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Abstract

Background

AU : PleaseconfirmthatallheadinglevelsarerepresentedcorrectlyGlycemic control remains suboptimal in developing countries due to critical system deficien-

cies. An innovative mobile health (mHealth)-enabled hierarchical diabetes management

intervention was introduced and evaluated in China with the purpose of achieving better

control of type 2 diabetes in primary care.

Methods and findings

A community-based cluster randomized controlled trial was conducted among registered

patients with type 2 diabetes in primary care from June 2017 to July 2019. A total of 19,601

participants were recruited from 864 communities (clusters) across 25 provinces in China,

and 19,546 completed baseline assessment. Moreover, 576 communities (13,037 partici-

pants) were centrally randomized to the intervention and 288 communities (6,509 partici-

pants) to usual care. The intervention was centered on a tiered care team–delivered

mHealth-mediated service package, initiated by monthly blood glucose monitoring at each

structured clinic visit. Capacity building and quarterly performance review strategies upheld

the quality of delivered primary care. The primary outcome was control of glycated hemoglo-

bin (HbA1c; <7.0%), assessed at baseline and 12 months. The secondary outcomes include

the individual/combined control rates of blood glucose, blood pressure (BP), and low-density

lipoprotein cholesterol (LDL-C); changes in levels of HbA1c, BP, LDL-C, fasting blood glu-

cose (FBG), and body weight; and episodes of hypoglycemia. Data were analyzed using
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intention-to-treat (ITT) generalized estimating equation (GEE) models, accounting for clus-

tering and baseline values of the analyzed outcomes. After 1-year follow-up, 17,554 partici-

pants (89.8%) completed the end-of-study (EOS) assessment, with 45.1% of them from

economically developed areas, 49.9% from urban areas, 60.5 (standard deviation [SD] 8.4)

years of age, 41.2% male, 6.0 years of median diabetes duration, HbA1c level of 7.87% (SD

1.92%), and 37.3% with HbA1c <7.0% at baseline. Compared with usual care, the interven-

tion led to an absolute improvement in the HbA1c control rate of 7.0% (95% confidence

interval [CI] 4.0% to 10.0%) and a relative improvement of 18.6% (relative risk [RR] 1.186,

95% CI 1.105 to 1.267) and an absolute improvement in the composite ABC control (HbA1c

<7.0%, BP <140/80 mm Hg, and LDL-C <2.6 mmol/L) rate of 1.9% (95% CI 0.5 to 3.5) and a

relative improvement of 21.8% (RR 1.218, 95% CI 1.062 to 1.395). No difference was found

on hypoglycemia episode and weight gain between groups. Study limitations include non-

centralized laboratory tests except for HbA1c, and caution should be exercised when

extrapolating the findings to patients not registered in primary care system.

Conclusions

The mHealth-enabled hierarchical diabetes management intervention effectively improved

diabetes control in primary care and has the potential to be transferred to other chronic con-

ditions management in similar contexts.

Trial registration

Chinese Clinical Trial Registry (ChiCTR) IOC-17011325.

Author summary

Why was this study done?

• In many countries, health outcomes are impacted by the consequences of poor glycemic

control among people living with diabetes owing to the low quality of primary care.

• Digital technologies have been increasingly adopted as an innovative solution, especially

during the epidemic of communicable diseases like Coronavirus Disease 2019 (CAU : PleasenotethatCOVID � 19hasbeendefinedasCoronavirusDisease2019inthesentenceDigitaltechnologieshavebeenincreasingly::::Pleasecheckandcorrectifnecessary:OVID-

19).

• However, very limited literature reports its clinical effectiveness in primary care settings,

and the majority of favorable results are from studies with small sample size.

What did the researchers do and find?

• A mobile health (mHealth)-based digital platform named Road to Hierarchical Diabetes

Management at Primary Care Settings in China (ROADMAP) was designed and tested

through a community-based cluster randomized controlled trial that covered 19,546

participants from 864 communities across China.
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• Compared with usual care, the intervention lowered the glycated hemoglobin (HbA1c)

level by 0.3% and improved the HbA1c control rate by 7.0% absolutely and 18.6% rela-

tively. No additional hypoglycemia episodes and weight gain were found relevant to the

intervention.

What do these findings mean?

• To our knowledge, this study is the largest in testing the effectiveness and safety of an

mHealth-based diabetes management with a diverse coverage of primary care settings.

• The findings indicate that integrated mHealth solution could be effective and safe in

improving diabetes control in real life and could be more feasible and acceptable during

the pandemic of COVID-19.

• Detailed findings in implementation and evaluation of the intervention could inform

the promotion of effective and rational use of limited healthcare resource in China and

other low- and middle-income countries (LMICs).

Introduction

While facing the rising prevalence and growing burden of type 2 diabetes, health systems

worldwide, particularly in low- and middle-income countries (LMICs), are also threatened by

the consequence of poor glycemic control among people living with diabetes [1–4]. In China,

the prevalence of diabetes has reached 11.2%, with an estimated population of 129.8 million

[5]. To ensure access to primary care, which is essential for people affected by diabetes and

other chronic conditions, a national basic public health services (BPHS) program was intro-

duced in 2009 [6]. The program offers people with diabetes with a minimum of 4 blood glu-

cose tests per year, as well as blood pressure (BP) measurement and lifestyle consultations and

medication instructions at each clinic visit, and necessary referral. Diabetes management

attained remarkable progress since then, in increased self-awareness (30.1% in 2010, 36.5% in

2013, and 43.3% in 2017) and antihyperglycemic treatment coverage (25.8%, 32.2%, and

49.0%, respectively) [5]. However, the control of glycemic level remains suboptimal with little

improvement (49.2% in 2013 and 49.4% in 2017) [5], having only 5.6% of people with type 2

diabetes achieved the composite diabetes control (glycated hemoglobin [HbA1c] <7.0%, BP

<130/80 mm Hg, and low-density lipoprotein cholesterol [LDL-C] <2.6 mmol/L) [7]. These

indicate strong needs for more effective solution to address poor glycemic control with limited

healthcare resource.

The amount and the quality of care are factors affecting the attainment of glycemic control.

The BPHS assured that quarterly blood glucose tests was highly unlikely to be sufficient, given

the guideline recommended frequency was 2 to 4 times per week for fasting blood glucose

(FBG) and postprandial blood glucose testings for patients taking oral antihyperglycemic med-

ication [8]. Critical system deficiencies, including limited and burned-out workforces, unavail-

able essential medicines and basic technologies, fragmented delivery of care, interoperable

information systems, and financial restraints have contributed to the low quality of primary

care in preventing and controlling major chronic diseases in developing contexts [4,9–12].
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Similar challenges exist in China [13,14]. Recent studies on China’s primary care call for qual-

ity improving efforts on (1) enhancement of the quality of training for primary healthcare phy-

sicians; (2) establishment of performance accountability to incentivize high-quality and high-

value care; (3) integration of clinical care with the BPHS; (4) strengthening of the coordination

between primary healthcare institutions and hospitals; and (5) building primary healthcare

system on digital and innovative technologies [13,15,16].

With the global internet penetration, digital technologies have been increasingly adopted in

studies that aim to improve glycemic control [17,18]. However, text messaging is a dominant

tool, limited literature reports clinical effectiveness in primary care settings, and the majority

of favorable results are from studies with small sample size [18–20]. In addition, while a multi-

tude of mobile applications for type 2 diabetes are available on the market, most focus on self-

management or hospital appointments, few attempts to improve the quality of diabetes care in

primary care settings by combining enhanced blood glucose monitoring and performance

monitoring in a hieratical digital system [21–26].

Therefore, a mobile health (mHealth)-based digital platform named Road to Hierarchical

Diabetes Management at Primary Care Settings in China (ROADMAP) was designed and had

its effectiveness and feasibility on diabetes control tested through a trial during 2017 to 2019 in

diverse primary care settings in China. The hypothesis was that contracted continuing service

based on increased monitoring for blood glucose and BP for patients with type 2 diabetes,

capacity building, and regular performance evaluation for service providers, facilitated by an

mHealth platform, would lead to improved diabetes control. This paper summarizes the main

results of the trial.

Methods

This study is reported in accordance with the Consolidated Standards of Reporting Trials

(CONSORT) guidelines for cluster randomized controlled trials (S1 CONSORT Checklist)

[27]. Detailed study protocol has been described elsewhere [28]. In brief, we conducted a com-

munity-based cluster randomized controlled trial for 12 months to compare the effectiveness

of the ROADMAP intervention with usual care.

Setting and participants

The trial involved a total of 864 communities in 144 counties across 25 eligible provinces in

mainland China, covering developed/less developed and urban/rural areas. Within each prov-

ince, an average of 6 counties and 36 subordinate communities (6 communities from each

county) participated in the trial. In each community (cluster), an average of 22 participants

were selected at random from a full list of type 2 diabetes patients from local BPHS system. Eli-

gible participants were individuals with diagnosed type 2 diabetes who had registered in the

BPHS system; aged 18 to 75 years; residing in the community for the last 6 months with no

plan of relocating; and voluntarily participating in the study with informed consent. Patients

were excluded if suffering severe physical or psychological problems; unable to attend the site

visit; unable to consciously answer questions; women in the process of, or planning for, preg-

nancy or breastfeeding; or participating in any other clinical trials within the last 6 months.

Randomization and masking

Randomization was performed centrally upon the completion of baseline data collection.

Every 6 communities (i.e., clusters) enrolled by county hospital investigators within same

county were randomized into either intervention or usual care group in a 2:1 ratio (i.e., 4 clus-

ters to intervention and 2 to usual care). All participating counties were stratified by the
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economic development level of their affiliating provinces and urban/rural locality with the

purpose of enrolling equal number of counties for each of the 4 strata. Given the nature of clus-

ter study design, the intervention was implemented as open label after randomization. Assess-

ments, at baseline and end of study (EOS), were carried out by trained local investigators who

had no information of group allocation. Before the database was locked, statisticians stayed

blinded throughout the study until the statistical analysis plan was finalized without any

knowledge of allocation [29].

Interventions

The multicomponent intervention contained a contracted service package, service providers–

targeted capacity building, and performance review for service delivery, which was facilitated

through a provider-facing smartphone application GAU : PleasenotethatasperPLOSstyle; italicsshouldnotbeusedforemphasis:raded ROADMAP and a website. The

application connected doctors from primary care clinics within the communities and county

hospitals and constituted the hierarchy of care team in the region.

Contracted service package was a set of structured diabetes management services, initiated

by blood glucose monitoring and BP measurement at each monthly clinic visit. Fingertip

blood glucose monitoring was performed with a Graded ROADMAP–bundled unified meter.

A minimum of one fasting and one postprandial blood glucose (on the same day); one BP

measurement; one diabetic peripheral neuropathy screening; diet and physical exercise consul-

tation and medication instruction were suggested at each face-to-face visit. The primary care

doctors kept track of the results of delivered services with Graded ROADMAP app and took

on a role alike gatekeeper by proactively providing patients with routine contacts, monitoring

and evaluation, and lifestyle instructions. The app would remind the primary care doctor to

request a referral when it captured an indication in patient’s record. The referral request then

reaches the doctors in the county hospitals with patient’s profile and health record for further

treatment. County hospital investigators routinely oversaw the implementation of the con-

tracted service following a designated operation manual.

Capacity building consisted of 2 half-day compulsory structured training sessions held at

the provincial and county level, using a train-the-trainer approach. The county doctors were

trained at provincial level and became the trainer of the county level session. The training

materials were developed by the Chinese Diabetes Society based on practicing diabetes guide-

lines, with the purpose of upskilling service providers by addressing theoretical and opera-

tional barriers to type 2 diabetes management and treatment in primary care settings. The

structural trainings at provincial and county level were delivered one by one by national and

provincial working groups, respectively.

Performance review was calculated in real time based on routinely collected data through

Graded ROADMAP, and the results were published on the designated website and quarterly

circulated through WeChat (the most popular app for communication, social media, and

mobile wallet in China) among the hospitals and communities. The performance assessment

was conducted monthly by the national working group. It covered both process and outcome

indicators including the frequency of delivered blood glucose and BP measurements, the num-

ber of diabetes complication screening, and the number of referrals, as well as the changes in

blood glucose/BP levels. Detailed contents and implementation of the intervention was

described previously in the published protocol [28].

Within the intervention group, participants were further divided into 2 subgroups based on

the utilization of an optional patient-targeting smartphone application (Your Doctor), which

supported health education and communication with their contracted doctors. The Your Doc-

tor app was provided to all the participants by their community doctors, but the app use was
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based on their willingness and capability in using a smartphone. Participants logged in to this

app for no less than 4 times throughout the intervention were defined as active Your Doctor

users, while those with less than 4 logins were defined as inactive users. Considering the high

penetration of smartphone and mobile internet in China [30], we expected that around half of

the participants in the intervention group would be Your Doctor active users.

Usual care

Usual care were the services provided according to the BPHS.

Outcomes

The primary outcome was HbA1c control rate (<7.0%; target A) at EOS. The secondary out-

comes include the percentage of patients achieving both systolic blood pressure (SBP)<140

mm Hg and diastolic blood pressure (DBP)<80 mm Hg (target B) per Chinese diabetes guide-

line during the study [31]; percentage of patients achieving LDL-C <2.6 mmol/L (target C);

optimal control of composite ABC targets (HbA1c <7.0%, BP <140/80 mm Hg, and LDL-C

<2.6 mmol/L; 130/80 mm Hg was also used as alternative BP target to facilitate comparability

with other studies); percentage of patients achieving FBG <7.0 mmol/L; changes in levels of

HbA1c, BP, LDL-C, FBG, and body weight; and episodes of hypoglycemia (blood glucose <3.9

mmol/L).

HbA1c was obtained from a centrally distributed point-of-care HbA1c analyzer (A1c EZ

2.0) [32]. Standard laboratory tests of blood and urine samples, including fasting glucose, lipid

profile, creatinine, and kidney function, were performed by qualified laboratories at county

hospitals. Data collection, storage, and reporting followed the “Mobile Application Informa-

tion Service Regulation” issued by the Cyberspace Administration of China in 2016. Individual

participants were encrypted and de-identified. Feedback and queries raised on data integrity,

authenticity, and accuracy, as well as schedule management, were achieved using unique iden-

tifier reporting.

Statistical analysis

Detailed sample size calculation methods have been described elsewhere [29]. Briefly, 19,008

eligible patients from 864 communities (22 patients each) would be recruited at baseline, and

16,416 participants (14% drop rate) complete the EOS, which could provide an 89% power to

detect a 5% absolute increase in the primary outcome for the intervention group. The sample

size calculation assumed that 40% of participants would have well-controlled HbA1c (<7%) at

EOS in the control group, with an intraclass correlation coefficient (ICC) of 0.15. All analyses

were conducted at the individual level following the intention-to-treat (ITT) principle.

The primary analysis of the intervention effect for primary outcome was conducted using a

logistic regression model with generalized estimating equations (GEEs) accounting for cluster-

ing within communities and with adjustment of baseline continuous HbA1c. This was the pre-

specified alternating model in case of nonconvergence of the log binomial regression [29]. The

odds ratio (OR) along with the indirectly derived relative risk (RR) and risk difference (RD)

were reported. The RR was indirectly derived from the OR using the following formula:

RR = OR� [1 − unadjusted p0 in control × (1 − OR)] [33]. Sensitivity analyses included (1)

using SBP <130 mm Hg and DBP<80 mm Hg as target to evaluate BP control and optimal

control of composite ABC targets for diabetes patients; (2) further covariate-adjusted analyses;

(3) imputed analysis: the multiple imputation (MI) technique using a fully conditional specifi-

cation was adopted for the imputation. A total of 10 sets of imputed data were created and ana-

lyzed using the primary model and then pooled to estimate the treatment effect. When
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performing MI, the missing continuous values of HbA1c, FPG, BP, and LDL-C were imputed

using linear regression, then dichotomized to get imputed binary outcomes. The variables used

in the imputation model included patient characteristics including age, sex, education, economic

development level, locality (urban/rural), duration of diabetes, key medical history, and comor-

bidities; level of HbA1c, FPG, BP, and LDL-C at baseline; level of HbA1c, FPG, BP, and LDL-C

at EOS; cluster indicator; and treatment (intervention/control); and (4) subgroup analysis.

Further comparison between active and inactive users of Your Doctor within the interven-

tion group was conducted using an inverse propensity score weighted method based on the

primary model. A similar analysis strategy was used for secondary outcomes but replaced with

linear regression models with GEE by specifying an identity link for continuous outcomes.

The comparison of the number of hypoglycemia episodes was tested using Poisson regression

analysis with GEE and with adjustment of baseline episodes of each hypoglycemia. All statisti-

cal analyses were done with SAS (SAS Institute, version 9.4).

Patient and public involvement

Regional investigators and doctors from primary care facilities had input into the study design,

the development of the intervention tools, pilot testing phase, and implementation of the inter-

vention through roundtable and periodical national/regional review meetings. Participating

doctors were informed of the study progress through monthly newsletters and progress

reports. Patients with type 2 diabetes in different areas were interviewed for needs analysis at

the preparatory and pilot phases and interviewed again about implementation barriers and

facilitators and the burden of their participation as part of a process evaluation at EOS. To

encourage active engagement, participants received their results from baseline and EOS assess-

ments. The main results of the study will be disseminated to doctors and participants to boost

community involvement in type 2 diabetes management beyond the study.

Ethics and dissemination

The present study had obtained ethics approval (No: 2016–149) from the Institutional Review

Board at Shanghai Sixth People’s Hospital, where the leading principal investigator is affiliated

with, before the study commenced. Written approval from each participating site was granted

by the local hospital research ethics committee and other relevant regional regulatory bodies.

All trial participating doctors and patients had provided signed informed consent prior to par-

ticipant recruitment. Findings from this study will be widely disseminated to participants, aca-

demia, and public through peer-reviewed journals, conference presentations, social media,

and other applicable mechanisms.

Results

Participant allocation and baseline characteristics

Between June 2, 2017 and July 26, 2018, 19,601 eligible patients were recruited from 864 com-

munities. A total of 19,546 completed the baseline assessment and underwent randomization,

of whom 6,509 from 288 communities were assigned to usual care and 13,037 from 576 com-

munities to the ROADMAP intervention. Moreover, 17,554 patients (89.8%), 5,794 (89.0%) in

control and 11,760 (90.2%) in intervention group, completed the EOS assessment at 1 year of

enrollment (Fig 1).

Baseline characteristics were well balanced between 2 groups (Table 1). In general, 45.1% of

patients were recruited from economically developed areas, with 49.9% from urban areas, a mean

(standard deviation, SD) age of 60.5 (8.4) years, 41.2% male, 6.0 years of median diabetes duration,
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mean (SD) HbA1c level of 7.87% (1.92%), 37.3% with HbA1c<7.0%, mean (SD) FBG level of

8.67 (3.46) mmol/L, and 37.1% with FBG<7.0 mmol/L at baseline. The self-reported prevalence

for hypertension was 51.8%, dyslipidemia 33.4%, macrovascular disease 18.2%, diabetic retinopa-

thy 11.5%, diabetic nephropathy 7.1%, and diabetic peripheral neuropathy 7.4%. The coefficient

of intracluster correlation for the primary outcome (HbA1c level<7.0%) was 0.074.

Primary and secondary outcomes

Univariate analysis showed that HbA1c control (<7.0%) at EOS was significantly higher in the

intervention group (43.6%) compared with the control group (37.5%), an absolute increase of

6.1%. After adjusting for baseline HbA1c and clustering, the primary model showed that the

1-year intervention improved HbA1c control by 18.6% (RR 1.186, 95% confidence interval

[CI] 1.105, 1.267) relative to the control group and an absolute increase of 7.0% (95% CI 4.0%,

10.0%). The composite ABC control increased by 21.8% (RR 1.218, 95% CI 1.062, 1.395) rela-

tive to the control group and an absolute increase of 1.9% in the primary analysis. Slightly

higher control rates were also found for FBG and BP in the intervention group compared with

the control group, but the absolute difference or the RRs were not statistically significant. No

increase was found for LDL-C (Table 2).

The secondary outcomes measured as continuous variables were presented in Table 3. The

multivariable analysis controlling for baseline value of the analyzed outcome and clustering

showed that the intervention had an increased effectiveness in lowering the level of HbA1c by

0.30% (95% CI 0.21%, 0.38%), FBG by 0.47 (95% CI 0.32, 0.62) mmol/L, and DBP by 0.6 (95%

CI 0.1, 1.1) mm Hg. No significant change was found for SBP and LDL-C.

Fig 1. Participant flowchart. HAU : AnabbreviationlisthasbeencompiledforthoseusedthroughoutFig1:Pleaseverifythatallentriesarecorrect:bA1c, glycated hemoglobin; ROADMAP, Road to Hierarchical Diabetes Management at

Primary Care Settings in China.

https://doi.org/10.1371/journal.pmed.1003754.g001
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Table 1. Baseline characteristics of participants in the ROADMAP study.

Control group (n = 6,509) Intervention group (n = 13,037)

Region by economic development

Developed 2,935 (45.1%) 5,877 (45.1%)

Less developed 3,574 (54.9%) 7,160 (54.9%)

Locality

Urban 3,262 (50.1%) 6,500 (49.9%)

Rural 3,247 (49.9%) 6,537 (50.1%)

Demographics

Age (years) 60.8 (8.4) 60.4 (8.4)

Sex (male) 2,613 (40.1%) 5,447 (41.8%)

BMI (kg/m2) 25.6 (3.6) 25.7 (3.5)

Self-reported medical history and complications

Duration of diabetes (years), median (Q1, Q3) 6.0 (3.0, 11.0) 6.0 (3.0, 10.0)

Hypertension 3,448 (53.0%) 6,685 (51.3%)

Dyslipidemia 2,158 (33.2%) 4,376 (33.6%)

Any diabetic complication� 2,089 (32.1%) 4,273 (32.8%)

Current smoker 1,105 (17.0%) 2,360 (18.1%)

Self-reported examinations (times/person/year)†

Weight 4.5 (20.7) 4.0 (18.7)

BP 21.0 (51.0) 20.6 (51.8)

FBG 21.4 (39.7) 21.1 (40.1)

Postprandial blood glucose 10.6 (29.4) 10.5 (30.1)

HbA1c 0.8 (1.3) 0.8 (1.3)

Blood lipid 1.0 (1.1) 0.9 (1.1)

Foot: pulsation of the dorsal artery 0.6 (1.4) 0.6 (1.3)

Neurological examination 0.2 (0.8) 0.2 (0.6)

Lab characteristics

HbA1c (%) 7.83 (1.91) 7.89 (1.93)

HbA1c<7% 2,475 (38.0%) 4,818 (37.0%)

FBG (mmol/L) 8.57 (3.38) 8.71 (3.49)

FBG <7.0 mmol/L 2,496 (38.4%) 4,749 (36.4%)

SBP (mm Hg) 137.1 (21.2) 136.9 (20. 8)

DBP (mm Hg) 79.7 (12.2) 79.8 (12.1)

LDL-C (mmol/L) 2.83 (0.91) 2.84 (0.91)

LDL-C <2.6 mmol/L 2,708 (41.8%) 5,351 (41.1%)

Serum creatinine (umol/L), median (Q1, Q3) 65.2 (54.5, 79.4) 66.0 (55.0, 80.0)

Notes: Data are mean (SD) or n (%), unless otherwise specified. Apart from sex, age, and HbA1c level, data were

missing for some individuals.

� Any diabetic complication is defined as presence of any diagnosed diabetic nephropathy, diabetic retinopathy,

peripheral neuropathy, carotid artery disease, lower extremity artery disease, diabetic foot damage, coronary stenosis,

myocardial infarction, coronary revascularization, cerebral infarction, or cerebral hemorrhage.
‡ Self-reported examination data were based on all available sources including tests and measurements conducted at

home, primary care clinics, and hospitals.

BAU : AbbreviationlistsofTables1 � 3havebeenupdated:Pleaseverifythatallentriesarecorrect:P, blood pressure; DBP, diastolic blood pressure; FBG, fasting blood glucose; HbA1c, glycated hemoglobin; LDL-C,

low-density lipoprotein cholesterol; ROADMAP, Road to Hierarchical Diabetes Management at Primary Care

Settings in China; SBP, systolic blood pressure; SD, standard deviation.

https://doi.org/10.1371/journal.pmed.1003754.t001
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Table 2. Estimated effects of intervention compared with control on primary and secondary outcomes, with binary outcomes.

Raw data at EOS, n (%) Effects based on primary model�

Control Intervention OR (95% CI) RR (95% CI) RD (%, 95% CI)

HbA1c <7.0% (primary outcome) 2,171 (37.5) 5,120 (43.6) 1.335 (1.180, 1.510) 1.186 (1.105, 1.267) 7.0 (4.0, 10.0)

FBG <7.0 mmol/L 2,357 (40.9) 5,160 (44.1) 1.115 (0.993, 1.252) 1.065 (0.996, 1.135) 2.7 (−0.2, 5.5)

BP <140/80 mm Hg† 2,513 (43.4) 5,282 (45.0) 1.055 (0.952, 1.169) 1.030 (0.972, 1.089) 1.3 (−1.2, 3.9)

LDL-C <2.6 mmol/L 2,615 (45.8) 5,235 (45.0) 0.984 (0.865, 1.120) 0.991 (0.922, 1.062) −0.4 (−3.6, 2.8)

Composite ABC control‡ 509 (8.9) 1,258 (10.9) 1.245 (1.068, 1.451) 1.218 (1.062, 1.395) 1.9 (0.5, 3.5)

Notes: Composite ABC control is defined as HbA1c level <7.0%, BP <140/80 mm Hg, and LDL-C <2.6 mmol/L.

� Primary model: logistic regression with GEE accounting for clustering and with adjustment of the baseline value of the analyzed outcome. RR are indirectly derived

from OR using the following formula: RR = OR� [1 − p0 in control × (1 − OR)].
† Only baseline SBP and clustering were adjusted in the primary model for BP control.
‡ No baseline variable was adjusted in the primary model for the composite ABC control.

BP, blood pressure; CI, confidence interval; EOS, end of study; FBG, fasting blood glucose; GEE, generalized estimating equation; LDL-C, low-density lipoprotein

cholesterol; OR, odds ratio; RD, risk difference; RR, relative risk; SBP, systolic blood pressure.

https://doi.org/10.1371/journal.pmed.1003754.t002

Table 3. Estimated effects of intervention compared with control on primary and secondary outcomes, with continuous outcomes.

Raw data, mean (SD) Effects based on primary model�

Control Intervention Difference (95% CI) P value

HbA1c (%)

Baseline 7.83 (1.91) 7.89 (1.93) - -

EOS 7.82 (1.93) 7.55 (1.79) - -

Change −0.01 (1.78) −0.33 (1.75) −0.30 (−0.38, −0.21) <0.001

FBG (mmol/L)

Baseline 8.57 (3.38) 8.71 (3.49) -

EOS 8.50 (3.51) 8.08 (3.14) -

Change −0.06 (3.44) −0.63 (3.49) −0.47 (−0.62, −0.32) <0.001

SBP (mm Hg)

Baseline 137.1 (21.2) 136.9 (20.8) - -

EOS 135.6 (20.1) 134.4 (19.7) - -

Change −1.6 (19.4) −2.4 (19.3) −1.0 (−2.0, 0.0) 0.052

DBP (mm Hg)

Baseline 79.7 (12.2) 79.8 (12.1) - -

EOS 79.3 (11.6) 78.7 (11.3) - -

Change −0.4 (11.1) −1.0 (11.1) −0.6 (−1.1, −0.1) 0.032

LDL-C (mmol/L)

Baseline 2.83 (0.91) 2.84 (0.91) - -

EOS 2.74 (0.88) 2.74 (0.88) - -

Change −0.09 (0.83) −0.10 (0.84) −0.01 (−0.06, 0.04) 0.808

Weight (kg)

Baseline 64.8 (11.4) 64.9 (11.3) - -

EOS 64.5 (11.5) 64.6 (11.2) - -

Change −0.2 (4.5) −0.2 (4.3) 0.0 (−0.2, 0.2) 0.916

� Primary model: linear regression with GEE accounting for clustering and with adjustment of baseline value of the analyzed outcome.

CI, confidence interval; DBP, diastolic blood pressure; EOS, end of study; FBG, fasting blood glucose; GEE, generalized estimating equation; HbA1c, glycated

hemoglobin; LDL-C, low-density lipoprotein cholesterol; SBP, systolic blood pressure.

https://doi.org/10.1371/journal.pmed.1003754.t003
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Sensitivity analysis using BP<130/80 mm Hg as target, covariate-adjusted analysis, and

imputed analysis regarding the primary and secondary outcomes did not show significant dif-

ference when compared with the primary models (S1 Table for binary outcomes and S2 Table

for continuous outcomes).

The comparison of the binary outcomes between active and inactive users of Your Doctor

among the intervention group is presented in S3 Table. The primary multivariable regression

model suggested no significant difference for blood glucose, BP, and composite ABC control

between the 2 subpopulations, apart from higher LDL-C control rate in the active users.

Hypoglycemia and weight gain

With significant improvement in blood glucose control, the intervention did not cause an

increase in any type of hypoglycemia (S4 Table) and body weight (Table 3).

Subgroup analysis

Subgroup analysis illustrated in S1 Fig shows that the difference for HbA1c control between the

studied subgroups was not statistically significant, although better HbA1c control was found

among participants with age<60 years than age�60 years, duration of diabetes�6 years than

<6 years, from less developed region than developed region, and rural than urban locality.

Intervention implementation

S5 Table shows that the yearly frequencies of delivered FBG test, postprandial blood glucose

test, and BP measurement were 8 to 11 times in the intervention group, which did not achieve

the protocol prescribed “monthly” target. A positive association between FBG test frequency

and FBG control was detected (S2A Fig), but the trend was not found between BP measure-

ment and BP lowering (S2B Fig). During the intervention period, less than 1 among every 5

patients (0.19/person/year) was successfully referred to upstream doctors, and only 4% of par-

ticipants in the intervention group were Your Doctor active users (S5 Table).

Diabetes management activities between the 2 groups were compared using patient self-

reported data. Participants in the intervention group reported slightly more examinations for

blood glucose, BP, HbA1c, and blood lipid than those in the control group. Greater differences

were found in mean frequencies of examination for diabetes foot and neurological complica-

tion. The improvement in these diabetes management activities in intervention group was also

reflexed in the significant increase of total score of SDSCA by 1.2 (95% CI 0.3, 2.0) when com-

pared with the control. The changes in medication were weak in both groups, and a slightly

higher use of oral antihyperglycemic drugs was found in the intervention group compared

with control (S5 Table).

The performance evaluation report was calculated automatically using the routinely col-

lected data through the ROADMAP platform for intervention group. The algorithms of rank-

ing were based on the monitoring frequency and control rate of the most recent blood glucose

and BP as well as patient referral. The results could be assessed anytime by authorized doctors

and responsible investigators, and a hard copy will be shared monthly. S6 Table exhibits a real

example of the monthly performance report for 24 counties in September 2018.

Discussion

To our knowledge, ROADMAP is the largest randomized controlled trial in testing the effec-

tiveness and safety of an mHealth-based diabetes management with a diverse coverage of pri-

mary care settings. After 1-year follow-up, we found that the intervention lowered the HbA1c
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level by 0.3% when compared with usual care, which led to an absolute improvement in the

HbA1c control rate of 7.0% (95% CI 4.0% to 10.0%) and a relative improvement of 18.6% (RR

1.186, 95% CI 1.105 to 1.267). We also observed an absolute improvement in the intervention

group in the composite cardiometabolic ABC control rate of 1.9% (95% CI 0.5 to 3.5) and a rel-

ative improvement of 21.8% (RR 1.218, 95% CI 1.062 to 1.395). The increased control of FBG

and BP and the reduced levels of FBG and DBP favored the intervention as well. No increasing

episodes of hypoglycemia and weight gain were found to be associated with the intervention.

The findings indicate that integrated mHealth solution, which facilitates blood glucose moni-

toring and performance evaluation, could be effective and safe in improving diabetes control

in primary care settings.

Regular blood glucose monitoring is the basis for optimized diabetes management. The

minimum requirement of 4 blood glucose tests for each patient per year by the BPHS in China

has been an improvement in universal coverage of diabetes management, but it is far from

enough. Our study showed that a slight increase in the frequency of blood glucose monitoring

was accompanied by other behavior change and better glycemic control. Studies from Europe

also demonstrated that app-supported blood glucose monitoring could improve HbA1c and

had the potential to reduce the cost [34,35]. A fixed 2 tests of blood glucose per month was

required in this study, but a varied frequency of monitoring based on individualized goals and

willingness has been suggested by other study [36].

Persistent uncontrolled glycemic level is one of the referral indications as per the Chinese

diabetes guideline. However, the average referral frequency found in the intervention group of

the ROADMAP study was only 0.19 time per patient per year. This is disproportionately low

considering nearly 60% participants did not achieve the HbA1c target (<7%). In addition to

emphasizing the importance of intensive treatment toward the target, appropriate patient

referral to/from upstream hospitals should be strengthened. These results suggested that purely

technological support was insufficient, and other measures including strict pathway or regula-

tion with clear responsibilities and result-oriented budgeting should be considered.

Previous studies have yielded the promising potential of applying digital health tools in dia-

betes management. A meta-analysis examined 181 trials assessing diabetes management inter-

ventions, which involved multiple players including health system, healthcare providers, and

patients [37]. The pooled result showed a mean HbA1c reduction by 0.28% (95% CI: 0.21,

0.35), ranging from −1.80% [38] to 0.70% [39]. Among them, interventions based on digital

health such as electronic patient registry [40], electronic decision-making [41], and informa-

tion relay from patients to clinicians demonstrated on average a 0.28% to 0.36% reduction in

HbA1c level [42], which is consistent with the findings from our study. The trials that reported

an improvement of over absolute 1% HbA1c were mostly those adopting active pharmacist

engagement [43,44] or interactive workshops for patient education [38,45], indicating that

strengthened functionalities on medication and patient education should be included in the

ROADMAP platform in the future.

Despite the variability in intervention strategies, the majority of studies reporting positive

effect were dominated by trials with small to medium sample sizes, while the trials with larger

populations tended to be negative [18], particularly for those implemented among patients

broadly recruited from communities [46]. Acknowledging the difficulties in implementing

complex intervention in diverse context, we adopted several strategies to increase intervention

fidelity, including clarifying intervention flowchart using table stickers, providing remote

trainings and reminders through WeChat, and real-time access to performance report and

ranking through a designated website portal.

Even with above strategies, the intervention delivery remained inadequate. Based on the

app records, the frequency of blood glucose test was 18.7 times/year, less than the required 24
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times/year; the frequency of BP measurement was 8.6 times/year, less than the required 12

times/year; the referral (0.19 times/year) was also significantly underused as explained above;

and only 4% of participants in intervention group positively used Your Doctor to communi-

cate with and receive education from their doctors, although we expected the number was

around 50%. Possible reasons reported by other studies for low fidelity in implementing a

complex intervention include the need of longer learning time [47–49], competing workload

[50], and not user-friendly for elderly users [23]. Drawn from our process evaluation, however,

fidelity issues were largely driven by low expectation of treat to target for blood glucose/BP by

both patients and service providers, which resulted in negligence of alerts to abnormal blood

glucose/BP measurements and referral indications by service providers and low patient com-

pliance to instructions given by the providers.

The ROADMAP study presents several strengths. First, this study has a diverse coverage of

864 communities across 25 Chinese provinces. It provides an opportunity to explore context

impact and make context-fitting adaptation for future scale-up. Secondly, the participants in

the ROADMAP study were randomly selected from all patients registered in the studied com-

munities. The representative sampling enhances the generalizability of the findings. Thirdly, a

designated mobile phone–based electronic data collection application base on our past trial

experiences [51] was adopted to support the project management and data collection, which

largely increased the quality and efficiency of project implementation and quality. Further-

more, the centrally distributed HbA1c analyzers for point-of-care testing guarantees the accu-

racy and consistency of the primary outcome throughout such a large study.

There are several limitations in the ROADMAP study. The participants were recruited

from registered patients with diabetes; caution is suggested when extrapolating the findings

to a general population with type 2 diabetes. Apart from HbA1c, other physical and bio-

chemical examinations were conducted using various local resources, although quality

requirements had been met during site selection. Third, we underestimated the frequency of

blood glucose monitoring in usual care, which resulted in a relatively small improvement in

frequency of blood glucose monitoring in our study. A larger effectiveness on diabetes con-

trol might be achieved if more frequent individualized blood glucose and BP tests were

adopted. Finally, only 4% of participants in the intervention group were Your Doctor active

users. Potential bias and low statistical power made it unreliable to detect the effectiveness of

Your Doctor.

In conclusion, the primary care system in China, as in other LMICs, is struggling to meet

the gaps in chronic disease management, including diabetes, and innovative solutions are

needed. The ROADMAP study offers a supportive and collaborative solution to tackle the sub-

optimal diabetes control in primary care via an integrated mHealth-based platform. More

interactive health education to raise the awareness of the importance of treat to target for both

patients and community doctors, more close engagement of upstream hospital doctors,

leveraging home-tested glucose data to support diabetes management, and adding individual-

ized medication guide to the mHealth platform may further improve the effectiveness of such

an mHealth platform. We expect that the findings from the ROADMAP study could inform

the improvement of the BPHS programs and promote effective and rational use of limited

healthcare resource in China and other LMICs.
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