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ABSTRACT 50 

 51 
Background: Congregate settings, such as healthcare clinics, may play an essential 52 

role in Mycobacterium tuberculosis (Mtb) transmission. Using patient and 53 

environmental data, we studied transmission at a primary care clinic in South Africa. 54 

Methods: We collected patient movements, cough frequency, and clinical data, and 55 

measured indoor carbon dioxide (CO2) levels, relative humidity, and Mtb genomes in 56 

the air. We used negative binomial regression model to investigate associations. 57 

Results: We analyzed 978 unique patients who contributed 14,795 data points. The 58 

median patient age was 33 years ([IQR] 26-41), 757 (77.4%) were female. Overall, 59 

median CO2 levels were 564ppm (IQR 495-646), highest in the morning. Median 60 

number of coughs/day was 466 (368-503), overall median Mtb-DNA-copies/µL/day 61 

4.2 (IQR 1.2-9.5). We found an increased presence of Mtb-DNA in the air of 32% 62 

(95% credible interval 7%-63%) per 100 additional young adults (aged 15-29) and 63 

1% (0%-2%) more Mtb DNA per 10% increase of relative humidity. Estimated 64 

cumulative transmission risks for patients attending the clinic monthly for at least 1 65 

hour range between 9%-29%.  66 

Conclusions: We identified young adults and relative humidity as potentially 67 

important factors for transmission risks in healthcare clinics. Our approach should be 68 

used to detect transmission and evaluate infection control interventions. 69 

 70 

 71 

Keywords: transmission, carbon dioxide, modelling, primary care clinic, tuberculosis, 72 

biosampling, intervention, humidity, cough, infection control  73 
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BACKGROUND 74 
 75 

Caused by Mycobacterium tuberculosis (Mtb), tuberculosis (TB) remains a global 76 

public health problem and one of the deadliest infectious diseases worldwide. 77 

Understanding TB transmission at primary care clinics is of particular public health 78 

importance in high TB/HIV burden settings, such as South Africa, and in places with 79 

a risk of transmission of multidrug-resistant (MDR) and extensively drug-resistant Mtb 80 

in clinics [1]. Sub-Saharan Africa is one of the most heavily burdened TB regions. 81 

Mtb is transmitted by droplet aerosols generated when people infected with TB 82 

cough, sneeze, shout, speak, or breathe [2, 3]. For TB transmission to occur, an 83 

infected person must expel Mtb bacilli from their respiratory tract, and an uninfected 84 

person must inhale Mtb bacilli-containing aerosols. Although TB control measures 85 

have been in place since the beginning of the 20th century, Mtb transmission is 86 

difficult to measure. Currently, the preferred approach is to measure presumptive 87 

transmission by determining secondary cases through molecular and genomic 88 

epidemiology [4, 5]. This approach is expensive and not feasible in all settings. 89 

Therefore, new approaches to measure TB transmission are needed. 90 

This study piloted a novel approach to estimate transmission risk based on 91 

environmental measurements and patient data at a South African primary care clinic. 92 

We measured indoor carbon dioxide (CO2) levels, which indicate the proportion of 93 

exhaled, rebreathed air in a room [6-8]. We also captured aerosol droplets containing 94 

viable Mtb bacilli from contaminated air [6, 9-11] and measured humidity, which is 95 

associated with the survival of airborne Mtb [12]. We obtained clinical data on patient 96 

diagnoses, visit frequency from electronic medical records, and cough counts in 97 

waiting areas, and we tracked people’s movements through the primary care clinic. 98 

Combining the different data allowed us to assess risk factors for airborne Mtb 99 

transmission in a high TB/HIV burden setting [13].  100 

  101 
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METHODS 102 

 103 

Study design  104 

We previously described the study design in detail [13]. We collected environmental 105 

data such as indoor CO2 levels, relative humidity, frequency of coughs, and 106 

presence of Mtb DNA in the air, as well as patient data over four weeks from July 25 107 

to August 23, 2019 at a primary care clinic in Cape Town, South Africa. 108 

 109 

Study setting  110 

The primary care clinic offers both TB and HIV services and reproductive health and 111 

childhood immunization services, Monday to Friday, from 7 am to 4 pm. The clinic is 112 

situated within a large settlement of formal and semiformal housing where both TB 113 

and HIV are highly prevalent [14, 15]. We delineated three areas within the clinic: the 114 

registration area, the waiting room, and the TB treatment room (Figure 1). Further we 115 

defined three time periods: morning (7am-10:30am), midday (10:30am-2pm), and 116 

afternoon (2-4pm).  117 

 118 

Patient data 119 

Tracking data 120 

We used an anonymized movement tracking system (Xovis; Zollikofen, Switzerland) to 121 

monitor people’s movements (staff members, patients, and other visitors) throughout 122 

the clinic (Figure S1). The resulting date- and time-stamped movement data consisted 123 

of a person’s height, their position recorded as x-y coordinates, and a unique signal for 124 

each person while in the clinic (Table S1) [13]. If individuals went out of a sensor’s 125 

range and subsequently returned, they could contribute multiple signals. Thus, the 126 

number of captured signals is higher than the number of unique persons. While in the 127 

waiting room, close contacts were defined as other persons passing within a radius of 128 

1 meter. 129 

 130 

Clinical data 131 

We extracted clinical data from the electronic patient registry for all patients who 132 

visited the clinic during the study period. These data included the date and time of 133 

arrival for the clinic visit and when the patient passed by the registration desk and 134 
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their age, sex, TB diagnostic results, and date of TB treatment start (if applicable).  135 

 136 

Environmental data 137 

CO2 monitoring  138 

Three CO2 monitors (Digital CO2 Monitor Carbon Dioxide Meter XE-2000, XEAST; 139 

Guangdong, China) covered the clinic’s most crowded spaces. The CO2 monitors 140 

were installed in the waiting room, by the registration desk and in the TB treatment 141 

room (Figure S1). The monitors recorded indoor CO2 concentrations (in parts per 142 

million [ppm]), temperature, and relative humidity at one-minute intervals (Table S1) 143 

[9, 10]. Monitors were regularly auto-calibrated [16]. 144 

 145 

Cough monitoring 146 

We installed a microphone (RØDE NT-USB; Sydney, Australia) near the clinic’s 147 

waiting room ceiling to continuously record sounds (Figure S1). We used a cough 148 

detection algorithm based on MXNET’s open-source deep learning software 149 

framework to classify audio signals as coughing or other sounds (CoughSense; 150 

Seattle, Washington, USA) [17]. In addition, we developed a cough counting 151 

algorithm to test for cough in the recorded coughs automatically. We trained, tested, 152 

and validated the algorithm model using multiple audio recordings obtained during 153 

the study period (Table S1). 154 

 155 

Bioaerosol sampling and molecular testing 156 

Air was sampled using mobile bioaerosol sampling devices (Dry Filter Unit (DFU) 1000, 157 

Lockheed Martin Integrated Systems, Gaithersburg, Maryland, USA). The number of 158 

Mtb genomes was ascertained from dried filters using highly sensitive droplet digital 159 

polymerase chain reaction (PCR) [11]. We placed one bioaerosol sampling device in 160 

the clinic’s waiting room and the other in the TB treatment room (Figure S1). During 161 

data collection, each bioaerosol sampling device collected air through two filters over 162 

two time periods (morning and midday). Each day both devices collected air for about 163 

3.5 hours, totaling approximately 7 hours per day (Table S1).  164 

 165 

  166 
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Linkage of people tracking data with clinical patient data 167 

We applied several criteria to link the movement tracking system data with the clinical 168 

data. We included people who (1) passed by registration and (2) had a height of at 169 

least 140cm according to the tracking data to exclude children; we included clinical 170 

visits of patients aged 15 years and older from the clinical data. We then combined 171 

the datasets using the time-stamp of when a person was recorded by the tracking 172 

system in the registration area and the time a patient was registered in the electronic 173 

patient registry. We identified 2,355 adult patients (≥15 years) whose visits were 174 

recorded in the clinic’s electronic patient registry from the clinical data. After linking 175 

with the movement tracking data, we included 978 unique adult patients, resulting in 176 

1,135 clinical visits.  177 

 178 

Statistical analyses and modelling 179 

We used descriptive statistics for the environmental and patient data obtained in the 180 

different clinic areas. We calculated the number of individuals in the three clinic 181 

areas, the time spent in the waiting room, and the number of contacts an individual 182 

had during this time period, thus enabling the identification of highly frequented 183 

areas.  184 

As previously described, we calculated the rebreathed air volume and 185 

ventilation rates from CO2 and clinic presence [10, 13]. We summarized the coughs 186 

per minute in the waiting room over the three time periods [18, 19]. We described the 187 

number of Mtb genome copies present in each filter by time period and clinic area. 188 

We used a negative binomial regression model to assess clinical and 189 

environmental factors associated with the number of Mtb genome copies measured 190 

in the waiting room air (Table 1). Using the mean for the environmental data (CO2, 191 

and relative humidity), the total number of people present in the clinic, and the total 192 

number of coughs, we aggregated the data by the minute to the exact time period of 193 

the bioaerosol sampling devices. The model will be estimated with MCMC in a 194 

Bayesian framework using Stan, a probabilistic programming language [20]. The 195 

results are unadjusted and adjusted risk ratio per unit increase with 95% credible 196 

intervals. The model was adjusted for sex, age group (15-29 years, 30-44 years, 45-197 

59 years, and >60), relative humidity, indoor CO2, and frequency of cough (Table 1).  198 
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Finally, we calculated the risk of Mtb transmission per hour during the day and 199 

per each clinical visit as previously described [21]. Briefly, we used the modified 200 

Wells-Riley formula considering the work of Rudnick Milton on non-steady state 201 

situations to estimate the annual risk of TB transmission, taking into account the re-202 

breathed air volume, time at risk, the infectious quanta of contagion, and the number 203 

of people occupying the confined space [6, 8]. The parameters we used to calculate 204 

the risk of transmission are given in Table S2.  205 

All analyses were performed in R (version 3.6.0) [22].  206 

 207 

Ethics statement 208 

The University of Cape Town Faculty of Health Sciences Human Research Ethics 209 

Committee (HREC/REF: 228/2019); the City of Cape Town (Project ID: 8139), South 210 

Africa; and the Ethics Committee of the Canton of Bern (2019-02131), Switzerland 211 

approved the study.  212 

 213 

  214 
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RESULTS 215 

 216 

Patient data 217 

Movement of patients  218 

The movement tracking system captured 14,795 unique data points corresponding to 219 

people in the clinic between July 25 and August 23, 2019. The median number of 220 

unique signals per day was 706 (interquartile range [IQR] 622-803). Most individuals 221 

visited the clinic in the morning when the highest density of individuals was found in 222 

the waiting room (Figure 2A). The median time spent in the waiting room was 24 223 

minutes (IQR 23-27 minutes). 224 

 225 

Patient characteristics 226 

After data linkage, we included 978 unique patients. Their median age was 33 years 227 

([IQR] 26-41), and 757 patients (77.4%) were female. Overall, 171 (17.5%) had a TB 228 

diagnosis at some time, among whom 153 (90.6%) had a clinical history of TB, and 229 

16 (9.4%) had active pulmonary TB and were potentially infectious at the time of 230 

clinic visit (Table S3). The density of potentially infectious TB patients and all other 231 

people was highest in the waiting room (Figure 1). These potentially infectious TB 232 

patients were more likely HIV-positive men who had three or more visits during the 233 

four weeks (Table S3). 234 

 235 

Time in the waiting room  236 

The median time a patient spent in the waiting room was 41 minutes (IQR 17-85 237 

minutes) with a median of 62 (IQR 16-173) close contacts (within a radius of 1 238 

meter). There were no significant differences between potentially infectious TB 239 

patients and all other patients in the time spent in the waiting room (41 vs 43) or in 240 

the number of contacts (67 vs 66).  241 

 242 

Coughing  243 

The median number of coughs per day in the waiting room was 466 (IQR 368-503). 244 

The total number of coughs was higher at midday than in the morning (495 vs. 421, 245 

Table 2). The median length of coughs was 0.67 seconds (IQR 0.47-0.91). 246 

 247 
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  248 
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Environmental data 249 

CO2 levels  250 

The median CO2 level in the clinic was 564ppm (IQR 495-646). It was higher in the 251 

morning than at midday and in the afternoon (639 vs 568.7 vs 477ppm). We 252 

measured the highest CO2 levels in the waiting room (Table 2, Figure 2B). The share 253 

of time people experienced CO2 levels at/above 1,000ppm of the opening hours was 254 

4.7%. 255 

 256 

Rebreathed air volume 257 

The overall median rebreathed air volume was 46.5 L/day (IQR 22.7-74.8), and it 258 

decreased over the day (Table 2, Figure 2C). The rebreathed air volume was highest 259 

in the waiting room compared to the registration area and TB treatment room (68.1 260 

vs 42.3 vs 9.5 L/day). The ventilation rate in the waiting room was at 12.2 L/h 261 

(recommended ventilation rate: 6.0 [23]). 262 

 263 

Relative humidity  264 

The overall median relative humidity was 60.6% (53.6-65.8%). It was higher in the 265 

morning compared to midday and afternoon (66.2% vs 58.9% vs 54.1%). The relative 266 

humidity was highest in the TB treatment room followed by the registration area and 267 

the waiting room (63.6% vs 60.9% vs 57.3%) (Table 2, Figure 2D).  268 

 269 

Presence of Mtb DNA copies/µL in the air 270 

The overall median number of Mtb DNA copies/µL per day was 4.2 (1.2-9.5). The 271 

median Mtb DNA copies/µL throughout the day was slightly higher in the waiting 272 

room than in the TB treatment room (Table 2, Figure S2A), and higher in the 273 

afternoon than in the morning.  274 

 275 

Risk factors for potential transmission  276 

In the univariate analysis, we found an increased presence of Mtb DNA copies in the 277 

air of 15% (95% credible interval 3-32%) per 100 incremental young adults (aged 15-278 

29 years) visiting the clinic. No other variables were associated with an increase 279 

presence of Mtb DNA copies in the air (Table 1). In the multivariate analysis, we 280 

found an increased presence of Mtb DNA copies in the air of 32% (95% credible 281 
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interval 7%-63%) per 100 incremental young adults (aged 15-29 years) visiting the 282 

clinic. For a 5% incremental increase of relative humidity, 1% (95% credible interval 283 

0%-2%) more Mtb DNA copies were in the air (Table 1). Figure 3 shows the 284 

standardized risk ratio per one standard deviation with the 95% credible interval.  285 

 286 

Risk of infection 287 

We modelled different scenarios using the observed TB prevalence at the clinic and 288 

the estimated TB prevalence of 737 per 100 000 people for South Africa with varying 289 

infectious quanta [24] (5.5 and 8.2 infectious quanta per hour, Table S2). The 290 

observed TB prevalence at the clinic suggested that the risk of Mtb transmission 291 

during the day was about 3% per hour using 5.5 infectious quanta per hour. It was 292 

about 6% per hour using 8.2 infectious quanta per hour (Figure 4A). The risk of 293 

infection was lower when using TB prevalence estimates by WHO (Figure 4B).  294 

To put this in perspective, a patient coming each month to the clinic for 1 hour (12 295 

visits per year) would have a cumulative risk of Mtb transmission ranging from 9% to 296 

29% depending on the scenario (Figure 5). The cumulative risk was higher for 297 

observed TB prevalence at the clinic compared to the TB prevalence estimated by 298 

WHO. In an extreme scenario assuming a weekly visit to the clinic of 1 hour (52 visits 299 

per year), a patient would have a cumulative risk ranging from 33% to 78%, 300 

depending on the scenario. 301 

 302 

  303 
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DISCUSSION 304 

 305 

At this South African primary care clinic, an increased risk of Mtb transmission was 306 

associated with the presence of young adults and higher room humidity. We 307 

estimated the risk of transmission during a clinic visit of one hour to be 3% to 6%, 308 

increasing to 9% to 29% for patients making regular monthly visits. Our study 309 

suggests that multiple environmental measures and clinical data can be used to 310 

assess indoor ventilation quality and evaluate airborne disease transmission control 311 

measures in primary care and similar settings. 312 

Our study observed more copies of Mtb DNA in the air when young adults 313 

visited the clinic than when clinic visitors were older. Several factors might account 314 

for this. Behavioral and social contact patterns differ by age, and they might play a 315 

role in the risk of Mtb transmission [25, 26]. Young index cases (<40 years) have 316 

been shown to have more close contacts and contacts with all age groups than older 317 

index cases who have fewer contacts (and mainly within their own age group) [26]. 318 

And as adolescents and young adults’ transition from child to adult health services, 319 

they face specific age-related challenges accessing appropriate healthcare [27, 28]. 320 

These challenges might result in delayed HIV or TB diagnoses and treatments. A 321 

study from Cape Town, South Africa, showed that TB notification was highest among 322 

young adults. Among those aged 25-45 years, 63% were HIV-associated TB 323 

patients. The study also showed that TB notification rates among HIV-negative 324 

people peaked between 20-24 years and a second peak between 45-54 years [29]. 325 

We observed that increasing relative humidity was associated with increased copies 326 

of Mtb DNA in the air, only a few other studies have investigated this relationship. 327 

Relative humidity was shown to play an important role in the presence of Mtb 328 

genome copies in the air [30], and our finding is also in line with results from a more 329 

recent study which showed that Mtb DNA copies were more likely to be found in 330 

health facilities when the relative humidity was above 65% [12]. 331 

Studies of different settings have reported that healthcare clinics may be 332 

drivers of Mtb transmission [31-35]. In low and middle income countries, resource 333 

constrained care clinics are often crowded with people sitting close together on 334 

benches or standing in passageways. In these clinics, the waiting times are often 335 

long and the ventilation is poor. These kinds of conditions favour Mtb transmission [9, 336 
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36, 37]. Because of these conditions, exposure to Mtb might be prolonged. People 337 

with undiagnosed TB or delayed TB diagnoses pose risks of Mtb transmission to 338 

other individuals at the clinic. In addition, those diagnosed with TB who continue to 339 

receive care at a clinic may pose a risk to uninfected people and reinfection in people 340 

with a Mtb infection [36]. Furthermore, HIV coinfection plays a major role as disease 341 

progression is faster in HIV-positive compared to HIV-negative individuals [31, 32]. 342 

Therefore, it is important to screen people regularly for TB symptoms. Infection 343 

control measures are needed, such as improved ventilation and, for presumptive TB 344 

cases or anyone who is coughing, wearing masks. Because of the COVID-19 345 

pandemic, wearing masks is likely an easy and familiar intervention to implement. 346 

Finally, detection of Mtb DNA by ppPCR has been shown to be more sensitive than 347 

detection by aerosol using traditional culture techniques [11]. 348 

High indoor CO2 levels (above 1000 ppm) are indicators of poor ventilation. 349 

We found CO2 levels above 1000 ppm, mainly in the morning in the waiting room 350 

area of the clinic. Levels in the TB treatment room were kept lower through measures 351 

to minimize occupancy and keeping the doors and windows open to allow ventilation. 352 

Since we know that crowed waiting rooms are the most likely infectious place, we 353 

focused on this room as well as the TB treatment room where presumptive TB 354 

patients are screened, diagnosed and treated there  [38]. Previous studies have 355 

measured CO2 levels at different locations and combined these environmental data 356 

with social interaction data to model the risk of Mtb transmission [9, 10, 21]. The 357 

highest annual risk for Mtb transmission in another Southern African setting was 358 

found in prisons, with descending lower risks for persons in schools, riding public 359 

transport, and social halls [21]. These findings complement other studies of high-360 

burden settings, which found that only a small proportion of Mtb transmission occurs 361 

between household members [39-41]. Using the observed prevalence at the clinic, 362 

we found that the risk for Mtb transmission during the day was 3 to 5% per hour. A 363 

modelling study showed that the annual risk of Mtb infection in the waiting room at a 364 

clinic with closed windows and doors ranged from 23-34% for chronic patients with 365 

monthly visits and from 2.2-3.4% per patient visit [38]. Further, they showed that with 366 

good ventilation, the risk of Mtb infection was reduced 50-fold.  367 

The mathematical models showed that the duration and frequency of clinic 368 

visits increased the risk of Mtb transmission. However, this could be addressed 369 
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effectively by relatively simple infection control interventions: improved ventilation 370 

through opening windows and decreased room presence, which resulted in very low 371 

rebreathed air volume for the room. In settings where airborne transmission is 372 

possible, both Mtb bacilli and the SARS-CoV-2 virus are transmissible via aerosols 373 

[42-45]. In the COVID-19 pandemic, primary care clinics have implemented infection 374 

control measures such as increased hand hygiene and physical distancing, and all 375 

attendees and clinical staff members are wearing face masks. These infection control 376 

measures would likely also decrease the risk of Mtb infection and other airborne 377 

transmitted diseases at healthcare clinics. 378 

The collection of environmental data had several limitations. The video sensor 379 

system assigned a new ID whenever a seated person stood up. Therefore we had 380 

challenges in tracking people, and we cannot exclude incorrect assignments in these 381 

cases. Furthermore, the bioaerosol sampling devices collected data over about 3.5 382 

hours, whereas the other data were collected by the minute. By aggregating these 383 

data, we lost some information, which may explain why we did not find an association 384 

between Mtb counts and CO2 levels. The highly sensitive ddPCR assay we applied 385 

detects Mtb genome DNA but does not distinguish between viable, Mtb bacilli 386 

causing infections and dead or noninfectious bacilli and DNA fragments. Moreover, 387 

the assay could conceivably be detecting DNA fragments present in the clinic over a 388 

long time, and efforts in our laboratory are underway to develop improved analysis 389 

and assay approaches that can address this. These caveats notwithstanding, we 390 

used a novel and rapid system to study transmission, which goes beyond traditional 391 

methods such as molecular genotyping. However, we did not measure actual 392 

transmission events, but rather estimated the risk of transmission events using a 393 

range of clinical and environmental data, including detection of Mtb DNA in the air. 394 

 Our approach to assessing Mtb transmission risks using various 395 

environmental and clinical data is novel. It identified young adults and relative 396 

humidity as potentially important factors in TB transmission in these settings. A global 397 

study using the WHO TB notification database that showed about 17% of all new TB 398 

cases were among people aged 10-24 years [46]. Therefore, TB research and public 399 

health interventions should have increased focus on young adult health [29, 46, 47]. 400 

However, we should not only understand the drivers of transmission, but also 401 

evaluate interventions [48]. Our multiple measures approach can be used in health 402 
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care clinics and other congregate settings to evaluate interventions to halt 403 

transmission, including the evaluation of infection control measures such as 404 

improved room ventilation, increased hand hygiene, or wearing of masks.  405 

 406 

  407 
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Table 1: Factors associated with transmission risk (indicated by Mtb genome copies 587 

in the air) presented as risk ratio per 100 incremental persons with the corresponding 588 

95% credible interval. 589 

Variable  Unit 
Unadjusted risk ratio,  
95% credible interval 

Adjusted risk ratio,  
95% credible interval 

Sex     
Female  Per 100 incremental persons 1.04 (0.97-1.11) 0.92 (0.75-1.15) 

Age groups      
15-29  Per 100 incremental persons 1.15 (1.03-1.32) 1.32 (1.07-1.63) 
30-44  Per 100 incremental persons 0.96 (0.87-1.08) 0.80 (0.61-1.03) 
45-59  Per 100 incremental persons 1.08 (0.85-1.43) 1.35 (0.89-2.09) 
>60  Per 100 incremental persons 0.86 (0.40-2.15) 1.19 (0.22-6.57) 

Environmental factors     
Average RH per day  Per 10% incremental increase RH 0.99 (0.99-1.01) 1.01 (1.00-1.02) 
Average CO2 per day  Per 10 incremental increase ppm 0.0 (0.0-0.47) 0.04 (0.0-1.08) 

Sum coughs  Per 100 incremental coughs 0.99 (0.83-1.20) 1.11 (0.89-1.34) 
Abbreviation: RH, relative humidity, ppm, parts per million 590 

 591 
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Table 2: Environmental data collected at a primary care clinic in Cape Town, South 593 

Africa, overall and by location. 594 

 

Overall 
median, (IQR) 

Registration 
area 
median, (IQR) 

Waiting room 
 median, (IQR) 

TB treatment 
room 
median, (IQR) 

CO2 levels     
Per day 564.3 (495-646) 564 (494-686) 646 (531-765) 471 (447-516) 
Time     

Morning  639 (551-753.7) 669.5 (551-823) 747 (623-852) 497 (460-572) 
Midday 568.7 (514.5-624) 570 (502-659) 655 (564-742) 468 (445-504) 
Afternoon 477 (455.7-517.3) 487 (461-524) 491 (458-565) 453 (437-477) 

Rebreathed air volume in 
litres/day 

 
   

Per day 46.5 (22.7-74.8) 42.3 (22.1-74.0) 68.1 (33.0-102.2) 9.5 (0-18.6) 
Time     

Morning  46.5 (44.2-98.6) 67.2 (38.1-107.6) 97.1 (61.9-127.2) 13.4 (0-25.0) 
Midday 47.7 (30.6-70.3) 39.1 (22.1-63.1) 69.5 (42.1-93.3) 9.5 (0-15.9) 
Afternoon 11.6 (0-24.5) 16.7 (0-26.5) 15.9 (0-33.4) 5.8 (0-13.1) 

Relative humidity     
Per day 60.6 (53.6-65.8) 60.9 (54.1-66.2) 57.3 (49.9-63.3) 63.6 (57.2-67.7) 
Time     

Morning  66.2 (61.6-68.6) 66.7 (62.9-69.4) 63.9 (58.9-66.6) 67.4 (63.5-70.7) 
Midday 58.9 (52.1-62.9) 58.8 (52.5-63) 55.2 (48.3-59.9) 62.1 (55.8-66.3) 
Afternoon 54.1 (48.2-59.4) 53.7 (48.2-59.4) 50.3 (45.1-56.3) 58.7 (51.2-62.8) 

Number of coughs      
Per day 466 (368-503) - 466 (368-503) - 
Time     

Morning  421 (350.5-487.5) - 421 (350.5-487.5) - 
Midday 495 (392-514) - 495 (392-514) - 

Number of Mtb DNA 
copies/µL  

 
   

Per day 4.2 (1.2-9.5) - 4.2 (1.8-9.4) 4.7(0.5-9.5) 
Number of observations  79 - 38  41 
Time     

Morning  3.6 (0.4-7.4) - 4.2 (1.4-8.0) 2.1 (0.30-6.3) 
Number of observations 39 - 19 20 
Midday 5.6 (2.2-11.8) - 6.2 (1.8-10.9) 5.5 (2.7-12.2) 
Number of observations 40 - 19 21 

Abbreviation: CO2, carbon dioxide; IQR, interquartile range; Mtb, Mycobacterium tuberculosis   595 
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Figure 1: Density of (A) potentially infectious TB patients (defined as being 599 

diagnosed with TB [clinically or bacteriologically confirmed] one week before the 600 

study started or up to three months after the end of the study period [July 18- 601 

November 25, 2019]); and (B) all other people visiting the primary care clinic over the 602 

study period. Data from the movement tracking system were linked with clinical data 603 

from the electronic register.  604 
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Figure 2: Environmental data collected at the primary care clinic. Average clinic 607 

presence, CO2, rebreathed air volume (RAV), and relative humidity, over time and by 608 

location. The solid line is the mean with pale fill the recorded values from the 609 

minimum to the maximum. 610 

Abbreviation: Co2, carbon dioxide; RAV, rebreathed air volume; ppm, parts per million 611 

612 

  613 
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Figure 3: Patient and environmental factors associated with Mtb genome copies in 614 

the air, presented as standardized risk ratio from a multivariate analysis.  615 

Abbreviation: Crl, credible interval; RAV, rebreathed air volume 616 

  618 
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Figure 4: The risk of TB infection during a day at the primary care clinic 619 

estimated based on a mathematical transmission model (21). Panel A shows the 620 

risk of infection based on the observed TB prevalence at the clinic. Panel B shows 621 

the risk based on the TB prevalence in the general population as estimated by WHO. 622 

The solid line is the mean with pale fill the recorded values from the minimum to the 623 

maximum. Estimations for two different definitions of the infectious quanta are shown. 624 

The parameters and assumptions for the transmission model are described in Table 625 

S2 or described in Hella et al. [21]. 626 

  628 
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Figure 5: Cumulative risk of TB infection according to the time spent at the 629 

primary care clinic. The solid line present the observed prevalence and the hashed 630 

line the estimated TB prevalence by WHO.  631 


	1
	ABSTRACT
	Conclusions: We identified young adults and relative humidity as potentially important factors for transmission risks in healthcare clinics. Our approach should be used to detect transmission and evaluate infection control interventions.
	Keywords: transmission, carbon dioxide, modelling, primary care clinic, tuberculosis, biosampling, intervention, humidity, cough, infection control
	METHODS
	Study design
	Study setting
	Patient data
	Tracking data
	Clinical data
	Environmental data CO2 monitoring
	Cough monitoring
	Bioaerosol sampling and molecular testing
	Air was sampled using mobile bioaerosol sampling devices (Dry Filter Unit (DFU) 1000, Lockheed Martin Integrated Systems, Gaithersburg, Maryland, USA). The number of Mtb genomes was ascertained from dried filters using highly sensitive droplet digital...

	Linkage of people tracking data with clinical patient data
	Ethics statement

	RESULTS
	Patient data
	Movement of patients
	Patient characteristics
	Time in the waiting room
	Coughing

	Environmental data
	CO2 levels
	Rebreathed air volume
	Relative humidity
	Presence of Mtb DNA copies/(L in the air

	Risk factors for potential transmission
	Risk of infection

	DISCUSSION
	AUTHOR CONTRIBUTIONS
	FUNDING
	ACKNOWLEDGEMENTS
	COMPETING INTERESTS
	REFERENCES
	TABLES AND FIGURES

