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At a Glance Commentary: (200 words) 

Scientific Knowledge on the Subject:  Diverse mechanisms by which air pollution could 

cause lung pathology have been reported but their importance in vivo remains uncertain.  

Previous time-series studies have shown inconsistent associations between COPD 

exacerbations and urban air pollution.  COPD exacerbations are heterogeneous, being of 

infective and non-infective etiology, and this provides an investigative window to better 

examine associations with ambient pollution and underlying mechanisms.  We therefore 

analyzed characterized exacerbations in the London COPD Cohort over the last 20 years, to 

study whether the effect of pollution on exacerbations differs by likely exacerbation 

etiology. 

What This Study Adds to the Field:  Our analysis of characterized COPD exacerbations 

revealed a consistently significant association between elevated ambient NOx, a tracer of 

traffic-related air pollution, and an increased incidence of COPD exacerbations 2-4 days later 

with symptoms of viral etiology.  Daily diary card data from participants has allowed us for 

the first time to show these pollution-associated viral exacerbations are of significantly 

longer duration.  Exacerbations, especially those of longer duration, have a major impact on 

quality of life of patients and this research supports the importance of studying mechanisms 

by which air pollution can increase susceptibility to, and severity of, respiratory tract 

infections. 

http://www.atsjournals.org/
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Abstract 1 

Rationale: Epidemiological research strongly supports an association between air pollution 2 

and COPD exacerbations. Numerous mechanisms may underlie any association as pollutants 3 

are toxic to pulmonary cells and may increase susceptibility to respiratory infections. The 4 

relationship between ambient pollution and exacerbation etiology has not been studied. 5 

Objectives:  To evaluate the characteristics of pollution-associated exacerbations and 6 

whether the association is specific to exacerbations of infective or non-infective etiology. 7 

Methods: We analyzed the effect of preceding ambient PM10, NOx and O3 on characterized 8 

COPD exacerbations in a regression model adjusted for temperature, seasonality and long-9 

term trend. We specifically examined associations with exacerbations of suspected viral 10 

and/or bacterial, or non-infective etiology.  For the associations identified we further 11 

examined the characteristics of pollution-associated exacerbations. 12 

Measurements and Main Results: 4173 exacerbations occurred over the 20 year study 13 

period.  Higher ambient NOx was consistently associated with increased viral-type 14 

exacerbations at 2-4 days lag (p=0.010). Recovery for viral-type exacerbations following 15 

higher ambient NOx was significantly prolonged.  These findings were consistent in the 16 

subset of 2841 exacerbations treated with oral corticosteroids or antibiotics, with recovery 17 

1.29 (95% CI 1-17-1.42; p<0.001) times longer with ‘viral-type’ exacerbations of onset 3 days 18 

after above versus below median ambient NOx.  A likely bimodal association of PM10 with 19 

infective exacerbations was also evident, and supported by a daily time-series analysis. 20 

Conclusions: Higher levels of ambient NOx are associated with prolonged exacerbations of 21 

likely viral etiology, supporting toxicological effects of air pollution that increase 22 

susceptibility to, and severity of, infection.  23 

 24 
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Introduction 29 

The Great London Smog of 1952 provided unequivocal evidence that air pollution 30 

contributes to respiratory morbidity and mortality (1). Despite governmental initiatives, 31 

pollution still impacts on health particularly in people with chronic airflow limitation (2).  32 

Mechanistic studies have shown numerous direct and indirect routes by which oxides of 33 

nitrogen (NOx), ozone (O3) and particulate matter (for example PM10) can contribute to 34 

pulmonary inflammation and pathology. These include increasing susceptibility and severity 35 

of infection – of major importance given that infections trigger many exacerbations of 36 

airway diseases (3) (4) – but also other mechanisms unrelated to infection (5) (6).  37 

Epidemiological time-series studies of exacerbations of airways diseases (defined by 38 

healthcare presentations or mortality) compared to ambient concentrations of pollutants 39 

over the preceding days have reported heterogeneous findings (7) (8) (9) that could in part 40 

be explained by heterogeneity in the etiological origin of exacerbations but this has not 41 

been previously investigated.  42 

 43 

Exacerbations of chronic obstructive pulmonary disease (COPD) are predominately triggered 44 

by respiratory viral infection, but many exacerbations are caused by new or flare-up of 45 

existing bacterial infection, or increase in airway inflammatory load, whilst some have no 46 

apparent inflammatory or infective origin (3) (10). Importantly, pollution may have specific 47 

effects on different types of exacerbation but this has not been previously investigated.  48 

This is a vital question if we are to better manage the continuing health impact of air 49 

pollution. 50 

 51 
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In this study, using our well phenotyped COPD cohort followed over 20 years, we have for 52 

the first time examined the hypothesis that air pollution triggers COPD exacerbations of 53 

particular etiology by analyzing whether exacerbations involving respiratory symptoms 54 

suggestive of infective etiology, or not, are more likely following elevated air pollution. A 55 

time-series model with distributed lags of increasing interval has been utilized to study 56 

onset of exacerbations at shorter and longer latent periods after pollution exposure, 57 

reflecting direct and more indirect mechanisms of toxicity. To further describe the nature of 58 

pollution-associated exacerbations we compared the clinical characteristics of exacerbations 59 

following high and low pollution episodes. 60 

Some of the results of these studies have been previously reported in the form of an 61 

abstract (11).  62 

 63 

 64 

Methods 65 

Patient recruitment 66 

This study involved a total of 440 COPD patients enrolled in the London COPD cohort 67 

between 1st January 1996 and 31 December 2015.  The cohort comprised 100-175 patients 68 

at any given time, with continuous recruitment from local clinics by consecutive invitation of 69 

patients (12), thereby replacing those who withdrew or died over the 20 years.  The patients 70 

all lived in London and withdrew from the cohort if they moved to live elsewhere.  At 71 

recruitment, a medical history was taken and spirometry performed with a Vitalograph Gold 72 

Standard spirometer (Vitalograph Ltd, Maids Moreton, UK) or FlowScreen II spirometer 73 

(Viasys Healthcare Ltd, Warwick, UK).  Potential participants were screened with post-74 

bronchodilator spirometry to ensure they met the criteria for COPD as defined at study 75 
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onset (13) (14), with Forced Expiratory Volume in 1 second (FEV1) ≤80% of a normal value 76 

predicted from age, height, and sex, and a FEV1/Forced Vital Capacity (FVC) ratio <0.7.  As in 77 

previous studies, to ensure a reliable estimate of the annual exacerbation rate only patients 78 

who had completed at least 365 days of diary cards were included in this analysis.  79 

 80 

The study was approved by the London-Hampstead research ethics committee and all 81 

patients gave written informed consent (REC 09/H0720/8). 82 

 83 

Temperature and Pollution Data 84 

Daily data for atmospheric pollutants in London, UK, were obtained for the North 85 

Kensington and Bloomsbury urban background monitoring sites from the Air Quality 86 

Information Archive databases (http://www.airquality.co.uk). North Kensington was chosen 87 

a priori as the site for the principal analysis as this has previously been shown as 88 

representative of exposure over London as a whole (15).  The pollutants investigated were 89 

NOx, as an indicator of traffic-related air pollution (15) (16); PM10 as an indicator of total 90 

particulate matter; and O3 to capture summer smog episodes (17) (18).   91 

 92 

Daily temperature data was the average of hourly readings over 24 hours, from two sites 93 

(St. James and Hampstead, in London) obtained from the British Atmospheric Data Centre 94 

(www.badc.nerc.ac.uk).  Missing daily temperature data was imputed from the other site 95 

prior to calculating the average of the two sites. 96 

 97 

Exacerbations 98 

http://www.badc.nerc.ac.uk/
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Patients recorded any worsening in respiratory symptoms on daily diary cards. Total 99 

exacerbations were identified according to validated criteria of increases in any two major 100 

symptoms (dyspnea, sputum volume or sputum purulence) or one major and one minor 101 

symptom (a cold (nasal congestion/discharge), wheeze, cough, sore throat) over two 102 

consecutive days (19).  Exacerbation recovery was defined as the number of days from 103 

exacerbation onset that increased respiratory symptoms were still being recorded, with the 104 

first of two consecutive symptom-free days indicating when the exacerbation finished.  105 

From October 1996 onwards, records were kept of treatment of exacerbations with 106 

antibiotics or oral corticosteroids, and these exacerbations are termed healthcare utilization 107 

(HCU) events. Occasionally, patients failed to record symptoms and exacerbations were 108 

defined by treatment and/or hospital admission and it was not possible to calculate an 109 

exacerbation recovery time.   110 

 111 

The exacerbations were classified into four groups based upon the symptoms recorded by 112 

the patient between onset and recovery. The presence of cold symptoms (nasal 113 

congestion/discharge) was used a marker of a ‘viral-type’ exacerbation (3) (4), and 114 

symptoms of increased sputum volume or purulence as ‘bacterial-type’ (20).  Exacerbations 115 

with symptoms suggestive of both viral and bacterial infection were categorized as ‘with-116 

both’, and those that remained as ‘with-neither’. When patients did not record symptoms, 117 

exacerbations were classified according to symptoms recorded by the physician in clinic 118 

who asked the patient.  119 

 120 

Validation of symptom-defined exacerbations by PCR. 121 
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For a subset of exacerbations, sputum was collected within 7 days of onset prior to 122 

treatment and assayed by previous described quantitative polymerase chain reaction (PCR) 123 

for human rhinovirus and three common pathogenic bacteria (H.Influenzae, S.Pneumonia, 124 

M.Catterhalis) (4) (20). Samples were considered viral positive with viral load > 10 colony 125 

forming units (cfu) /ml and bacterial positive with > 104 cfu/ml. Whole blood was also 126 

collected prior to treatment into EDTA tubes, and sent for absolute and differential white 127 

cell counting, and after centrifugation, for measurement of plasma C-reactive protein (CRP). 128 

 129 

Statistical methods 130 

Patient characteristics are summarized as appropriate by a mean and standard deviation or 131 

standard error, or a median and inter-quartile range, or as a percentage, and compared by 132 

unpaired Student t-test, Mann-Whitney two-sample test or chi-squared test, as appropriate. 133 

Times-series analyses:  134 

Logistic regressions with random effects for subjects (xtlogit command in Stata 12.1) were 135 

used to model separately the effects of each pollutant on the incidence or not of each of the 136 

four types of exacerbations within individuals. In the distributed interval analyses, the 137 

independent variables were the pollutant and temperature averaged over days 0-1, 2-4, 5-8 138 

and 9-13 preceding exacerbations, terms for seasonality (12 month sine and cosine) and a 139 

longitudinal trend term to adjust for any changes over time in disease severity or clinical 140 

care. Odds Ratios (ORs) for incidence of exacerbations per 10μg/m3 increase in each 141 

ambient pollutant concentration were calculated. Further times-series analyses were 142 

conducted with similar models but with the daily concentrations on individual preceding 143 

days rather than averages for lag intervals. 144 
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Analysis of exacerbation characteristics dichotomized by preceding ambient pollution:  145 

Duration of exacerbations and the numbers of days during recovery with particular 146 

symptoms were compared between exacerbations associated with high or low levels of 147 

pollution. Poisson or negative binomial regression models were used with adjustment for 148 

repeated measures on the same individual. Linear random effect models which adjusted for 149 

repeated measures were used to examine differences in CRP and % blood eosinophil count 150 

between types of exacerbations.  151 

All statistical tests were two-sided, and p<0.05 considered significant. 152 

 153 

 154 

Results 155 

 156 

Patient Demographics and Exacerbations. 157 

The 440 COPD patients studied had moderate to very severe COPD (Table 1).  They were 158 

under observation for a total of 620,869 days.  They experienced a total of 4173 159 

exacerbations (2841 HCUs).  434 (271 HCUs) were of ‘viral-type’ with associated cold 160 

symptoms, 1645 (1089 HCUs) were of ‘bacterial-type’ with increased sputum 161 

purulence/volume, 1419 (1072 HCUs) had a combined character ‘with-both’ cold symptoms 162 

and increased sputum purulence/volume, and 675 (409 HCUs) ‘with-neither’ but which 163 

were characterized primarily by dyspnea, wheeze and/or cough. 164 

 165 
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Validation of symptoms and infective etiology 166 

Between 2008-2014, 298 sputum samples were collected within 7 days of exacerbation 167 

onset and tested for rhinovirus and pathogenic bacteria.  Sputum PCR detection for 168 

rhinovirus was significantly more likely in patients with ‘cold’ symptoms (Chi-squared test; 169 

p=0.006), and sputum PCR positivity for H. influenzae, M. catarrhalis or S. pneumonia 170 

significantly more likely in patients with increased sputum volume or purulence (p=0.025). 171 

 172 

Blood eosinophil counts as a percentage were significantly lower (p=0.009 with adjustment 173 

for repeated measures) in exacerbations `with-both’ bacterial and viral symptoms (mean of 174 

patient average = 2.47% (SD 1.6); n=137 patients), compared to exacerbations of ‘with-175 

neither’ type i.e. with no infective symptoms (mean 3.46% (SD 2.85); n=46); ‘viral-type’ 176 

versus ‘with-neither’ type showed a tendency for a lower eosinophil count (p=0.08).  The 177 

median of patients’ plasma CRP levels at exacerbation onset was significantly higher in 178 

exacerbations `with-both’ bacterial and viral symptoms (median=16.1 mg/dl (IQR 7-39)) and 179 

`bacterial-only’ exacerbations (median=12.5 mg/dl (IQR 4.8-37.5)) compared to 180 

exacerbations of `with-neither’ type (median=5.5 mg/dl (IQR 2-15); p=0.0001 and p=0.0041 181 

respectively; Mann-Whitney). 182 

 183 

Pollution  184 

Over the 20 years between 1/1/1996 and 31/12/2015, PM10 data was available on 6946 185 

days (95.1%); O3 on 7070 days (96.8%); and NOx on 7068 days (96.8%) at the North 186 

Kensington site.  Median daily levels recorded at North Kensington were 20.4 µg/m3 (IQR 187 
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15.4-27.8), 35.4 µg/m3 (20.7-49.0); and 48.5 µg/m3 (31.6-78.1) respectively. As expected 188 

there was clear seasonal variation in ambient pollutant concentrations (Figure 1) but also 189 

evidence of long-term trends, with both NOx and PM10 falling by -2.4 and -0.7 µg/m3/year 190 

respectively (both, p<0.001) whilst O3 rose by 0.63 µg/m3/year (p<0.001). 191 

 192 

Associations between ambient pollution and onset of specific types of exacerbation 193 

The effects of the different atmospheric pollutants at distributed lag intervals on specific 194 

types of COPD exacerbation were analyzed after accounting for lagged temperature, 195 

seasonality and longitudinal trend (Table 2).  `Viral-type’ exacerbations were more likely 196 

following higher ambient NOx at 2-4 days lag as measured at the North Kensington urban 197 

background monitoring site, whilst no other significant associations were evident with 198 

measures from this site.  Notable increased odds ratios for exacerbations with both 199 

bacterial and viral features were evident with higher ambient PM10 at 0-1 days lag and 9-13 200 

days lag, but these did not reach significance.   201 

To confirm the association between NOx and viral-type exacerbations we repeated the 202 

analysis with the alternate Bloomsbury urban background monitoring site (Table E1 in the 203 

online data supplement). Consistent with the North Kensington analysis an increased 204 

incidence of `viral-type’ exacerbations was evident following elevated NOx at 2-4 days lag 205 

(OR=1.0239, p=0.033).  The associations of increased exacerbations with both bacterial and 206 

viral features after higher ambient PM10 at 0-1 days lag and 9-13 days lag were significant in 207 

Bloomsbury analysis. 208 

  209 

Increased HCU events with ambient pollution 210 
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We performed a sensitivity analysis using only HCU events (Table 3). When we examined 211 

the effect of ambient pollutants measured at the North Kensington site on HCU events with 212 

specific characteristics, `viral-type’ HCU events were as previously significantly more likely 213 

after higher ambient NOx at 2-4 days lag.   Additionally ‘bacterial-type’ HCU events were 214 

more likely after higher ambient PM10 at the same lag. 215 

In the confirmatory analysis using pollutant concentrations as measured at the Bloomsbury 216 

site (Table E2 in the online data supplement) the association between ambient NOx and 217 

‘viral-type’ HCU events at 2-4 days lag was again present (OR=1.0290, p=0.044).   However 218 

the association between ‘bacterial-type’ HCU events and PM10 was not significant in this 219 

analysis. 220 

 221 

Association between ambient NOx and viral type-exacerbations in a daily time-series 222 

analysis 223 

To better characterize this association between ambient NOx and viral-exacerbations at 2-4 224 

days lag and to establish whether the increased risk for exacerbations strengthened and 225 

then declined over this interval in the manner expected for a biological association, we next 226 

examined the association in daily lag time-series model (Figures 2A, E1).  The association 227 

was significant at a lag of 3 days with increasing odds ratios over the 2 preceding days and 228 

decreasing odd ratios over the following 2 days.  We also examined the effect of preceding 229 

ambient NOx at the same daily lags on the odds ratios of a viral-type exacerbation being 230 

long (≥10 days) as opposed to short (<10 days).  Consistent with the other data there was a 231 

significantly increased odds ratio of a viral-type exacerbation being of long duration for 232 

exacerbations of onset 3 days after higher ambient NOx (Figure 2B). 233 
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 234 

Analysis of effects of season and long-term time period on the association between viral-235 

type exacerbations and ambient NOx 236 

Given the differences in winter and summer pollution episodes we repeated the distributed 237 

interval analysis for NOx with viral-type exacerbations separately for the summer (April - 238 

September) and winter periods (October - March) (Table E3).  The association between 239 

ambient NOx and viral-type exacerbations at 2-4 days lag was significant for winter 240 

(OR=1.0260, p=0.007) but not for summer periods (OR=1.0044, p=0.919).  Similarly the 241 

association between PM10 and bacterial-type HCU exacerbations was significant for winter 242 

but not summer periods.  Given the interaction between NOx and O3, we also re-analysed 243 

the winter and summer periods in a two-pollutant model (Table E4), and the association 244 

between NOx and viral-type exacerbations remained significant in the winter (OR=1.0279, 245 

p=0.008) but not summer (OR=0.9614, p=0.437).  246 

 247 

The types of road vehicles have changed over the 20 years studied with resulting changes in 248 

traffic related air pollution.  In an exploratory analysis, we repeated the distributed interval 249 

analysis separately for the earlier years of the cohort study and later years (Table E5).  The 250 

association between ambient NOx and viral-type exacerbations at 2-4 days lag was 251 

significant over the later 10 years (December 2005 – December 2015) (OR=1.0382, p=0.018, 252 

285 patients and 356,608 data days) but not the initial 10 years (January 1996 – December 253 

2005)  (OR=1.0152, p=0.168, 234 patients with 239,487 data days).  The association 254 

between PM10 and bacterial-type HCU exacerbations was also significant for the more 255 

recent but not the earlier period. 256 
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 257 

Characteristics of high pollution-associated exacerbations 258 

To better appreciate the impact of ambient pollution, we further examined in exploratory 259 

analyses the characteristics of `viral-type’ exacerbations and HCU events 3 days following 260 

above or below median ambient NOx. 261 

Gender and smoking status have been suggested to affect susceptibility to pollution and we 262 

therefore studied whether disproportioniate numbers of viral-type exacerbations 3 days 263 

after high versus low ambient NOx occurred in men compared to women, or in smokers 264 

compared to non-smokers (21) (22).   Whilst smoking status had no effect on distribution of 265 

NOx-associated exacerbations at 3 days lag, gender did have an effect with a greater 266 

proportion of viral-type exacerbations being associated with elevated ambient NOx in male 267 

than in female subjects (Chi-squared test; p=0.013). 268 

Table 4, and Figure 3, show that the durations of both `viral-type’ exacerbations and `viral-269 

type’ HCU events were significantly longer with higher preceding ambient NOx.  In contrast 270 

the duration of exacerbations ‘with-neither’ viral or bacterial features was not significantly 271 

longer when preceded 3 days prior by above median NOx (Figure 3). 272 

‘Viral-type’ HCU events 3 days after higher than median NOx were also significantly more 273 

likely to be characterised by more days of cough symptoms; there was a similar trend 274 

towards more days of cough symptoms in ‘viral-type’ exacerbations. Pollution did not have 275 

any significant effect on days of breathlessness or wheeze in these exacerbations. 276 

Limited numbers of exacerbations or HCU events of each type of character had CRP or 277 

eosinophil count measured prior to treatment, and therefore equivalent analyses of the 278 
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effect of above/below median ambient pollution were not possible.  However, for total 279 

exacerbations, CRP was higher (p=0.0165) for those exacerbations 3 days following above 280 

versus below median NOx.  281 

 282 

 283 

Discussion  284 

In this study we have investigated for the first time associations between ambient pollution 285 

and COPD exacerbations categorized by symptom-defined etiology.  We observed significant 286 

associations that were reproduced in subsequent analyses of exacerbations associated with 287 

health care utilization. An increased risk of exacerbations of probable viral etiology was 288 

consistently evident 2-4 days after elevated ambient NOx.  This is in contrast to our previous 289 

study analyzing uncharacterized exacerbations (7) but is consistent with published literature 290 

in other patient groups.  Previous studies have shown associations between higher NO2 291 

exposure at similar lag and increased visits to the doctor for respiratory symptoms in 292 

patients with chronic lung disease (23), more severe symptoms for respiratory tract viral 293 

infections in asthmatic children (24), and an association with combined hospital admissions 294 

for pneumonia and influenza (25). 295 

 296 

We present the complete set of associations investigated as decided a priori to be necessary 297 

in the absence of clear evidence of a particular pollutant or lag to selectively study.  Only 298 

4173 exacerbations occurred over the more than 600,000 patient days studied limiting the 299 

power to conduct conservative multiple-comparisons tests without risk of a type 2 statistical 300 

error.  Nevertheless, there are two strong lines of argument against the association 301 
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between ambient NOx and viral-type exacerbations being a chance finding. Firstly, 302 

sensitivity analyses consistently showed evidence of a significantly harmful effect of NOx at 303 

lag 2 to 4 days on viral-type exacerbations.  Additionally the daily lag analysis showed a 304 

significant effect of ambient NOx on viral-type exacerbations at the day 3 midpoint of the 305 

interval, with the odds ratio increasing over the preceding days then decreasing consistent 306 

with this being a biologically real association. 307 

Secondly, that traffic related air pollution leads to more and longer COPD exacerbations is 308 

strongly biologically plausible, being consistent with our understanding of the toxicity of 309 

NOx and engine exhaust particles (26) (27) (28), and their capacity to increase susceptibility 310 

to severe respiratory infections (29).  Of particular relevance to viral exacerbations, NOx has 311 

been shown to increase epithelial expression of ICAM-1 (30) (31), the major entry receptor 312 

for human rhinoviruses and other pathogens (32) (33).  Cell culture studies have shown a 313 

more-than-additive synergism between the pro-inflammatory effects of viral infection and 314 

NO2 exposure (34). 315 

 316 

That a similar association is not evident between NOx and exacerbations of combined viral-317 

bacterial aetiology is interesting.  Exacerbations with both viral and bacterial infection are 318 

not of a singular type – there are exacerbations where bacterial infection follows viral 319 

infection and exacerbations with both present from onset (4).  Whilst the former would also 320 

be expected to be associated with ambient NOx, the pathogenesis of exacerbations with 321 

both bacterial and viral infection present from onset is different and therefore may not be 322 

similarly affected by NOx.  Chronic airway colonization with pathogenic bacteria may be an 323 

independent risk factor for viral infection through mechanisms that overlap those of 324 
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pollutants (35).  For example Haemophilus influenzae also increases epithelial ICAM-1 325 

expression (36). 326 

 327 

It is well known that exacerbations are more likely in the winter months, and in our analysis 328 

we made allowance for both outdoor temperature and for seasonality that might confound 329 

any relationship (37) (38). To further examine any effect of seasonal weather we separately 330 

examined winter and summer periods, finding the positive association between ambient 331 

NOx and viral-type exacerbations to be significant in the winter but not during summer 332 

periods.  This seasonal difference might reflect an increased statistical power in the winter 333 

period when there are more viral respiratory tract infections and higher ambient NOx peaks.  334 

However the composition of air pollution does change between seasons beyond the NOx/O3 335 

interaction (39) with winter NOx potentially a tracer of other seasonal pollutant 336 

constituents.  Alternatively other seasonal environmental factors may influence the effects 337 

of air pollution, for example patient vitamin D status (40). 338 

 339 

Interestingly, the association between ambient NOx and viral-type exacerbations was 340 

significant only for the more recent 10 year period and not earlier 10 year period.  Whilst 341 

this difference may result from less statistical power over the earlier years, NOx is a tracer 342 

of traffic related air pollution and the difference may be due to changes in road vehicles 343 

over the study period with increasing numbers of diesel engines (41) (42).  Diesel emissions 344 

are thought particularly toxic to respiratory health, producing relatively greater harmful NO2 345 

as a proportion of NOx, and toxic diesel exhaust particles. 346 

 347 



 

 
 

19 

In addition to the association of viral-type exacerbations with ambient NOx, a likely bimodal 348 

association of PM10 with exacerbations characterized by both viral and bacterial symptoms 349 

was also evident and an association of bacterial-type HCU exacerbations with ambient PM10 350 

at 2-4 days lag evident.  The range of lags between pollution exposure and onset of 351 

exacerbations of different etiologies may reflect the range of possible underlying 352 

mechanisms for pollution toxicity identified in laboratory studies. Rapid effects include 353 

stimulating pro-inflammatory mediator release by epithelial cells and airway macrophages 354 

(43), and stimulation of neuronal reflex responses in the lung (5). Lagged mechanisms 355 

include stimulation of pathological adaptive immune responses (6), and actions of air 356 

pollution to increase susceptibility to more severe infection including impaired epithelial 357 

barrier integrity (44), impaired macrophage phagocytosis (45) (46), and perturbation of 358 

IFNγ-mediated immune responses (47) (48).  Oxidative stress is a common pathological 359 

pathway for many mechanisms and gender-related differences in oxidative stress responses 360 

may underlie sex differences observed (21) (22). 361 

 362 

A major strength of this study is the detailed characterization of the patients. The daily diary 363 

cards recorded by patients, together with examination in clinic by a specialist physician at 364 

exacerbation, provided a wealth of clinical data that allowed investigation of characterized 365 

exacerbations and atmospheric pollutants. This has not been possible before as detailed 366 

symptomology from onset to recovery are not routinely collected at primary care 367 

consultations or hospital attendances.  The diary card data allowed us to clinically 368 

characterize these pollution-associated exacerbations and show them to be associated with 369 

increased days of coughing as well as of increased total duration.  The increased duration 370 

was not only statistically significant but also clinically significant with ‘viral-type’ HCU events 371 
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1.29 times longer after above median ambient NOx.  Duration of exacerbation is of major 372 

importance in determining the effect of COPD exacerbations on patient’s health-related 373 

quality of life and economic costs (12) (49). 374 

 375 

In this study pollution exposures were analyzed using ambient concentrations at an urban 376 

background monitoring site, raising the possibility of exposure misclassification.  This type of 377 

error can lead to an underestimate of the effects of pollution (50).  The North Kensington 378 

monitoring site was chosen a priori as it has previously been shown to be representative of 379 

London background ambient pollution (15).  Importantly our patients lived over a small 380 

geographic region and inner London is known to have relatively homogenous background 381 

air pollution.  In an additional analysis using data from the monitoring station closest to 382 

patient’s home address the association between NOx and viral-type exacerbations remained 383 

significant (Table E6), consistent with previous research showing this may not improve 384 

accuracy in determination of urban personal exposure (51). Although an individual’s 385 

exposure to pollution could be estimated based on home address, other unrecorded 386 

variables need to be considered for such models to be accurate such as ventilation of the 387 

home (52).  Patients in our COPD cohort also go outdoors most days (53) with exposure to 388 

traffic-related air pollution that would not be captured by models based on patient’s home 389 

address.  The ideal would be to capture patient location and activity across the day, 390 

including physical activity (54).  Studies using personalized monitoring are being conducted 391 

but are generally of too small a sample size to investigate the relation between pollution 392 

exposure and different types of exacerbations.  Other ambient pollutants are also likely 393 

important in the health impact of air pollution, such as finer particles within PM10 (e.g. 394 



 

 
 

21 

PM2.5), but we were restricted to pollutants measured continuously over the entire 20 year 395 

period.   396 

We used symptoms to define viral or bacterial-induced exacerbations and thus we will have 397 

misclassified some exacerbations, however upper respiratory tract (‘cold’) symptoms are an 398 

established marker of exacerbations of viral etiology (3) (4), and increased sputum 399 

purulence or volume a marker of exacerbations with bacterial etiology (20) (55). 400 

Significantly lower blood eosinophil counts in exacerbations `with-both’ bacterial and viral 401 

infection features is consistent with previous findings that eosinophil counts decrease 402 

during COPD exacerbations with confirmed bacterial infection (56). 403 

The definition of COPD has evolved since the cohort was established.  Importantly if only 404 

patients with FEV1/FVC less than the Lower Limit of Normality (LLN), as per current 405 

definitions, are included (415 patients) the association between viral-type exacerbations 406 

and NOx remains significant (Table E7). 407 

 408 

Our findings are important as they provide a link between mechanistic studies showing 409 

changes in inflammation and susceptibility to infection in response to air pollution, and 410 

epidemiological studies of patient events.  Additionally our study shows the value of 411 

considering exacerbation phenotype in epidemiological studies.  An effect of ambient NOx 412 

on a subset of exacerbations characterized by viral-type symptoms was consistently evident 413 

across analyses, but possible effects on other types of exacerbation were also identified that 414 

need further study.  The association with viral-type exacerbations also raises the question of 415 

whether the economic impact of pollution may include effects on both incidence and 416 

duration of recovery for common viral respiratory infections in healthy individuals. In 417 
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conclusion, our study adds further evidence of the danger of traffic-related air pollution in 418 

COPD, and supports an association between air pollution and infection-mediated 419 

exacerbations of COPD that warrants further mechanistic research.   420 

  421 



 

 
 

23 

Acknowledgements 422 

We would like to thank all the research staff involved in following and collecting data on the 423 

London COPD Cohort since 1996. We would especially like to thank all the Cohort subjects 424 

who have allowed us to study them over the years. 425 

  426 



 

 
 

24 

References 427 

 428 

1. Bell ML, Davis DL, Fletcher T. A Retrospective Assessment of Mortality from the London 429 

Smog Episode of 1952: The Role of Influenza and Pollution. Environ Health Perspect 430 

2003; 112: 6-8. 431 

2. Kelly FJ, Fussell JC. Air pollution and airway disease. Clin Exp Allergy 2011; 41: 1059-1071. 432 

3. Seemungal T, Harper-Owen R, Bhowmik A, Moric I, Sanderson G, Message S, Maccallum 433 

P, Meade TW, Jeffries DJ, Johnston SL, Wedzicha JA. Respiratory Viruses, Symptoms, 434 

and Inflammatory Markers in Acute Exacerbations and Stable Chronic Obstructive 435 

Pulmonary Disease. Am J Respir Crit Care Med 2001; 164: 1618-1623. 436 

4. George SN, Garcha DS, Mackay AJ, Patel AR, Singh R, Sapsford RJ, Donaldson GC, 437 

Wedzicha JA. Human rhinovirus infection during naturally occurring COPD 438 

exacerbations. Eur Respir J 2014; 44: 87-96. 439 

5. Akopian AN, Fanick ER, Brooks EG. TRP channels and traffic-related environmental 440 

pollution-induced pulmonary disease. Semin Immunopathol 2016; 38: 331-338. 441 

6. Matthews NC, Pfeffer PE, Mann EH, Kelly FJ, Corrigan CJ, Hawrylowicz CM, Lee TH. Urban 442 

Particulate Matter-activated Human Dendritic Cells Induce the Expansion of Potent 443 

Inflammatory Th1, Th2 and Th17 Effector Cells. Am J Respir Cell Mol Biol 2016; 54: 444 

250-62. 445 

7. Peacock JL, Anderson HR, Bremner SA, Marston L, Seemungal TA, Strachan DP, Wedzicha 446 

JA. Outdoor air pollution and respiratory health in patients with COPD. Thorax 2011; 447 

66: 591-596. 448 



 

 
 

25 

8. Li J, Sun S, Tang R, Qiu H, Huang Q, Mason TG, Tian L. Major air pollutants and risk of 449 

COPD exacerbations: a systematic review and meta-analysis. Int J Chron Obstruct 450 

Pulmon Dis 2016; 11: 3079-3091. 451 

9. Moore E, Chatzidiakou L, Kuku MO, Jones RL, Smeeth L, Beevers S, Kelly FJ, Barratt B, 452 

Quint JK. Global Associations between Air Pollutants and Chronic Obstructive 453 

Pulmonary Disease Hospitalizations. A Systematic Review. Ann Am Thorac Soc 2016; 454 

13: 1814-1827. 455 

10. Bafadhel M, McKenna S, Terry S, Mistry V, Reid C, Haldar P, McCormick M, Haldar K, 456 

Kebadze T, Duvoix A, Lindblad K, Patel H, Rugman P, Dodson P, Jenkins M, Saunders 457 

M, Newbold P, Green RH, Venge P, Lomas DA, Barer MR, Johnston SL, Pavord ID, 458 

Brightling CE. Acute exacerbations of chronic obstructive pulmonary disease: 459 

identification of biologic clusters and their biomarkers. Am J Respir Crit Care Med 460 

2011; 184: 662-671. 461 

11. Donaldson GC, Pfeffer PE, Mackay AJ, Wedzicha JA. Ambient particulate matter and 462 

oxides of nitrogen are associated with an increased incidence of COPD exacerbations 463 

with symptoms of infective etiology [abstract]. Am J Respir Crit Care Med 2018; 197: 464 

A3557. 465 

12. Seemungal TA, Donaldson GC, Paul EA, Bestall JC, Jeffries DJ, Wedzicha JA. Effect of 466 

exacerbation on quality of life in patients with chronic obstructive pulmonary 467 

disease. Am J Respir Crit Care Med 1998; 157: 1418-1422. 468 

13. American Thoracic Society. Standards for the diagnosis and care of patients with chronic 469 

obstructive pulmonary disease. Am J Respir Crit Care Med 1995; 152: S78–S83. 470 



 

 
 

26 

14. BTS guidelines for the management of chronic obstructive pulmonary disease. The COPD 471 

Guidelines Group of the Standards of Care Committee of the BTS. Thorax 1997; 52 472 

Suppl 5: S1-S28. 473 

15. Atkinson RW, Analitis A, Samoli E, Fuller GW, Green DC, Mudway IS, Anderson HR, Kelly 474 

FJ. Short-term exposure to traffic-related air pollution and daily mortality in London, 475 

UK. J Expo Sci Environ Epidemiol 2016; 26: 125-132. 476 

16. Minguillon MC, Rivas I, Aguilera I, Alastuey A, Moreno T, Amato F, Sunyer J, Querol X. 477 

Within-city contrasts in PM composition and sources and their relationship with 478 

nitrogen oxides. J Environ Monit 2012; 14: 2718-2728. 479 

17. Ebi KL, McGregor G. Climate change, tropospheric ozone and particulate matter, and 480 

health impacts. Environ Health Perspect 2008; 116: 1449-1455. 481 

18. Mudway IS, Kelly FJ. Ozone and the lung: a sensitive issue. Mol Aspects Med 2000; 21: 1-482 

48. 483 

19. Seemungal TA, Donaldson GC, Bhowmik A, Jeffries DJ, Wedzicha JA. Time course and 484 

recovery of exacerbations in patients with chronic obstructive pulmonary disease. 485 

Am J Respir Crit Care Med 2000; 161: 1608-1613. 486 

20. Garcha DS, Thurston SJ, Patel AR, Mackay AJ, Goldring JJ, Donaldson GC, McHugh TD, 487 

Wedzicha JA. Changes in prevalence and load of airway bacteria using quantitative 488 

PCR in stable and exacerbated COPD. Thorax 2012; 67: 1075-1080. 489 

21. Giergiel M, Lopucki M, Stachowicz N, Kankofer M. The influence of age and gender on 490 

antioxidant enzyme activities in humans and laboratory animals. Aging Clin Exp Res 491 

2012; 24: 561-569. 492 



 

 
 

27 

22. Hakim IA, Harris R, Garland L, Cordova CA, Mikhael DM, Sherry Chow HH. Gender 493 

difference in systemic oxidative stress and antioxidant capacity in current and 494 

former heavy smokers. Cancer Epidemiol Biomarkers Prev 2012; 21: 2193-2200. 495 

23. Mehta AJ, Schindler C, Perez L, Probst-Hensch N, Schwartz J, Brandl O, Karrer W, 496 

Tschopp JM, Rochat T, Kunzli N, Team S. Acute respiratory health effects of urban air 497 

pollutants in adults with different patterns of underlying respiratory disease. Swiss 498 

Med Wkly 2012; 142: w13681. 499 

24. Chauhan AJ, Inskip HM, Linaker CH, Smith S, Schreiber J, Johnston SL, Holgate ST. 500 

Personal exposure to nitrogen dioxide (NO2) and the severity of virus-induced 501 

asthma in children. Lancet 2003; 361: 1939-1944. 502 

25. Wong TW, Lau TS, Yu TS, Neller A, Wong SL, Tam W, Pang SW. Air pollution and hospital 503 

admissions for respiratory and cardiovascular diseases in Hong Kong. Occup Environ 504 

Med 1999; 56: 679-683. 505 

26. Mohsenin V. Human exposure to oxides of nitrogen at ambient and supra-ambient 506 

concentrations. Toxicology 1994; 89: 301-312. 507 

27. Bayram H, Devalia JL, Sapsford RJ, Ohtoshi T, Miyabara Y, Sagai M, Davies RJ. The effect 508 

of diesel exhaust particles on cell function and release of inflammatory mediators 509 

from human bronchial epithelial cells in vitro. Am J Respir Cell Mol Biol 1998; 18: 510 

441-448. 511 

28. Brandt EB, Kovacic MB, Lee GB, Gibson AM, Acciani TH, Le Cras TD, Ryan PH, Budelsky 512 

AL, Khurana Hershey GK. Diesel exhaust particle induction of IL-17A contributes to 513 

severe asthma. J Allergy Clin Immunol 2013; 132: 1194-1204 e1192. 514 

29. Sarkar S, Song Y, Sarkar S, Kipen HM, Laumbach RJ, Zhang J, Ohman Strickland PA, 515 

Gardner CR, Schwander S. Suppression of the NF- B Pathway by Diesel Exhaust 516 



 

 
 

28 

Particles Impairs Human Antimycobacterial Immunity. J Immunol 2012; 188: 2778-517 

2793. 518 

30. Ayyagari VN, Januszkiewicz A, Nath J. Effects of nitrogen dioxide on the expression of 519 

intercellular adhesion molecule-1, neutrophil adhesion, and cytotoxicity: studies in 520 

human bronchial epithelial cells. Inhal Toxicol 2007; 19: 181-194. 521 

31. Han M, Ji X, Li G, Sang N. NO2 inhalation enhances asthma susceptibility in a rat model. 522 

Environ Sci Pollut Res Int 2017; 24: 27843-27854. 523 

32. Greve JM, Davis G, Meyer AM, Forte CP, Yost SC, Marlor CW, Kamarck ME, McClelland A. 524 

The major human rhinovirus receptor is ICAM-1. Cell 1989; 56: 839-847. 525 

33. Traub S, Nikonova A, Carruthers A, Dunmore R, Vousden KA, Gogsadze L, Hao W, Zhu Q, 526 

Bernard K, Zhu J, Dymond M, McLean GR, Walton RP, Glanville N, Humbles A, 527 

Khaitov M, Wells T, Kolbeck R, Leishman AJ, Sleeman MA, Bartlett NW, Johnston SL. 528 

An anti-human ICAM-1 antibody inhibits rhinovirus-induced exacerbations of lung 529 

inflammation. PLoS Pathog 2013; 9: e1003520. 530 

34. Spannhake EW, Reddy SP, Jacoby DB, Yu XY, Saatian B, Tian J. Synergism between 531 

rhinovirus infection and oxidant pollutant exposure enhances airway epithelial cell 532 

cytokine production. Environ Health Perspect 2002; 110: 665-670. 533 

35. Bellinghausen C, Rohde GG, Savelkoul PH, Wouters EF, Stassen FR. Viral-bacterial 534 

interactions in the respiratory tract. J Gen Virol 2016; 97: 3089-3102. 535 

36. Sajjan US, Jia Y, Newcomb DC, Bentley JK, Lukacs NW, LiPuma JJ, Hershenson MB. H. 536 

influenzae potentiates airway epithelial cell responses to rhinovirus by increasing 537 

ICAM-1 and TLR3 expression. FASEB J 2006; 20: 2121-2123. 538 

37. Donaldson GC, Goldring JJ, Wedzicha JA. Influence of season on exacerbation 539 

characteristics in patients with COPD. Chest 2012; 141: 94-100. 540 



 

 
 

29 

38. Ko FW, Tam W, Wong TW, Chan DP, Tung AH, Lai CK, Hui DS. Temporal relationship 541 

between air pollutants and hospital admissions for chronic obstructive pulmonary 542 

disease in Hong Kong. Thorax 2007; 62: 780-785. 543 

39. Young DE, Allan JD, Williams PI, Green DC, Flynn MJ, Harrison RM, Yin J, Gallagher MW, 544 

Coe H. Investigating the annual behaviour of submicron secondary inorganic and 545 

organic aerosols in London. Atmos Chem Phys 2015; 15: 6351–6366. 546 

40. Hypponen E, Power C. Hypovitaminosis D in British adults at age 45 y: nationwide cohort 547 

study of dietary and lifestyle predictors. Am J Clin Nutr 2007; 85: 860-868. 548 

41. Ehlers C, Klemp D, Rohrer F, Mihelcic D, Wegener R, Kiendler-Scharr A, Wahner A. 549 

Twenty years of ambient observations of nitrogen oxides and specified hydrocarbons 550 

in air masses dominated by traffic emissions in Germany. Faraday Discuss 2016; 189: 551 

407-437. 552 

42. Kelly F, Anderson HR, Armstrong B, Atkinson R, Barratt B, Beevers S, Derwent D, Green 553 

D, Mudway I, Wilkinson P, Committee. HHR. The impact of the congestion charging 554 

scheme on air quality in London. Part 1. Emissions modeling and analysis of air 555 

pollution measurements. Res Rep Health Eff Inst 2011; 155: 5-71. 556 

43. Mitschik S, Schierl R, Nowak D, Jorres RA. Effects of particulate matter on cytokine 557 

production in vitro: a comparative analysis of published studies. Inhal Toxicol 2008; 558 

20: 399-414. 559 

44. Thevenot PT, Saravia J, Jin N, Giaimo JD, Chustz RE, Mahne S, Kelley MA, Hebert VY, 560 

Dellinger B, Dugas TR, Demayo FJ, Cormier SA. Radical-containing ultrafine 561 

particulate matter initiates epithelial-to-mesenchymal transitions in airway epithelial 562 

cells. Am J Respir Cell Mol Biol 2013; 48: 188-197. 563 



 

 
 

30 

45. Morrow PE. Possible mechanisms to explain dust overloading of the lungs. Fundam Appl 564 

Toxicol 1988; 10: 369-384. 565 

46. McKenzie Z, Kendall M, Mackay RM, Tetley TD, Morgan C, Griffiths M, Clark HW, Madsen 566 

J. Nanoparticles modulate surfactant protein A and D mediated protection against 567 

influenza A infection in vitro. Philos Trans R Soc Lond B Biol Sci 2015; 370: 20140049. 568 

47. Matthews NC, Faith A, Pfeffer PE, Lu H, Kelly FJ, Hawrylowicz CM. Urban particulate 569 

matter suppresses priming of Th1 cells by GM-CSF-activated human dendritic cells. 570 

Am J Respir Cell Mol Biol 2014; 50: 281-291. 571 

48. Pfeffer PE, Ho TR, Mann EH, Kelly FJ, Sehlstedt M, Pourazar J, Dove RE, Sandstrom T, 572 

Mudway IS, Hawrylowicz CM. Urban particulate matter stimulation of human 573 

dendritic cells enhances priming of naive CD8 T lymphocytes. Immunology 2018; 574 

153: 502-512. 575 

49. Donaldson GC, Law M, Kowlessar B, Singh R, Brill SE, Allinson JP, Wedzicha JA. Impact of 576 

Prolonged Exacerbation Recovery in Chronic Obstructive Pulmonary Disease. Am J 577 

Respir Crit Care Med 2015; 192: 943-950. 578 

50. Zeger SL, Thomas D, Dominici F, Samet JM, Schwartz J, Dockery D, Cohen A. Exposure 579 

measurement error in time-series studies of air pollution: concepts and 580 

consequences. Environ Health Perspect 2000; 108: 419-426. 581 

51. Ebelt ST, Petkau AJ, Vedal S, Fisher TV, Brauer M. Exposure of Chronic Obstructive 582 

Pulmonary Disease Patients to Particulate Matter: Relationships between Personal 583 

and Ambient Air Concentrations. J Air Waste Manag Assoc 2011; 50: 1081-1094. 584 

52. Sarnat SE, Coull BA, Schwartz J, Gold DR, Suh HH. Factors Affecting the Association 585 

between Ambient Concentrations and Personal Exposures to Particles and Gases. 586 

Environ Health Perspect 2005; 114: 649-654. 587 



 

 
 

31 

53. Donaldson GC, Wilkinson TM, Hurst JR, Perera WR, Wedzicha JA. Exacerbations and time 588 

spent outdoors in chronic obstructive pulmonary disease. Am J Respir Crit Care Med 589 

2005; 171: 446-452. 590 

54. Matt F, Cole-Hunter T, Donaire-Gonzalez D, Kubesch N, Martinez D, Carrasco-Turigas G, 591 

Nieuwenhuijsen M. Acute respiratory response to traffic-related air pollution during 592 

physical activity performance. Environ Int 2016; 97: 45-55. 593 

55. Stockley RA, O’Brien C, Pye A, Hill SL. Relationship of sputum color to nature and 594 

outpatient management of acute exacerbations of COPD. Chest 2000; 117: 1638-595 

1645. 596 

56. Kolsum U, Donaldson GC, Singh R, Barker BL, Gupta V, George L, Webb AJ, Thurston S, 597 

Brookes AJ, McHugh TD, Wedzicha JA, Brightling CE, Singh D. Blood and sputum 598 

eosinophils in COPD; relationship with bacterial load. Respir Res 2017; 18: 88. 599 

  600 



 

 
 

32 

FIGURE LEGENDS 601 

 602 

Figure 1: Seasonal and long-term trends in indices of ambient pollution and air 603 

temperature, London, 01/01/1996 – 21/12/2015. 604 

Daily ambient PM10, NOx and O3 measured at North Kensington background monitoring site 605 

and averaged daily air temperatures, London 01/01/1996 – 21/12/2015. 606 

 607 

Figure 2: Daily time-series analysis of effect of ambient NOx on viral-type exacerbations 608 

Effect of daily ambient concentrations of NOx 1-5 days prior to onset of viral-type 609 

exacerbations, after adjustment for long-term trend, seasonality and preceding 610 

temperature, on odds ratios of (A) incident COPD exacerbations occurring and (B) 611 

exacerbations being of long (≥ 10 days) duration.  Error bars show Odds Ratios with 95% 612 

Confidence Intervals. *, p < 0.05.  Figure 2A shows a subset of the daily lag data presented in 613 

Figure E1 in the online data supplement. 614 

 615 

Figure 3: Duration of exacerbations of onset 3 days after below-median and above-616 

median ambient NOx. 617 

Days for recovery, as a percentage of exacerbations, for exacerbations of ‘viral-type’ and of 618 

‘with-neither’ type, at 3 days lag after ambient NOx of <54.7 μg/m3 as compared to those 619 

after ambient NOx >54.7 μg/m3.  Days for recovery was defined as the number of days from 620 

exacerbation onset that increased respiratory symptoms were still being recorded, with the 621 

first of two consecutive symptom-free days indicating when the exacerbation finished.   622 

 623 

  624 
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Online Figure E1: Daily time-series analyses of effects of air pollutants on Odds Ratios for 625 

onset of characterised COPD exacerbations. 626 

Odds Ratios for COPD exacerbations categorised by presence/absence of symptoms 627 

suggestive of viral etiology, bacterial etiology, both or neither.  Effect of daily ambient 628 

concentrations of PM10, NOx and O3 0-13 days prior to onset of the exacerbations after 629 

adjustment for long-term trend, seasonality and preceding temperature.  Error bars show 630 

the standard errors (SEs) associated with the Odds Ratios.   631 

  632 
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TABLES 633 

Table 1: Demographics of London COPD cohort patients in the study. 634 

 440 COPD patients 

 Mean  SD  

Age (years)  68.6 8.4 

FEV1 (l)  1.19 0.48 

FEV1 (% predicted)  46.9 16.6 

FVC (l)  2.6 0.86 

FEV1/ FVC (%)  46.3 12.1 

Smoking history (pack-years)  52.4 37.8 

BMI (kg/m2) 26.0 5.5 

 
  

  Median IQR 

Distance of residential address to North 

Kensington monitoring site (km) 

10.3 (5.8-12.9) 

Exacerbations per year 2.13 (0.98-3.41) 

HCU events per year 1.32 (0.60-2.32) 

Observation (days) 1081 (667-1839) 

 N % 

Male  283 64.3 

Smoker at recruitment 151 34.6 

 635 

HCU (healthcare utilization) events; exacerbations with associated antibiotic or oral 636 

corticosteroid prescription. 637 



 

 
 

35 

Table 2: Odds Ratios for characterized exacerbations following higher ambient pollutant concentrations at lag intervals.  Effects of ambient 638 

pollutants measured at North Kensington monitoring site at 0-1, 2-4, 5-8 and 9-13 days lag intervals on Odds Ratios (ORs) for characterized 639 

COPD exacerbations after accounting for lagged temperature, seasonality and longitudinal trend in logistic regressions per 10μg/m3 increase. 640 

 Lag Interval Days 0-1 Days 2-4 Days 5-8 Days 9-13 

 OR 95% CI p OR 95% CI p OR 95% CI P OR 95% CI p 

With-Both viral and bacterial-type symptoms    

NOx 1.0041 0.9971-1.0142 0.429 0.9991 0.9874-1.0110 0.884 1.0037 0.9914-1.0161 0.556 1.0089 0.9964-1.0214 0.158 

PM10 1.0547 0.9971-1.1156 0.063 0.9797 0.9161-1.0478 0.549 1.0180 0.9520-1.0886 0.602 1.0559 0.9905-1.1257 0.096 

O3 0.9945 0.9515-1.0394 0.806 0.9926 0.9435-1.0443 0.775 0.9759 0.9247-1.0299 0.374 1.0249 0.9708-1.0821 0.374 

Viral-type symptoms only    

NOx 0.9983 0.9807-1.0162 0.853 1.0231 1.0054-1.0411 0.010 1.0074 0.9870-1.0281 0.480 0.9952 0.9719-1.0141 0.692 

PM10 0.9795 0.8830-1.0865 0.695 1.0675 0.9504-1.1989 0.270 0.9942 0.8801-1.1231 0.926 1.0035 0.8908-1.1304 0.954 

O3 1.0748 0.9919-1.1645 0.078 0.9222 0.8397-1.0127 0.090 0.9987 0.9039-1.1034 0.979 0.9950 0.8996-1.1004 0.922 

 641 
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Bacterial-type symptoms only    

NOx 0.9927 0.9821-1.0035 0.183 1.0046 0.9936-1.0157 0.418 1.0001 0.9882-1.012 0.983 1.0003 0.9876-1.0132 0.961 

PM10 0.9726 0.9216-1.0264 0.312 1.0595 0.9975-1.1254 0.060 1.0191 0.9569-1.0855 0.556 0.9859 0.9267-1.0489 0.654 

O3 1.0192 0.9779-1.0622 0.367 0.9645 0.9190-1.0123 0.143 1.0193 0.9684-1.0723 0.468 0.9782 0.9294-1.0296 0.399 

With-Neither viral or bacterial symptoms    

NOx 1.0057 0.9906-1.0211 0.460 1.0017 0.9841-1.0196 0.853 0.9980 0.9788-1.0176 0.842 1.0005 0.9808-1.0205 0.961 

PM10 1.0716 0.9869-1.1636 0.099 0.9190 0.8291-1.0187 0.108 0.9923 0.8962-1.0988 0.883 0.9840 0.8922-1.0853 0.747 

O3 1.0159 0.9533-1.0827 0.627 0.9924 0.9222-1.0681 0.840 1.0443 0.9661-1.1289 0.275 1.0005 0.9249-1.0823 0.990 

  642 
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Table 3: Associations of healthcare use (HCU) exacerbations with ambient pollution.  Effects of ambient pollutants measured at North 643 

Kensington monitoring site at 0-1, 2-4 5-8 and 9-13 days lag intervals on Odds Ratios (ORs) for characterized HCU events after accounting for 644 

lagged temperature, seasonality and longitudinal trend in logistic regressions per 10μg/m3 increase. 645 

 Lag Interval Days 0-1 Days 2-4 Days 5-8 Days 9-13 

 OR 95% CI p OR 95% CI p OR 95% CI p OR 95% CI p 

With-Both viral and bacterial-type symptoms    

NOx 1.0032 0.9913-1.0152 0.601 0.9952 0.9813-1.0094 0.509 1.0091 0.9951-1.0233 0.201 1.0113 0.9970-1.0260 0.122 

PM10 1.0468 0.9797-1.1184 0.176 0.9773 0.9034-1.0572 0.567 1.0425 0.9547-1.1265 0.293 1.0759 0.9988-1.1589 0.054 

O3 1.0019 0.9523-1.0541 0.942 0.9886 0.9325-1.0481 0.700 0.9687 0.9107-1.0304 0.313 1.0146 0.9534-1.0797 0.648 

Viral-type symptoms only    

NOx 0.9918 0.9680-1.0163 0.509 1.0255 1.0024-1.0490 0.030 1.0149 0.9896-1.0408 0.250 0.9893 0.9582-1.0214 0.509 

PM10 0.9145 0.7964-1.0502 0.206 1.0865 0.9389-1.2573 0.265 1.0120 0.8698-1.1774 0.289 1.0120 0.8698-1.177 0.877 

O3 1.0634 0.9613-1.176 0.233 0.9416 0.8375-1.0586 0.314 0.9737 0.8586-1.041 0.677 1.0448 0.9209-1.185 0.496 
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 646 

Bacterial-type symptoms only    

NOx 0.9965 0.9836-1.0096 0.060 1.0088 0.9953-1.0225 0.203 0.9953 0.9801-1.0107 0.546 1.0039 0.9882-1.0199 0.630 

PM10 0.9577 0.8941-1.0257 0.217 1.0921 1.0122-1.1783 0.023 0.9683 0.8919-1.0512 0.442 0.9764 0.9019-1.0571 0.556 

O3 0.9996 0.9501-1.0517 0.988 0.9577 0.9026-1.0162 0.153 1.0305 0.9679-1.0971 0.347 0.9627 0.9043-1.0248 0.233 

With-Neither viral or bacterial symptoms    

NOx 1.0107 0.9915-1.0302 0.278 1.0040 0.9805-1.0281 0.742 0.9237 0.9552-1.0110 0.229 0.9956 0.9687-1.0232 0.751 

PM10 1.0467 0.9372-1.1688 0.418 0.9442 0.8247-1.0811 0.406 0.9724 0.8475-1.1158 0.690 0.930 0.8338-1.0892 0.480 

O3 0.9951 0.9164-1.0806 0.907 0.9615 0.8746-1.0572 0.417 1.0773 0.9741-1.1914 0.147 0.9837 0.8890-1.0886 0.751 

 647 
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Table 4: Characteristics of exacerbations and their Incidence Rate Ratios (IRRs) when 648 

preceded by above-median compared to below-median ambient pollutant exposure, with 649 

adjustment for temperature, season (with sine and cosine terms) and longitudinal trend. 650 

 

 

NOx lagged 3 days, 

< or > 54.7 ug/m3 

NOx lagged 3 days, 

< or > 54.7 ug/m3 

 Viral-type exacerbations; 

(384 exacs, 177 subjects) 

(missing data on 49 exac) 

Viral-type HCU; 

 (233 HCU, 131 subjects) 

(missing data on 38 HCU) 

 IRR 95% CI P-value IRR 95% CI P-value 

Recovery time 

(days) 

1.15 1.07-1.24 0.001 1.29 1.17-1.42 0.001 

Breathlessness 

(yes versus no) 

1.14 0.95-1.36 0.172 1.19 0.93-1.52 0.161 

Wheeze 

(yes versus no) 

1.14 0.85-1.55 0.362 1.14 0.80-1.62 0.469 

Cough 

(yes versus no) 

1.33 1.00 -1.77 0.052 1.63 1.16 -1.23 0.005 

 651 

Footnote: Recovery time analysed assuming a Poisson distribution with allowance for 652 

repeated measures. 653 


