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Purpose: To increase pulmonary tuberculosis (PTB) treatment adherence in Xinjiang Region, an electronic DOTS (eDOTS) system
developed was applied and evaluated.

Methods: An eDOTS system comprised electronic medicine boxes, mobile phones and a central processing platform. Between April and
June 2016, persons with active PTB (PAPTB) were recruited from villages and a city and were prescribed a six-month course of antibiotics
using either DOTS or eDOTS. Treatment adherence rate and chest X-ray digital radiography (DR) score were used to evaluate usefulness of
eDOTS.

Results: A total 167 PAPTB were recruited with 81 participants from villages and 86 from neighbourhoods. Of the 81 village patients,
43 (53%) used eDOTS and 38 (47%) used DOTS. Among the 86 patients from neighbourhoods, 50 (58%) used eDOTS and 36 (42%)
used DOTS. After 6 months of treatment, the average treatment compliance of the village patients who used eDOTS were 47.0%
+20.5% compared to 26.7%=+21.1% who used DOTS (=—4.475, p<0.001). The patients using eDOTS from both the villages and city
had significantly lower X-ray DR scores than the patients using DOTS by 1.81 points, 95% CI (0.72-2.90) and 1.05 points, 95% CI
(0.15-1.95), respectively.

Conclusion: eDOTS is an effective means of managing the treatment of active PTB patients through daily reminding and monitoring
of patient compliance. Ease of contact with doctors and special education programs encouraged PAPTB to complete their treatment
course as required.
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Background

Pulmonary tuberculosis (PTB) is a serious public health disease that challenges health systems around the world,
especially in China, which accounts for 15% of the global PTB burden.'* Xinjiang Uygur Autonomous Region
(Xinjiang) is an area of high endemicity of PTB.>® In 2010, the prevalence of persons with active PTB (PAPTB) in
Xinjiang was 1526 per 100,000 population, and the prevalence of smear-positive PTB was 433 per 100,000 population,
which is higher than the national average (459 per 100,000 population for active PTB and 66 per 100,000 for smear-
positive PTB).>” PTB cases reported in southern Xinjiang, including the Kashgar, Hotan, Aksu, and Kizilsu Kirghiz
prefectures, accounted for 70% of the total PTB cases in Xinjiang.>® In 2018, the incidence in these four prefectures
(292 per 100,000 population) was 4.8 times higher than the national average (61 per 100,000 population) and was the
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highest incidence rate in China.'® From 2008 to 2018, Yingjisha County in Kashgar Prefecture had an average annual
PTB incidence of 720.56 per 100,000 population, which was the highest in Xinjiang.®

The World Health Organization (WHO) recommends the Directly Observed Therapy Short-Course (DOTS) strategy
for stopping TB transmission.'' The strategy was introduced to China in the 1990s, and by 2010, it reduced TB
prevalence by half;'> However, the strategy did not reduce TB transmission in Xinjiang. A survey conducted in during
2010-11 showed that the prevalence of PAPTB was 1526 per 100,000 population—2.29 times higher than the prevalence
in 1990 (666 per 100,000 population).> A report has indicated that the poor TB treatment outcome in Xinjiang is likely
due to low treatment adherence."’

Effective management of PTB treatment adherence remains challenging. Digital adherence technologies (DATSs)
including 99 DOTS, medication reminders, and digital remote treatment adherence monitoring devices (evriMED
pillboxes), and the drone observed therapy system (DrOTS) have been proposed for facilitating and enhancing treatment
adherence of persons with PAPTB.'*!'” While digital health interventions may be accepted by some PTB patients,
evidence about the effect of these approaches on improving PTB care remains limited.'® '

To improve the treatment adherence in PTB patients, we developed an electronic directly observed therapy short-
course (eDOTS) system that reminds PAPTB to take their medication daily, monitors their adherence, and provides an
educational program. Here, we report findings from a pilot study of the eDOTS system that was used for PAPTB from
remote villages and a city in two areas in Xinjiang, China.

Methods

Patients Screening Process

To determine the usefulness and efficacy of the eDOTS system for managing the treatment of PAPTB, 81 PAPTB from
14 remote villages in Yinjisha County of Kashgar Prefecture in southern Xinjiang and 86 PAPTB from two city
neighborhoods in Urumgqi City area in northern Xinjiang were enrolled in the pilot. Such a choice was made considering
that there were differences in economic and education level between northern and southern Xinjiang and between city
and village areas, which may affect the treatment adherence of PTB.

Approximately half of the patients were assigned to the DOTS group, and the remaining half of the patients were
assigned to the eDOTS group at the time of diagnosis. All of the patients were between 15 and 75 years old, and they
were diagnosed through a clinic or health check program. The diagnosis of active PTB was based on positive chest
digital radiography (DR) and the typical symptoms of PAPTB according to the published criteria, such as night sweats,
chest pain, persistent cough, and fever for more than two weeks.””> PAPTB retreatment, pregnant women and PAPTB
with HIV infection or those using hormone therapy were excluded.

Drug Treatment

Standard anti-TB drug combinations containing isoniazid (H), rifampicin (R), pyrazinamide (Z), and ethambutol (E) were
prescribed as the first line of treatment for TB in accordance with the WHO recommendation.”> All of the patients were
prescribed two treatment courses, which included a two-month intensive phase with a daily dose of fixed-dose
combination tablets containing HRZE and a four-month continuation phase of daily HR.

Intervention Strategy

All of the doctors and staff from the villages and city neighborhoods involved in the eDOTS study received a one-day
training session to introduce the device and provide instructions for use. Once a PAPTB diagnosis was confirmed, the
patient was registered in the study, and data such as name, ID, age, gender, address, diagnosis information (eg, smear
results and radiography), and treatment prescription were recorded. The patient was then assigned to either the DOTS or
eDOTS group. Both groups were prescribed anti-TB drugs for 25-26 weeks. All of the patients went to see the doctor
once a week to obtain their medicine for the following week. For patients in the DOTS group, the previous week’s
medication history was recorded when they reported to the doctor to receive the next-week’s medication. For those in the
eDOTS group, the medication history data were automatically recorded and uploaded to the server in the CDC daily.
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eDOTS System

The eDOTS system is composed of an electronic medicine box (eBox) for patients, a private mobile phone (management software

program I, WeChat App installed, for all of the participants including PAPTB, doctors, nurses, management staff in the local
Center for Disease Control and Prevention (CDC), and relatives of the patients), and a central processing platform (management
software program II, designed for the CDC), which allows the CDC to manage and analyze the data. Patients are registered in the
eDOTS system with the same information required for TB treatment through DOTS, and the system is immediately activated.
Every day the eBox sets off an alarm to remind patients to take their medication at a convenient time determined by the patients,
normally before breakfast. When the patient opens the eBox, the camera on the eBox takes pictures of the patient’s medication
status, which is automatically transferred to the management system. Once the patient has taken the medication, the system
records the task as complete. The eBox continues to alarm for 30 minutes if the patient does not open the eBox, after which the
system automatically sends a message to the doctor and a relative with a request to remind the patient to take the medication. If the

patient has not taken the medication by 5 pm, the system records the patient as “not-taking medicine” (Figures 1 and 2).

Treatment Adherence Measurement

The individual’s weekly treatment adherence rate was calculated as a percentage of the patient’s prescribed number of
medications per week. For example, if a PAPTB should take the medication seven times a week but only takes it three
times, the PAPTB’s treatment compliance for that week is 3/7 or 42.9%.
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Figure 2 Working flow diagram of eDOTS system. (A) Flow chart using eDOTS, (B) Cartoon using eDOTS.
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PTB DR Score

To evaluate the efficacy of the treatment, we established a PTB DR score system based on the features of chest DR image
(Figure S1). Three levels of TB pathology were defined as follows: level 1, showing exudation (0, 1, 2 and 3 scores); level 2,
showing infiltration (0, 1, 2, 3 and 4 scores); and level 3, showing density of the PTB lesion (0, 1, 2 and 3 scores), creating
a total possible score of 10 (Figure S2). Three experienced radiologists were asked to score each DR image of PAPTB.

Statistical Analysis

Both the adherence rate and PTB DR scores were used to evaluate and compare the efficacy of the interventions used in the
villages and city neighborhoods. Normality and homogeneity-of-variance tests of the data for the treatment adherence rates and
DR scores were carried out with Kolmogorov—Smirnov test and Levene’s test, respectively. In the case of normal distribution and
uniform variance, the difference between DOTS and eDOTS was analyzed by Student’s t-test between the city and village
patients. A #-test was applied when PTB DR scores were compared between the DOTS and eDOTS groups. A paired #-test was
used to compare the difference in the DR scores within the DOTS or eDOTS groups before and after treatment. DR scores were
analyzed and compared among different groups by two-way ANOVA with Tukey’s multiple-comparison test. A chi-square test
was used for counting data including gender and ethnic composition ratio. Differences were considered to be significant at
p <0.05.

Results

PAPTB and Interventions

Between April and June 2016, a total 167 PAPTB were randomly selected to participate in the study. Among these
patients, 81 were from 14 Kashgar villages. Of those 81, 43 patients were from nine villages and used the eDOTS
system. As these 43 patients were identified in the same health check, they were assigned eDOTS at the same time. The
remaining 38 patients were from five other villages and were assigned the traditional DOTS system. There was a doctor
in each village who took care of the patients there. A total of 86 PAPTB were from Urumgqi City neighborhoods. Fifty of
the 86 city patients used the eDOTS system and were cared for by one community doctor. The remaining 36 city
neighborhood patients used the DOTS system and visited doctors once a week in a hospital in the city (Table 1).

Adherence in Villages

In the study, a weekly adherence rate was used to evaluate the patient’s adherence. The average treatment adherence rate
was 49.8%+26.9% during the first week of using the eDOTS system in the villages and it was 51.1%+28.5% among the
village PAPTB using eDOTS during the first six weeks. However, at week 7, due to an internet problem, traditional
DOTS had to be used for one week. Once the internet problem was resolved, the eDOTS system showed that the
adherence rate dropped to 26.7% £21.1% during week 8. The low percentage (24.9%+23.9%) of adherence was sustained
for five weeks to week 13 when the village doctors were asked to make daily visits to each of these patients. The

Table | Basic Characteristics of Participants

Village p City P

Total DOTS eDOTS Total DOTS eDOTS
Age (years), mean+SD 35.7x16.7 34.8+16.4 36.7+17.7 0.62 34.8+16.5 35.7+14.7 33.9+18.1 0.63
Male, n (%) 54 (66.7%) 25 (65.8%) 29 (67.4%) 0.88 58 (67.4%) 28 (77.8%) 30 (60%) 0.08
Ethnic group, n (%) 8l 38 43 86 36 50 0.92
Han 0 0 0 50 [58.1%] 24 (48.0%) 26 (52.0%)
Uygur 81 (100%) 38 (100%) 43 (100%) 11 [12.8%] 6 (54.5%) 5 (45.5%)
Hui 0 0 0 25 [29.1%] 12 (48.0%) 13 (52.0%)

Notes: p refers to significance of differences in age,

gender, and ethnic composition ratio between DOTS and eDOTS in the same region. Chi-square test was used for

comparing gender and ethnic composition, while t-test was used for comparing age.
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Figure 3 The mean percentage of PAPTB taking anti-TB drug weekly recorded by eDOTS. (A) In village; (B) In city. Dots and error bars denote mean * SD.

adherence rate increased to 65.7% +26.6% at week 20. At week 21, an infectious diseases specialist from a hospital was
asked to call all of the patients assigned to the eDOTS system who had not been taking their medication regularly. The
adherence rate then increased to 77.8%+17.1% with a peak of 82.0% +12.3% from week 23 to 26 (Figure 3A). From
week 13 to week 26, the average adherence rate was 54.6%+19.1%.

Adherence in Urumgqi City
For the 50 patients from the city neighborhoods who used eDOTS, the adherence rate over the first 12 weeks of treatment
was close to 100%. After 12 weeks, the rate dropped slightly, but the overall adherence rate continued to be
approximately 90% (Figure 3B).
Over the first six weeks of treatment, the adherence of the village-based patients using eDOTS (51.1% =+ 28.5%) was
significantly lower than that of the city-based patients using eDOTS (98.9% = 1.1%; ¢t = =32.781, p < 0.001).
However, both in the Kashgar villages and Urumgi city neighborhoods, the record cards showed that 100% of PAPTB
using the traditional DOTS strategy were taking the medicines. We believe that this result lacks objectivity and authenticity.

PTB DR Score

There was no statistically significant difference in the chest DR scores between the PAPTB from the villages and those
from the city neighborhoods before treatment. The DR scores of the PAPTB using eDOTS were significantly reduced in
both the villages and the city at the end of the intervention period. The comparison of the scores showed that the patients
using eDOTS from the villages and the city neighborhoods had significantly lower scores than the patients using DOTS
by 1.81 points (95% CI: 0.72-2.90) and 1.05 points (95% CI: 0.15-1.95), respectively, after 25 weeks of treatment.
However, regardless of whether DOTS or eDOTS was used, there were significant differences (p < 0.01) in the PAPTB’s
PTB scores before and after treatment (Table 2 and Figure 4).

Table 2 The Results of Comparative Analysis of Digital Radiography Scores Before and After Using
DOTS and eDOTS in Different Regions

Group Number X+s of Scores X+s of Scores t P
of Patients | Before Treatment | After Treatment
Overall DOTS 74 9.10+1.221 5.35+1.46* 16.96 < 0.001
eDOTS 93 9.23+0.96 3.58+0.84* 4271 < 0.001
City DOTS 36 9.14+1.07 4.52+|.45* 15.38 < 0.001
eDOTS 50 9.18+0.72 3.46+0.57* 44.04 < 0.001
Village DOTS 38 9.07+1 .48t 6.00+|.48* 9.04 < 0.0l
eDOTS 43 9.28+1.10 4.19+1.25*% 20.05 < 0.0l

Notes: *p is < 0.05, compared with DR scores before treatment within the group; Tp is > 0.05, compared with DR scores in the
eDOTS group. t and p refer to the significance of difference in DR scores between DOTS and eDOTS in the same region.
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Figure 4 Comparison of treatment effect of PAPTB treated with eDOTS or DOTS in village or city. Data are shown as mean * 95% Cl. *p < 0.05, **p < 0.01.

The PTB score of the PAPTB from Urumgqi City who used eDOTS (3.46 £ 0.57 points) was significantly lower than
that of those who used DOTS (4.52 + 1.45 points) (multivariate ANOVA with Tukey’s multiple-comparison test, p <
0.001). The average PTB score of the PAPTB from the villages who used eDOTS (4.19 + 1.25 points) was significantly
lower than that of those who used DOTS (6.0 &+ 1.48) (p < 0.001). At the end of the treatment intervention using eDOTS,
there was no difference in the PTB score among the patients from the city neighborhoods and those from the villages (p =
0.51). In contrast, among the patients who used traditional DOTS, the patients from the city neighborhoods had a lower
PTB score (4.5 £+ 1.6 points) than those from the villages (6.00 £ 1.5 points) (p < 0.001).

Discussion

Several electronic approaches such as eviiMED, MERM, and DrOTS based on DATs have been developed for TB treatment
and control. evriMED, a device with medication monitoring and reminder functions, has been used for TB treatment in pilot
studies with a small number of patients. However, further evidence on the efficacy of the tool in improving treatment
adherence of TB patients needs to be evaluated.”* Medication event and reminder monitor (MERM) is similar to our
eDOTS,* but the impact of MERM on health management outcomes and the cost-effectiveness of this system have not
been reported. The DrOTS project uses new drone technology as a drug delivery device to reduce the frequency of patients’
visits to the doctors. However, it is very difficult to ascertain the significance of DrOTS for supporting TB treatment.'® In
India, the benefit of the 99DOTS program is encouraging in terms of greater convenience and reduced stigma, but there are
obvious challenges in its implementation, including webtool stability, staff training, and better coordination.?**’

Although TB can be cured, the successful treatment depends on the high adherence of PAPTB to anti-TB drugs treatment
for at least 6 months.”*2° Failure to meet the adherence levels required for DOTS can prolong the treatment duration and
promote drug resistance, relapse, and refractory conditions.>*>? Although DOTS has improved the endemicity rates of TB in
China, recent studies have shown that the DOTS strategy has not been effective in increasing treatment adherence in some
areas.”' > Most PAPTB take anti-TB drugs at home with DOTS, and village or city neighborhood doctors distribute
medication once a week to these patients. In our study, we observed a drop in treatment adherence to 24.9% amongst the
village eDOTS patients after they had to revert to the traditional DOTS system for one week due to the loss of internet service.
The lower adherence rate may reflect the true adherence of traditional DOTS in the study areas. This adherence rate is much
lower than that in other provinces in China, such as Jiangsu (89%), Anhui (90.5%), and Ningxia (93.3%),>> which may explain
why the prevalence of PTB is higher in the study areas in Xinjiang. Therefore, a new approach is urgently needed for DOTS
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PAPTB treatment in high endemic areas. Our eDOTS system may be a solution as it reminds and monitors PTB patients to
take anti-TB drugs every day.

Another challenge of TB treatment and control is the large number of PAPTB cases in the high endemic areas. According
to the fifth national TB epidemiological survey in 2010, the prevalence rate of PAPTB among people over 15 years in
Kashgar was 2727 per 100,000,” which means that a large number of doctors are needed to manage the treatment. Taking the
example of Yingjisha County, the data of the sixth census conducted in 2010 showed that the total population was 263,616,
with a total of 231,336 people living in 122 villages, which equates to an average of 1896 villagers per village. If we used an
average prevalence of 2727 per 100,000 residents, there would be an average of 51 PAPTB in each of these villages. Each
village typically has one village doctor; thus, it is very difficult for one village doctor to properly care for so many PAPTB
using traditional DOTS. We believe eDOTS can help village doctors to manage more PAPTB given that in our trial one
doctor was easily able to manage 50 PAPTB using eDOTS in Urumgqi City.

In addition, PAPTB need an easy way to contact doctors and social workers for medical and psychological consultation,
especially when they have difficulty taking the medication. The eDOTS system offers a tool to link PAPTB with doctors in
rural areas. We believe that the ability of doctors to contact PAPTB who want to stop taking their medication is crucial for
successful treatment of PAPTB. In our study, through the eDOTS system, the village doctors were able to call the PAPTB who
had stopped taking anti-TB drugs at week 13, and in the city, hospital doctors called their patients who wanted to stop their
medication at week 21. After these calls, the adherence rate increased to 65.1% and 77.2%, respectively. This indicates that
regular communication between doctors and their PAPTB is very important for encouraging patients to take their medication.

It has been shown that education of health workers and patients is important for treatment and control of TB.>*%
Retrospective studies have shown that anti-TB drug—induced liver function damage occurs 4-26 days after administration.*®
A study in London showed that 53% of liver damage from anti-TB drugs occurred within two weeks of the start of treatment, and
87.6% occurred within eight weeks.>” Some PAPTB experience side effects such as red urine and tears, facial pigmentation, and
abnormal liver function accompanied by nausea, vomiting, and other gastrointestinal symptoms. If the patients do not understand
the side effects that arise during the course of treatment, they begin to fear the treatment and stop taking it. The eDOTS system
has a voice education program that contains 180 key questions and answers about PTB specifically designed for possible
problems that appear while taking anti-TB drugs. We believe the voice education program is suitable for home-based treatment
and allows family members, as well as the patient, to be educated so that they can then encourage the PAPTB to finish their
treatment course.

Data from the China’s fifth national TB epidemiological sampling survey showed that only 14.4% of active PAPTB were
smear-positive.” In addition, it is well known that after a few weeks of treatment, some cases become smear-negative.
Therefore, sputum smears were not used as a parameter for evaluating the treatment efficacy in our study. PTB DR scores were
developed and used for identifying the severity of PTB and for indirectly assessing the treatment adherence. Through
a comparison of DR scores, we found that the patients using eDOTS both in urban and rural areas showed better therapeutic
efficacy than those who used the DOTS system.

In this study, there is a limitation. The purpose of this study is to initially understand the adherence of patients on
initial treatment for tuberculosis. Due to the limited number of electronic pill boxes and other factors, the included
sample size was not large enough, still, the randomness and representativeness of the sample grouping have been
achieved as far as possible, so our research results are of reference value.

Conclusions

The application of eDOTS in remote villages and city neighborhoods showed that the system was effective for improving
TB treatment through daily automated reminders and monitoring of PTB anti-TB drugs treatment, and it was especially
effective in remote and low-income areas. The system can also provide health education programs for encouraging
PAPTB to finish their treatment course. Most importantly, PAPTB can contact doctors and relatives any time through the
system for help and advice. eDOTS is an effective tool for improving the prevention and management of TB by
increasing PAPTB’s treatment adherence.
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