase for each pollutant is indicated below Tables 5 and 6.  

 Results 

Results of analysis of the case-crossover association between air pollutants (PM2.5, BC, UV-

PM, soot and trace elements) and hospital admissions 

Two models where performed. Model 1 using a full dataset including total PM2.5, soot, BC, 

UV-PM and nine trace elements. This model controlled for Tapp, public holidays and 

monthyear (weekends). Tapp was seasonal with the highest mean in summer, 23.8 ± 2.9 oC. 

(Table 4)  

 

Results for model 1, respiratory hospital admissions increased significantly by 2.7% (95% 

CI: 0.6, 4.9) per 10 µg.m-3 increase in PM2.5. (Table 5) For the trace elements. an increase in 

respiratory hospital admissions increased significantly with an increase in Ca by 4.0 % (95% 

CI: 1.4% - 6.8% per 124.4 ng.m-3 increase), for Cl by 0.7 % (95% CI: 0.0% - 1.4%) per 29.2 

ng.m-3 increase, Fe (3.3 % 95% CI 0.5% - 6.1% per 150.8 ng.m-3 increase), K ( 1.8% 95% 

CI 0.2 – 3.5 per 162.2 ng.m-3 increase and Si (1.3 % 95% CI 0.1% - 2.5% per 256.1 ng.m-3 

increase).   

 

Respiratory hospital admissions increased significantly for females with increased soot of 

5.8% (95% CI: 0.6 – 11.3) per 1 m-1 x 10-5 ng.m-3 incremental increase. When stratified for 

age, the ≥65 years age group, although not significant, tended to experience adverse effects 

as the percentage change in respiratory hospital admissions > 0%  

 

When stratifying for sex, hospital admissions was significantly increased by an increase of 

Br by 2.6 % (95% CI; 0.2% - 5.2%) with an IQR of 11.6 per 1 ng.m-3, of Ca by 3.8 % (95% 

CI: 0.5% - 7.3%) with an IQR of 124 per 1 ng.m-3, of Cl by 0.9 % (95% CI: 0.1% - 1.8%) 

with an IQR of 29 per 1 ng.m-3 and by Fe of 3.6 % (95% CI: 0.1% - 7.2%) with an IQR of 

151 per 1 ng.m-3. For males, a significant increase of Ca by 4.3 % (95% CI: 0.8% - 7.9%) 

with an IQR of 11.6 per 1 ng.m-3. 
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After controlling for PM2.5 in model 2, fewer significant associations were observed between 

respiratory hospital admissions and the trace elements. Respiratory hospital admissions 

increased significantly for total Ca by 3.2 % (95% CI: 0.3, 6.1) and for the 0 – 14 age group 

by 5.2 % (95% CI: 1.5, 9.1) per 10 ng.m-3. Overall, the associations were slightly weaker 

compared to model 1. (Table 6)  

 

Association between with sources of PM2.5 (lag0) and hospital admissions 

The association between PM2.5 and the following six sources (resuspended dust matrix 

(16%), mining (27), exhaust (11%), industry (21%), biomass burning (12%) and vehicular 

emissions (14%) was performed.[17] The model was controlled for Tapp, public holidays and 

monthyear (weekends). The respiratory hospital admissions significantly increased with an 

increase in resuspended dust matrix by 2.9 % (95% CI: 0.1% - 5.7%) and for biofuel 

burning by 1.6 % (95% CI: 0.1% - 3.2%) per 1 ng.m-3 sources.  

 

City of Tshwane air quality monitoring stations 

The covariate data for the case crossover study was provided by the City of Tshwane air 

monitoring stations in the immediate surrounds. Supplementary table S1 reports the 

descriptive statistics for the PM2.5, PM10, NO2 and SO2 levels, as measured at the nine 

ambient air pollution monitoring stations on the 350 days when PM2.5 was sampled at the 

SHSPH study site. The ‘missingness’ of the data varied from 2% for SO2 monitored at the 

Rosslyn monitoring station to 97% for PM10 monitored at the Tshwane Market monitoring 

station. The citywide mean for PM2.5 was 29.2 μg.m-3, which is based on 168 out of the 228 

days that had available data. The signed rank test indicated that the median PM2.5 level (18.6 

μg.m-3) recorded at the SHSPH study site was significantly lower than that of the citywide 

level (26.8 μg.m-3) (p<0.001). 

 

During the 350-day study period, the PM10 levels exceeded the daily WHO guideline (50 

μg.m-3) on 50 days out of 210 recorded days, whilst SO2 levels exceeded the daily WHO 

guideline (20 μg.m-3) on 78 days out of 119 recorded days.  

 

The timeseries for PM10, NO2 and SO2 for the study period were also shown in 

Supplementary fig. S2 to S4. PM10 and NO2 had a significant positive correlation (rho = 

0.31, p<0.001), and PM10 and NO2 had a negative correlation with Tapp (rho = -0.18, -0.31, 
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-0.14, p<0.001). Also, SO2 had significantly positive correlation with NO2 (rho = 0.83, 

p<0.001). (Supplementary table S2)  

 

No significant associations were observed between PM2.5, PM10, NO2 and RD hospital 

admissions when using this dataset.  

Discussion 

Total PM2.5 is composed of constituents including organic matter, soot, black carbon and 

secondary constituents. The yearly average total PM2.5 concentration for the 34-month study 

period was 23.2 ± 17.3 µg.m-3 with a range of 0.69 – 139 µg.m-3. The sum of the trace 

elements was 0.99 µg.m-3 and makes up 12.1 % of the total PM2.5 over the entire 34-month 

study period. (Table 1) The average yearly concentration was above the yearly WHO 

guideline (5 µg.m-3) and the yearly South African NAAQS (20 µg.m-3). During the study 

period, the 24-hour WHO guideline of 15 µg.m-3 was exceeded on 217 out of the 350 

samples and the 24-hour South African NAAQS of 40 µg.m-3 was exceeded on 53 days. [4] 

The average PM2.5 levels were significantly higher during autumn and winter compared to 

spring and summer (p<0.001). 

 

In total, there were 15 155 reported hospitalisations due to pneumonia, bronchitis, chronic 

obstructive disorder, asthma, respiratory disorder syndrome, respiratory and other related 

respiratory disorders over the 34-month period. As mentioned, two models were applied in 

the case-crossover study using lag0 (exposure for the same day as hospitalisation).  

 

The increase in respiratory hospital admissions was significantly increased by an increase in 

total PM2.5 of 2.7% (95% CI: 0.6, 4.9) per 10 µg/m3 increase. Achilleos et al[13] reported that 

respiratory mortality significant increased by 1.10% (95% CI: 0.59, 1.62) per 10 μg.m-3 

increase in total PM2.5 in a multi city study.   

  

When assessing the individual trace elements, respiratory hospital admissions significantly 

increased for Ca by 4.0 % (95% CI: 1.4% - 6.8%), Cl by 0.7 % (95% CI: 0.0% - 1.4%), Fe 

by 3.3 % (95% CI: 0.5% - 6.1%), K by 1.8% (95% CI: 0.2 – 3.5) and Si by 1.3 % (95% CI: 

0.1% - 2.5%) per IQR of 10 ng.m-3. (Supplementary table 1)  
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When assessing the association with BC and UV-PM, the increase in hospital admissions 

was found to be not significant but tended to have adverse effect on health when the 

percentage change in respiratory hospital admissions were larger than 0% for all age groups. 

This could imply that peaks of BC and UV-PM could influence the onset of respiratory 

outcomes. When stratified for age, hospital admissions did not significantly increase for the 

three age groups.  

 

In contrast, the review by Atkinson et al,[25] noted that both EC and secondary inorganic 

aerosols were associated with adverse health effects.[25] Furthermore,  Achilleos et al[13] 

determined that the strongest associations were found with combustion sources which 

produced EC and K.[13] All-cause mortality significantly increased the most with an increase 

in carbon compounds, 1.30% (95% CI: 0.17%, 2.43%) with an increase per 1 μg.m-3. 

Achilleos et al[13] also found the combustion elements EC (BC in this project) and K to have 

the most associations with mortality.  

 

A caveat was proposed by Achilleos et al[13], whereby constituent tracer elements that are 

more strongly correlated with PM2.5 may appear to be more closely related to adverse health 

outcomes due to total PM2.5.[13] After controlling for PM2.5 in the model 2 (Supplementary 

table 2), fewer significant associations were observed between respiratory hospital 

admissions and the trace elements. Respiratory hospital admissions increased significantly 

for total Ca by 3.2 % (95% CI: 0.3, 6.1) and for the 0 – 14 age group by 5.2 % (95% CI: 1.5, 

9.1). The associations were slightly weaker compared to model 1. 

 

Achilleos et al[13] determined that mortality due to respiratory diseases in adults significantly 

increased with increased exposure to soot, EC, OC, Na, Mg, Si, Cl, K, Ca, Ti, V, Mn, Fe, 

Ni, Cu and Zn in 148 studies. Although Cu was 32% below the LoD for the 34 – month 

study,[26] when run for models 1 and 2 there was a significant increase in hospital 

admissions. In model 1, when stratified for age, there was a significant increase in RD due 

to increasing Cu by 0.5% (95% CI: 0.1% – 0.9%) and by 0.7% (95% CI: 0.1 – 1.3) for 15- 

to 64-year-olds. There is a significant increase for hospital admission by an increase of 0.7% 

(95% CI: 0.1 – 1.2) for >65 year olds. A similar outcome was found in model 2, with an 

increase of 0.6% (95% CI: 0.1 – 1.2) for 15- to 64-year-olds and by 0.6% (95% CI: 0.1 – 

1.1) for >65 year olds. As with this study, Cu is a tracer for vehicular emissions in source 

apportionment studies.  
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Beelen et al[27] expanded on the number of models in An Analysis of 19 European Cohorts 

within the Multi-Centre ESCAPE Project. Four models were utilised, model 1 stratified for 

sex and timeframes similar to our model 1, but model 2 and 3 utilised more individual data. 

Model 4, interestingly, utilised two pollutants with a correlation <0.7.[27] Although the 

average yearly concentration varied considerable between cities and regions, the largest 

inter cohort variation occurred for S and the smallest for Si. S and Si were the two highest 

yearly concentrations for this project. In model 1, positive HRs were estimated for almost all 

single pollutant exposures, with a statistically significant association for PM2.5 S (HR = 

1.14; 95% CI: 1.06, 1.23 per 200 ng.m-3). Borderline statistically significant associations (p 

> 0.05 and ≤ 0.10) were found for model 4, PM2.5 Si (HR = 1.09; 95% CI: 0.99, 1.09 per 

100 ng.m-3), PM10 Ni (HR = 1.09; 95% CI: 1.00, 1.19 per 2 ng.m-3), and PM10 K (HR = 

1.03; 95% CI: 1.00, 1.06 per 100 ng.m-3).[27] As in this project, Zn, was not found to be 

significant. Ni and V which are excluded in this project were also found to be poorly 

correlated in low concentrations.  

 

This finding corresponds with model 4 in Beelen et al[27], where two pollutants were 

analysed, the HR for PM2.5 was closer to the null and statistically nonsignificant when 

adjusted for PM2.5 S (HR = 1.07; 95% CI: 1.02, 1.13 vs. HR = 1.02; 95% CI: 0.96, 1.09 per 

5 μg.m-3). Furthermore, the two-pollutant model resulted for PM2.5 Si, PM10 K, and PM10 Ni 

because the single pollutant associations for those elements were borderline statistically 

significant. After adjustment for PM2.5 S, associations with PM10 Ni (HR = 1.09; 95% CI: 

0.98, 1.22 vs. HR = 1.06; 95% CI: 0.95, 1.18 per 2 ng.m-3) were slightly reduced. The 

combined effect estimate for PM2.5 S from the two-pollutant model adjusted for PM2.5 did 

not differ from the single-pollutant model estimate.[27] 

 

Similar outcomes were found in Wang et al[28] where in a study of eight pooled European 

cohorts, the study utilised the Cox proportional analysis and additional personal 

information. The hazard ratio (HR) for death was 1.021 (95% confidence interval: 1.019–

1.022) per one μg.m-3 increase in annual PM2.5, the risk associated with PM2.5 increased 

with relative concentration of elemental carbon, vanadium, copper, calcium, and iron and 

decreased with nitrate, organic carbon, and sulphate.   

 

In this project, Br had a positive HR, 2.6% (95% CI: 0.2, 5.2) and an IQR (11.6) for females 

in model 1, and not in model 2 when controlled for PM2.5. Of interest, Br as a strong 
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positive correlation with PM2.5 (rho = 0.81, p<0.001).[26] The same would apply for the 

following 4 trace elements which were found to be positively associated for model 1, but not 

for model 2, Cl (rho = 0.55, p<0.001), Fe (rho = 0.67, p<0.001), K (rho = 0.55, p<0.001) 

and Si (0.39, p<0.001). Cl and K were correlated for the 34 – month study (rho=0.72, 

p<0.001) and were tracers for biomass burning. These were determined to be not 

significantly associated in the second model. (Supplementary table S3) 

 

Association with the sources of PM2.5 and hospital admissions 

The model is controlled for Tapp, public holiday and monthyear. There was a significant 

increase in hospital admissions with an increase in resuspended dust matrix by 2.9 % (95% 

CI: 0.1% - 5.7%) and for the biofuel burning, by 1.6 % (95% CI: 0.1% - 3.2%) sources. Ca 

is a tracer for course particulates in source apportionment. This includes resuspended dust 

and for biofuel and coal burning. In model 2, when controlling for PM2.5, Ca was the only 

significantly associated trace element when modelled. Vulnerable ages, 0-14 and >65 are 

also determined to be significantly associated with increase in Ca.  

 

This was in line with a review by Hopke et al[29], which found that hospital admissions 

increased significantly with the same sources. Here an increase of 2.5% (95% CI: 0.0% 

5.1%) for road dust and an increase of 3.0% (95% CI 0.3%, 5.7%) by biofuels by 

incremental increase of 1 µg.m-3.  The study took place in New York from 2005 to 2016.  

 

Hospital admission did not significantly increase with an increase in factors allocated to 

mining and vehicular emissions but had a tendency to have adverse effect as % change in 

respiratory hospital admissions tended to 0%. The factor allocated to exhaust resulted in not 

being significant, but with a tendency to not to have adverse effect as % change in RD 

hospital admissions tended to 0%. This too was similar to the Hopke et al[29] study as the 

source allocated to ignition fumes and emissions, brake pad particulates and fuel additives 

was also allocated in the same way for the Pretoria study. The road dust and residual oil 

factors resulted in an increase in IQR for asthma but a decrease in COPD.[30] The protective 

nature of the result could be due to the lag time being longer than 3 days or in the Pretoria 

study lag0 as well as the complex nature of the constituents of PM2.5 and the factor 

allocation.  
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The outcome was further supported by two other studies where, in a study by Karakatsani et 

al[31] , in four European cities, a 10 µg/m3
 increase in previous day coarse particles 

concentrations was positively associated with most symptoms (an increase of 0.6 to 0.7% in 

average) (OR= 1.076, 95% CI: 1.026-1.128).  In Bachwenkizi et al[32] various models were 

utilised for the health study. In the single-constituent model, for an IQR increase in pollutant 

concentrations, the odds ratio (OR) of infant mortality was 1.03 (95 %CI; 1.01, 1.06) for 

PM2.5 total mass, and was 1.04 (95 %CI: 1.02, 1.06), 1.04 (95 %CI: 1.02, 1.05), 1.02 (95 

%CI: 1.00, 1.03), 1.04 (1.01, 1.06) for BC, OM, SO4 2−, and dust, respectively. 

 

In Croft et al[33], where the rate of respiratory infection was associated with increased 

concentrations of source-specific PM2.5 in New York found that increased rates of 

emergency room visits for influenza were associated with interquartile range increases in 

concentrations of spark ignition vehicle emissions (excess rate = 9.2%; 95% CI: 4.3%, 

14.3%) and diesel (excess rate = 3.9%; 95% CI: 1.1%, 6.8%) for lag days 0-3.  

 

In a recent health risk assessment using the same dataset, it was found that the hazard 

quotient (HQ) for total PM2.5, Cl, K, Si and Ti was above 1 for all year for infants and 

children and above 1 for S and Si for adults.[26] 

 

When analysing the influence of sources of PM2.5, the confounding was treated differently 

in methods 3 and 4 where residuals were included. This approach accommodated 

confounding by pre-empting the possibility of certain factors appearing to be more toxic 

than another due to PM2.5 being related to both constituent concentration and health 

outcomes.[34]  The results were the same as in model 2. This was slightly in contrast to the 

Hopke et al[30] study where the model run with the PM2.5 residuals was slightly lower for all 

factors. The size of the New York dataset (10 years) was much larger than the Pretoria study 

(34 months) which could play a role in the outcome when utilising residuals.  

 
For the criteria air pollutants (PM10, NO2 and SO2), we utilised the data from the City of 

Tshwane (CoT) monitoring station database.  (Supplementary table S1 and S2) PM10 and 

NO2 had a significant positive correlation (rho = 0.31, p<0.001), and PM10 and NO2 had a 

negative correlation with Tapp (rho = -0.18, -0.31, -0.14, p<0.001). Also, SO2 had 

significantly positive correlation with NO2 (rho = 0.83, p<0.001). In Supplementary table 

S2, the summary statistics of the CoT dataset for 350 days notes that there is 55% missing 
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datapoints for the calculated citywide total PM2.5, 60% of PM10, 88% of NO2 and 90% of 

SO2. All the correlation were significant between CoT data, Tapp, windspeed, temperature 

and relative humidity. (Supplementary table S4) 

 

No significant association was observed between PM2.5 and PM10 and respiratory hospital 

admissions. In addition, there was increase in respiratory hospital admissions for NO2 and 

SO2. This was contrary to what was reported in other studies conducted in urban areas. The 

results may have been influenced by the amount of missing data in the dataset.  

 

In contrast, Thabethe et al[35] studied the association between PM10, NO2 and SO2 and CVD 

and respiratory deaths where daily mean concentrations of PM10, NO2, and SO2 in Cape 

Town were 32.7, 17.5, and 10.4 μg.m-3, respectively, during the 5-year study period. In 

Cape Town, an inter-quartile range (IQR) of 17 µg/m3 increase in the CA2 (2-day 

cumulative average) of PM10 increased RD mortality for all ages by 0.8% (95% CI:2.5%, 

4.1%). The association between PM10 and RD mortality was stronger for women than men. 

In a similar study by Wichmann et. al., (2014) in Gothenburg between 1990 and 2000, 

found a very strong association between hospitalisations due to acute myocardial infarction 

and PM10 (4.1%, 95% CI 0.2% − 8.2%). In a review by Ab Manan et al[9] hospital 

admissions for respiratory diseases in 28 studies resulted in a pooled estimate of an 

increased risk of hospitalization by PM2.5 (1.1 to 1.8); PM10 (1.007 to 1.13); NO2 (1.08 to 

1.94) and SO2 (1.02). A reason for the discrepancy with our estimates may be that the above 

studies took place in Europe, the USA and Australia. Cape Town has similar PM and 

priority chemical compound yearly concentrations to Europe, but Pretoria is currently 

higher.[23]  

 

 
Although no association was found in the Karakatsani et al[31] study for NO2, in Goeminne 

et al[36], a case-crossover study was done for the association between bronchiectasis and 

outdoor air pollutants in Dundee, UK. For each 10 µg/m3 increase in PM10 and NO2, the risk 

of having an exacerbation that same day increased significantly by 4.5% (95% CI: 0.9–8.3) 

and 3.2% (95% CI: 0.7–5.8), respectively. The overall (lag 0-4) increase in risk of 

exacerbation for a 10 µg/m3 increase in air pollutant concentration was 11.2% (95% CI: 

6.0–16.8) for PM10 and 4.7% (95% CI: 0.1–9.5) for NO2. Sub analysis showed higher 

relative risks during spring (PM10 1.2 (95% CI: 1.1–1.3), NO2 1.146 (95% CI: 1.0–1.3)) and 
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summer (PM10 2.1 (95% CI 1.8–2.6), NO2 1.4 (95% CI: 1.1–1.6)) when outdoor air pollution 

exposure would be expected to be highest. 

 

Conclusion 

In the initial model where the association was controlled for Tapp and (weekends) 

monthyear, the result was a significant increase in respiratory hospital admissions with an 

increase in Ca, Cl, Fe, K and Ti (IQR 10µg.m-3).  When controlling for PM2.5 too, increase 

in hospital admission is significant with an increase in Ca (IQR 10µg.m-3) exposure only. 

By considering strong the presence of positive associations with PM2.5, one can avoid 

overestimation albeit a very conservative result. The cause of this strong association may be 

due to Pretoria being situated in a region which experiences dry winters and wet summers. 

In winter the average total PM2.5 is five times higher than in summer. The sources attributed 

to the mean concentration of PM2.5 were both ubiquitous and seasonal. Trace elements are 

tracers for flue gas emissions from coal fuelled power stations as well as biomass burning 

during the winter months.  The increase in respiratory hospital admissions is significantly 

increased with and an increase in PM2.5 allocated to resuspended dust matrix and biofuel 

burning sources. It is recommended that urban areas consider the sources (both seasonal and 

ubiquitous) when updating the Municipal Air Quality Management Plans. 
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Supplementary Fig. S4 

 



Table 1: Summary statistics for 24-hour PM2.5 and the trace elements measured at the 

School of Health Systems and Public Health, University of Pretoria during 18 April 2017 

and 28 February 2020 (350 days). 

 

Variable Mean Std Dev Median Min Max 
PM2.5 23.2 17.3 17.7 0.7 139 

Soot 1.8 1.7 1.0 0.0 11.0 

BC 3.1 2.5 2.1 0.2 11.4 

UV-PM 2.5 1.7 2.1 0.1 7.6 

Temperature 19 4 20 9 27 

Relative humidity 59 17 61 13 99 

Windspeed 1.1 0.8 1.2 0.0 4.2 

Rainfall 1.4 6.9 0.0 0.0 96.8 

Br 17 23 8.6 0.2 254 

Ca 156 160 106 0 997 

Cl 53 129 11.8 0.0 1238 

Fe 297 216 261 1.7 1454 

K 251 327 115.9 1.5 1917 

S 1175 1752 496 0.4 11841 

Si 646 687 507 4.1 5532 

Ti 34 29 27.7 0.5 212 

Zn 57 91 20.5 0.1 809 

 

Units: PM2.5 (µg.m-3), soot (m-1 x 10-5), BC (μg.m-3), UV-PM (μg.m-3), temperature (oC), relative humidity (%), 

windspeed (ms-1), rainfall (mm), trace elements (ng.m-3) 

No missing values, except for four soot values 

  



30 
 

Table 2: Descriptive statistics of the daily number of respiratory disease hospital 

admissions at three private hospitals in Pretoria, South Africa during 18 April 2017 to 

28 February 2020 on the 350 days that PM2.5 was sampled at the School of Health 

Systems and Public Health, University of Pretoria  

Group Mean Min Median Max 

All ages and both sexes (n=15155) 43.3 4.0 44.0 114.0 

Females (n=8060) 23.0 0.0 23.0 61.0 

Males (n=7095) 20.3 0.0 20.0 66.0 

0-14 year olds (n=8225) 23.5 0.0 23.0 71.0 

15-64 year olds (n=4932) 14.1 0.0 14.0 37.0 

≥65 year olds (n=1998) 5.7 0.0 5.0 25.0 

 

Abbreviations: Max: maximum value; Min: minimum value 
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Table 3: Descriptive statistics of the daily number of specific respiratory disease 

hospital admissions at three private hospitals in Pretoria, South Africa during 18 April 

2017 to 28 February 2020 on the 350 days that PM2.5 was sampled at the School of 

Health Systems and Public Health, University of Pretoria: By age group and sex 

   Female  Male
Age 
group Variable  Mean

Std. 
Dev. Range Mean 

Std. 
Dev. Range

>14 All respiratory disease (J00–J99) 11.00 6.80 1 - 38 13 8.1 1 - 49

 Pneumonia (J12–J18) 7.00 5.00 0 - 33 8.5 6.6 0 - 41

 Bronchitis (J40–J42) 0.10 0.23 0 - 5 0.006 0.11 0 - 2

 Chronic obstructive pulmonary disease (J44) 0.00 0.00 0.00 0.004 0.1 0 - 3

 Emphysema (J43) 0.00 0.00 0.00 0.00 0.00 0.00

 Asthma (J45–J46) 1.60 2.30 0 - 14 2.4 2.8 0 - 16

 Respiratory distress syndrome (J80) 0.50 0.40 0 - 6 0.075 0.48 0 - 7

 Other diseases of the respiratory system (J95, J97–J99) 0.20 0.79 0 - 6 0.12 0.78 0 - 8

  Respiratory failure (J96) 0.05 0 - 4 0.076 0.48 0 - 6

15-64 All respiratory disease (J00–J99) 9.80 5.70 1 - 29 5.4 3.7 1 - 27

 Pneumonia (J12–J18) 2.50 2.70 0 - 15 1.6 2.1 0 - 20

 Bronchitis (J40–J42) 0.05 0.31 0 - 4 0.016 0.18 0 - 3

 Chronic obstructive pulmonary disease (J44) 0.25 0.88 0 - 11 0.29 0.86 0 - 8

 Emphysema (J43) 0.06 0.40 0 - 6 0.12 0.72 0 - 11

 Asthma (J45–J46) 4.20 3.40 0 - 22 1.6 1.7 0 - 11

 Respiratory distress syndrome (J80) 0.63 1.40 0 - 11 0.56 1.4 0 - 13

 Other diseases of the respiratory system (J95, J97–J99) 0.73 1.40 0 - 11 0.58 1.5 0 - 19

  Respiratory failure (J96) 0.41 1.20 0 - 10 0.47 1.5 0 - 19

64<  All respiratory disease (J00–J99) 3.90 2.70 1 - 15 3.5 2.7 1 - 15

 Pneumonia (J12–J18) 1.70 2.10 0 - 14 1.6 2.2 0 - 12

 Bronchitis (J40–J42) 0.10 0.56 0 - 8 0.037 0.28 0 - 4

 Chronic obstructive pulmonary disease (J44) 0.72 1.40 0 - 9 1 1.7 0 - 10

 Emphysema (J43) 0.29 0.97 0 - 8 0.48 1.2 0 - 9

 Asthma (J45–J46) 1.40 1.50 0 - 12 0.96 1.7 0 - 13

 Respiratory distress syndrome (J80) 0.49 1.30 0 - 10 0.61 1.5 0 - 10 

 Other diseases of the respiratory system (J95, J97–J99) 0.77 1.50 0 - 9 0.86 1.8 0 - 13

  Respiratory failure (J96) 0.37 1.10 0 - 8 0.5 1.5 0 - 13
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Table 4: Apparent temperature for all year and the seasons for 16 April 2017 to 28 

February 2020 as a function of relative humidity, wind speed and average temperature 

as reported by the South African Weather Services (SAWS). 

  
Seasons 

 
Pretoria  All (350) Autumn (78) Winter (90) Spring (92) Summer (90) 

Tapp 
 

        

Mean and SD 18.8 ± 5.31 18.4 ± 4.3 12. ± 8 3 20 ± 3.5 23.8 ± 2.9 

Range 6.27 - 30.6 10.2 - 30 6.3 - 20.9 10.9 - 27.9 15.2 - 30.6 

Percentiles           

25th 95%CI 14.2 (13.3, 15.4) 15 (13.7, 16.4) 10.9 (10, 11.4) 18.2 (17.3, 19.4) 22.2 (21.3, 23.4) 

50th 95%CI 19.1 (18.4, 20.1) 18 (17.3, 19) 12.3 (11.7, 13.3) 20.2 (19.3, 21.4) 24.2 (23.8, 25.4) 

75th 95%CI 23.4 (24.4, 25.9) 22 (19.8, 22.2) 14.7 (13.6, 16.1) 23 (22.3, 24.4) 25.8 (25.3, 26.3) 

Average 

Temperature  
 

        

Mean and SD 19 ± 4.1 18.4 ± 3.0 14 ± 2.6 21 ± 2.9 23 ± 2.2 

Range 8.9 - 26.9 11.7 - 26 8.9 - 21 13.7 - 26 8.9 - 21 

Percentiles           

25th 95%CI 15.9 (15, 16.8) 16.6 (15.5, 17.2) 12.8 (12.3, 13.5) 19.3 (18.3, 20.2) 21.7 (21.3, 22.3) 

50th 95%CI 19.6 (18.8, 20.5) 18 (17.73, 18.8) 14.3 (14, 14.8) 21.3 (20.6, 21.7) 23.3 (22.5, 23.8) 

75th 95%CI 22.7 (22, 23.4) 20 (19.1, 21.6) 16.5 (15.2, 17.9) 22.9 (22.4, 24.1) 24.2 (24, 24.8) 

Relative 

Humidity 
 

        

Mean and SD 59.3 ± 17.4 68.8 ± 14.4 59 ± 17 47 ± 17 64 ± 13 

Range 13 - 99 29 - 97 19 - 94 13 - 97 19 - 94 

Percentiles           

25th 95%CI 49(46,52) 59.5 (54, 63.7) 47 (44.4, 53) 32.3 (29.6, 38.9) 56(53.2, 61) 

50th 95%CI 61 (58.6,63) 67.5 (65, 71.2) 58 (54, 63) 47 (44, 52.9) 64 (62, 66) 

75th 95%CI 70 (68.6,72) 79.3 (73.5, 84.3) 73 (65.8, 76) 60.4(56, 94.9) 70 (67.7, 72) 

Wind speed 
 

        

Mean and SD 1.3 ± 0.54 1.0 ± 0.48 0.99 ± 0.44 1.6 ± 0.47 1.5 ± 0.44 

Range 0 - 3 0 - 2.4 0.2 - 2.2 0.8 - 2.9 0.2 - 2.2 

Percentiles           

25th 95%CI 0.9 (0.8, 1.0) 0.7 (0.6, 0.8) 0.6 (0.6, 0.7) 1.2 (1.1, 1.3) 1.2 (1.1, 1.3) 

50th 95%CI 1.3 (1.2, 1.3) 1 (0.9, 1.1) 0.9 (0.8, 1) 1.5 (1.4, 1.7) 1.5 (1.3,1.6) 

75th 95%CI 1.6(1.6, 1.7) 1.3 (1.2, 1.4) 1.3 (1.1, 1.4) 1.9(1.8, 2.1) 1.8 (1.7, 2) 

 

  



Table 5: Model 1: Percentage change (95% CI) in daily respiratory disease hospital admissions per increment increase in an air 

pollutant level (lag0) measured at the School of Health Systems and Public Health, University of Pretoria during 18 April 2017 to 28 

February 2020 (350 days). 

 

Air pollutant All 0-14 year old 15-64 year old ≥65 year old Females Males 

PM2.5 2.7 (0.6, 4.9)  3.6 (0.8, 6.5)  2.5 (-0.7, 5.8) -0.3 (1.0, 1.1)  2.6 (-0.1, 5.4) 2.9 (0.1, 5.7)  

BC 1.1(-0.7, 2.8) 0.6(-1.7, 2.9) 1.7 9-0.9, 4.2) 1.7(-2.1, 5.6) 1.8(-0.4, 4.0) 0.3(-2.0, 2.6)

UV-PM 1.8(-1.0, 4.6) 0.9(-2.7, 4.6 0 2.4(-1.6, 6.6) 3.9(-2.2, 10.3) 2.7(-0.8, 6.2) 0.7(-2.8, 4.4)

Soot 1.6(-0.4, 3.7) 2.1(-0.7, 4.9) 0.4(-2.6, 3.6) 2.7(-1.9, 7.50 5.8 (0.6, 11.3) 0.5(-7.6, 9.2)

Br 1.6 (-0.4, 3.7)  1.5(-1.1, 4.2) 2.0(-1.0, 5.0) 1.5(-3.1, 6.4) 2.6 (0.2, 5.2) 0.4(-2.3, 3.2)

Ca 4.0 (1.4, 6.8)  6.2 (2.7, 9.8) 1.6(-2.3, 5.7) -0.1(-6.1, 6.2) 3.8 (0.5, 7.3) 4.3 (0.8, 7.9)

Cl 0.7 (0.0, 1.4)  1.0(0.0, 1.9) 0.5(-0.5, 1.5) 0.2(-1.5, 1.8) 0.9 (0.1, 1.8) 0.4(-0.5, 1.4)

Fe 3.3 (0.5, 6.1)  5.2 (1.6, 9.0) 1.4(-2.7, 5.6) -0.3(-6.3, 6.1) 3.6(0.1, 7.2) 2.9(-0.7, 6.6)

K 1.8 (0.2, 3.5)  2.9 (0.7, 5.1) 0.5(-2.0, 3.1) 0.1(-3.7, 4.1) 1.6(-0.5, 3.7) 2.2(0.0, 4.4)

S 1.5 (-0.3, 3.4)  2.1(-0.3, 3.6) 1.0(-1.7, 3.7) 0.7(-3.5, 5.1) 0.8(-1.4, 3.2) 2.3(0.0, 4.7)

Si 1.3 (0.1, 2.5)  2.1 (0.6, 3.6) 0.3(-1.6, 2.1) -0.1(-2.9, 2.8) 1.2(-0.3, 2.7) 1.5(-0.1, 3.0)

Ti 1.7 (-0.4, 3.9)  3.2 (0.4, 6.1) -0.2(-3.3, 3.0) 0.1(-4.8, 5.2) 2.3(-0.3, 5.1) 1.0(-1.7, 3.9)

Zn -0.7 (-0.7, 3.1)  2.0(-0.5, 4.4) 0.0(-2.8, 2.8) 6.0(-3.5, 4.9) 0.8(-1.5, 3.2) 1.6(-0.8, 4.1)

 
All the models included only one air pollutant or one trace element. Models adjusted for apparent temperature (lag0), day of the week, public holidays and monthyear 
The IQR is used as the increment for the trace elements (in ng.m-3): Br (11.6), Ca (124.4), Cl (29.2), Fe, (150.8), K (162.2), S (1017.2), Si (256.1), Ti (19.2), Zn (48.2) 

10 µg.m-3 is used as the increment for PM2.5 and 1 µg.m-3 for BC and UV-PM. The increment for soot is per 1 m-1 x 10-5 increase.  
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Table 6: Model 2: Percentage change (95% CI) in daily respiratory disease hospital admissions per inter-quartile range increase in trace 

element levels (lag0) measured at the School of Health Systems and Public Health, University of Pretoria during 18 April 2017 to 28 

February 2020 (350 days). 

 
Air pollutant All 0-14 year old 15-64 year old ≥65 year old Females Males 

Br 0.6 (-1.7, 2.9)  
 
0.0 (-2.9, 3.1) 1.1 (-2.3, 4.6) 2.2 (-3.1, 7.7) 2.0 (-0.8, 4.8) -1.0 (-4.1, 2.1)

Ca 3.2 (0.3, 6.1)  5.2 (1.5, 9.1)  0.6 (-3.7, 5.0) 0.1 (-6.4, 7.1)  3.0 (-0.6, 6.8) 3.3 (-0.4, 7.3) 

Cl 0.5 (-0.3, 1.2)  0.7 (-0.3, 1.7) 0.3 (-0.8, 1.4) 0.2 (-1.5, 2.0)  0.7 (-0.2, 1.6) 0.2 (-0.8, 1.2) 

Fe 1.9 (-1.5, 5.3)  3.8 (-0.7, 8.4) -0.6 (-5.5, 4.5) 0.0 (-7.5, 8.0) 2.6 (-1.7, 7.0) 1.1 (-3.2, 5.6) 

K 1.2 (-0.5, 3.1)  2.2 (-0.1, 4.5) -0.2 (-2.9, 2.5)  0.2 (-3.8, 5.8) 1.0 (-1.2, 2.4) 1.6 (-0.8, 3.9) 

S 0.7 (-1.3, 2.7)  1.0 (-1.6, 3.6) 0.1 (-2.8, 3.1) 1.0 (-3.6, 5.8) -0.1 (-2.6, 2.4) 1.6 (-1.0, 4.2) 

Si 0.9 (-0.4, 2.1)  1.6 (0.0, 3.2) -0.3 (-2.2, 1.7) 0.0 (-3.0, 3.0) 0.7 (-0.9, 2.3) 1.0 (-0.6, 2.7) 

Ti 0.7 (-1.7, 3.1)  2.0 (-1.0, 5.2) -0.5 (-4.8, 2.0) 0.3 (-5.1, 6.1) 1.5 (-1.4, 4.5) -0.3 (-3.3, 2.9)

Zn 0.3 (-1.7, 2.4)  0.9 (-1.7, 3.6) -1.0 (-4.0, 2.0) 0.9 (-3.6, 5.6) 0.0 (-2.5, 2.5)  -1.8 (-1.8, 3.4) 

 
All the models included only one trace element air pollutant. Models adjusted for PM2.5, apparent temperature (lag0), day of the week, public holidays and monthyear 
The IQR is used as the increment for the trace elements (in ng.m-3): Br (11.6), Ca (124.4), Cl (29.2), Fe, (150.8), K (162.2), S (1017.2), Si (256.1), Ti (19.2), Zn (48.2) 
10 µg.m-3 is used as the increment for PM2.5 and 1 µg.m-3 for BC and UV-PM 
The increment for soot is per 1 m-1 x 10-5 increase



Supplementary table S1: Descriptive statistics for covariate data (PM10, NO2 and SO2) 

as reported by SAAQIS City of Tshwane  

  
Seasons 

 
Pretoria  All  Autumn  Winter  Spring Summer  

PM10          

Mean and SD 71.9 ± 72.8 50.6 ± 25 8 108 ± 95.6 84.3 ± 79.8 35 ± 14 

Range 11.0 - 707 17.8 - 139 21.8 - 375 11 - 706 11.8 - 83 

Percentiles           

25th 95%CI 34(32,36) 32.5(29,37.7) 56(49,58.8) 40.7(36.7,46.8) 25(23.7,27.3) 

50th 95%CI 51(48, 54) 46.7(40.5,49.7) 72(67,78.5) 61.6(56.3,66) 32.5(29.6,35) 

75th 95%CI 79(71, 82) 57.2(53.1,64.9) 101(95.3,112) 93(80.1,117) 40.6(37,45) 

NO2          

Mean and SD 16.4 ± 9.6 16 ± 6.6 26 ± 12.4 15 ± 7.5 11 ± 3.6 

Range 4.0 - 78.8 4.2 - 41.5 7.0 - 78.8 4.0 - 38 4.1 - 22 

Percentiles           

25th 95%CI 9.8(9.5,10) 11.3(13.7,12.5) 17.5(16.7,19) 9.79(9.22,10.4) 8(7.8,8.4) 

50th 95%CI 14(13, 14) 15.2(13.9,16.2) 23(21.3,25) 12.7(12.2,13.7) 10.2(9.5,10.7) 

75th 95%CI 20(19,21) 19.2(17.9,20.9) 31.7(29.2,35.1) 19.6(17,22) 13.1(12.2,13.7) 

SO2          

Mean and SD 6.15 ± 9.6 6.5 ± 11.5 7.11 ± 4.32 4.7 ± 2.4 6.5 ± 5.8 

Range 0.95 - 117 1 - 117 1.8 - 43 1.3 - 13 0.95 - 34 

Percentiles           

25th 95%CI 3(2.9,3.3) 3.2(2.7,3.5) 4.8(4.3,5.1) 2.9(2.6,3.2) 2.7(2.5,2.9) 

50th 95%CI 4.9(4.6,5.1) 4.4(4,5.1) 6.1(5.8,6.5) 4.4(4.0,4.7) 4.2(3.6,4.7) 

75th 95%CI 7.4(7,8) 6.6(6.0,7.6) 8.3(7.8,8.9) 6.15(5.6,6.8) 8.6(8.0,10) 
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Supplementary table S2: Descriptive statistics of 24-hour PM2.5, PM10, NO2 and SO2 

levels (in µg.m-3) measured at the nine ambient air pollution monitoring stations of the 

City of Tshwane municipality (Pretoria), South Africa on 350 days during 18 April 

2017 to 28 February 2020 when PM2.5 was sampled at the School of Health Systems 

and Public Health, University of Pretoria  

 

Variable 
% 
missing Min Mean Median Max Std Dev 

PM2.5   
  Bodibeng 37 6.5 28.8 24.4 127.5 20.0 
  Booysens (not 
monitored) NA NA NA NA NA NA 
  Ekandustria 19 0.1 15.7 18.0 39.5 10.7 
  Hammanskraal 67 2.4 25.3 20.0 78.1 16.2 
  Mamelodi (not 
monitored) NA NA NA NA NA NA 
  Olievenhoutbosch 33 0.0 36.7 26.8 120.0 27.3 
  Pretoria West (not 
monitored) NA NA NA NA NA NA 
  Rosslyn 21 6.1 24.2 21.2 78.8 12.9 
  Tshwane Market 3 45.7 60.2 60.5 79.6 9.9 
  Citywide average 55* 6.4 27.8 24.9 97.8 14.9 
PM10   
  Bodibeng 33 18.2 73.5 62.5 212.1 37.8 
  Booysens 23 15.8 59.9 52.7 184.0 35.2 
  Ekandustria 15 1.9 6.9 6.3 19.8 3.4 
  Hammanskraal 52 6.4 68.4 43.6 877.1 89.7 
  Mamelodi 17 4.8 65.9 58.0 276.5 45.5 
  Olievenhoutbosch 40 0.0 61.5 45.3 259.4 56.5 
  Pretoria West 2 12.2 19.6 17.2 37.4 8.2 
  Rosslyn 24 11.8 109.6 46.6 500.6 154.0 
  Tshwane Market 3 22.1 24.3 24.3 26.1 1.4 
  Citywide average 60* 11.9 71.7 51.6 371.7 69.9 
NO2   
  Bodibeng 62 4.5 21.6 17.7 83.8 13.3 
  Booysens 62 8.1 28.9 25.7 75.5 13.2 
  Ekandustria 23 5.8 25.3 22.0 48.9 11.8 
  Hammanskraal 71 0.0 19.9 17.9 57.5 13.3 
  Mamelodi 64 9.0 43.0 33.6 162.6 29.6 
  Olievenhoutbosch 26 0.0 27.0 26.0 79.6 12.7 
  Pretoria West 39 0.0 61.3 30.0 568.3 85.8 
  Rosslyn 36 5.4 23.5 19.7 59.3 12.8 
  Tshwane Market 31 10.8 33.6 31.6 66.1 12.4 
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Variable 
% 
missing Min Mean Median Max Std Dev

  Citywide average 88* 9.1 30.8 25.8 148.2 18.0 
SO2   
  Bodibeng 54 1.0 7.5 5.7 34.7 5.8 
  Booysens 69 0.0 32.0 13.5 819.1 68.7 
  Ekandustria 83 2.3 12.8 10.0 87.5 10.2 
  Hammanskraal 76 0.0 11.0 8.7 49.6 9.0 
  Mamelodi 65 0.2 15.6 13.6 56.5 11.7 
  Olievenhoutbosch 35 0.1 15.8 9.4 75.2 17.2 
  Pretoria West 44 0.0 17.9 16.5 68.1 11.4 
  Rosslyn 84 2.4 12.5 10.4 45.1 7.8 
  Tshwane Market 23 0.0 12.4 6.8 115.3 24.2 
  Citywide average 90* 2.5 15.9 13.2 213.5 15.2 
 
*Daily 24-hour averages of each pollutant were calculated from the hourly data and were based on at least 18 
hourly values. If more than six hourly values were missing during the 24-hour period then the daily average 
was set as missing. Subsequently, a citywide 24-hour average for each of the pollutants was calculated and was 
based on the data of at least two monitoring stations. The nine AAQM stations are within a 50 km radius of the 
PM2.5 sampling site at the SHSPH. 
 
 

  



Supplementary table S3: Correlation between 24-hour PM2.5 and the trace elements on 350 days at the School of Health Systems and 

Public Health, University of Pretoria during 18 April 2017 and 28 February 2020

 
PM2.5  Soot  BC UV‐PM Br Ca Cl Cu Fe  K  S Si Ti U Zn

PM2.5  1 
    

Soot  0.45  1 
   

BC  0.74  0.47*  1 
 

UV‐PM  0.71  0.47*  0.95*  1 
 

Br  0.81  0.45*  0.80* 0.79* 1
 

Ca  0.58  0.34*  0.52*  0.51*  0.64*  1 
 

Cl  0.55  0.40*  0.60* 0.57 0.64* 0.58* 1
 

Cu  0.38  0.14*  0.32*  0.24*  0.33*  0.26*  0.39*  1 
 

Fe  0.67  0.50*  0.64* 0.68* 0.78* 0.69* 0.57* 0.14* 1
 

K  0.55  0.38*  0.49*  0.51*  0.65*  0.67*  0.72*  0.19*  0.68*  1 

S  0.21  0.2096*  0.07 0.11* 0.21* 0.38* 0.27* ‐0.07 0.37*  0.53* 1

Si  0.39  0.19*  0.22*  0.22*  0.39*  0.58*  0.36*  0.17*  0.51*  0.49*  0.48*  1 

Ti  0.54  0.28*  0.3‐*  0.38*  0.56*  0.70*  0.50*  0.25*  0.68*  0.55*  0.37*  0.60*  1 

U  ‐0.81  0.12*  ‐0.19* ‐0.24* ‐0.18* ‐0.16* ‐0.10 0.12* ‐0.27*  ‐0.13* ‐0.20* 0.08 ‐0.08 1

Zn  0.68  0.45*  0.69*  0.66*  0.75*  0.60*  0.54*  0.31*  0.69*  0.47*  0.29*  0.37*  0.56*  ‐0.22*  1 

 

Correlations were significant; mostly p<0.001 

*Not significant; p≥0.001 

No missing values



Supplementary table S4: Spearman’s Rank correlation coefficients between air 

pollution, Tapp and weather variables as reported by the South African Weather 

Services (SAWS) for the 34-month study period. 

 
 

PM10 NO2 SO2 Temp RH  windspeed Tapp 

PM10 1 

 

 

 

NO2 0.31 1  

 

SO2 0.15 0.83 1  

 

Temp -0.13 -0.32 -0.17 1  

RH -0.15 0.023 0.13 -0.11 1  

windspeed -0.10 -0.16 -0.14 0.35 -0.12 1 

Tapp -0.18 -0.31 -0.14 0.96   0.33  0.33 1 

 

Abbreviations: PM10: particulate matter with an aerodynamic diameter of less than 10 m; NO2: nitrogen dioxide; Tapp: 

apparent temperature; RH: relative humidity. All correlations were significant (p<0.001) 

 

 
 
 

 


