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Summary
Objectives—To evaluate the effectiveness of a personal digital assistant (PDA)-based system for
collecting tuberculosis test results and to compare this new system to the previous paper-based
system. The PDA- and paper-based systems were evaluated based on processing times, frequency
of errors, and number of work-hours expended by data collectors.
Methods—We conducted a cluster randomized controlled trial in 93 health establishments in Peru.
Baseline data were collected for 19 months. Districts (n = 4) were then randomly assigned to
intervention (PDA) or control (paper) groups, and further data were collected for 6 months.
Comparisons were made between intervention and control districts and within-districts before and
after the introduction of the intervention.
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Results—The PDA-based system had a significant effect on processing times (p < 0.001) and errors
(p = 0.005). In the between-districts comparison, the median processing time for cultures was reduced
from 23 to 8 days and for smears was reduced from 25 to 12 days. In that comparison, the proportion
of cultures with delays >90 days was reduced from 9.2% to 0.1% and the number of errors was
decreased by 57.1%. The intervention reduced the work-hours necessary to process results by 70%
and was preferred by all users.
Conclusions—A well-designed PDA-based system to collect data from institutions over a large,
resource-poor area can significantly reduce delays, errors, and person-hours spent processing data.
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Handheld computer; Personal digital assistant; Evaluation studies; Developing countries;
Tuberculosis
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Clinical and research organizations must often collect data from large numbers of patients who
are distributed over wide geographic areas. New technologies may play an important role in
ensuring that high-quality data can be quickly and reliably collected under these challenging
field conditions. Ideally, organizations or individuals that need to record large amounts of data
in dispersed locations would be able to electronically capture this data at the point of collection.
In clinical and research settings within developed countries, personal digital assistants (PDAs)
have shown some promise as a new technology that can increase the quality and efficiency of
data collection, though performance has varied between studies.1-14 This heterogeneity may
suggest that the design and implementation of the PDA intervention play a key role in a system's
success. In resource-poor settings, initial experiences have demonstrated several situations in
which PDAs15-25 and cellular phones26,27 are of benefit. However, to date, we have found
no quantitative studies of the impact of mobile technologies on the time to collect and process
data, the frequency of discrepancies, or the number of person-hours required for data collection.
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We worked with an organization that monitors multi-drug-resistant tuberculosis (MDR-TB)
patients in Peru to implement a PDA-based system and to study the impact of this system on
data collection. In this treatment program, patients are required to submit a monthly sputum
sample at their local health center. Timeliness and accuracy of reporting laboratory results for
these samples is essential to determine if a patient is responding to treatment and, if not, to
alert physicians to the possible need for medication changes.28 We expected that laboratory
monitoring of treatment response would result in reduced culture-conversion times and better
treatment outcomes for patients, as well as reduced transmission of the disease in the
community.
The laboratory monitoring process begins with a smear microscopy test at the local health
center. The sputum sample and smear result are then sent to the corresponding regional
laboratory for culture (Figure 1). In some cases, the sputum sample is sent directly to the
regional laboratory and smear microscopy and culture are performed. The four-member
bacteriology team visits approximately 100 of these health centers and five regional
laboratories that care for MDR-TB patients. In each health center the team records the smear
test result on a paper sheet and in each regional laboratory the team records both the culture
result and the smear result sent by the health center on a similar paper sheet. These sheets are
then brought to a central office where the culture and smear results are verified, copied onto
additional clinical and administrative forms, and then typed into the web-based Partners in
Health Electronic Medical Record system (PIH-EMR).29 In Lima, the team makes at least biweekly visits to all 105 sites distributed over 2672 km2.
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The major disadvantages of this paper-based method are the delays in processing and entering
laboratory results, data quality issues stemming from multiple opportunities for transcription
errors, and the heavy workload involved in the process. A preliminary study found that the
mean time from the test result date to entry in the PIH-EMR was 55.3 days. A routine quality
control examination found error rates as high as 10.1%, and the bacteriology team was
consistently back-logged because of the increasing number of patients on treatment.
At the time of this study many of these laboratories and health centers had neither Internet nor
an appropriate web-based laboratory information system; as such, a PDA-based system
represented the most appropriate technology to improve the process of monitoring laboratory
results. Since the implementation of this system in March 2006, the Peruvian Ministry of Health
has expanded Internet access to an increasing number of health establishments, and a controlled
trial of a web-based laboratory information system is currently underway.30
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The study described here evaluated a PDA-based system that we implemented in an attempt
to alleviate these problems.31 The specific aims of this study were: (1) to compare the
processing time using the electronic system to the paper-based system; (2) to compare the
frequency of errors entered with and without the electronic system; and (3) to assess the
system's usability and its acceptability by users.

Methods
Intervention
We designed and implemented an electronic bacteriology collection system using low-cost
PDAs (Palm Zire 31 and 21) as the initial point of data entry at the clinical site in an effort to
decrease delay time and errors.31 These handhelds were chosen due to their low cost, small
size, and monochrome screens, which extend battery life and, more importantly, allow them
to be disguised for the security of team members. The commercial software Pendragon® Forms
was used to create the PDA forms because it allowed for rapid prototyping of forms and was
able to synchronize to the Oracle® database of the PIH-EMR29,32 through an open database
connectivity (ODBC) connection over the Internet. Each form implemented was designed
iteratively by the bacteriology team and the developer to ensure suitability for workflow.
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Bacteriology team members using the new system visited a health center or laboratory and
copied data directly from the laboratory register or chart using the PDA (Figure 2). Upon return
to the central office, these users uploaded the data from the PDA to the PIH-EMR. A module
was added to the PIH-EMR that permitted the automated processing of data and included web
pages that displayed information in a tabular format identical to the previous paper forms. We
found that users with low to moderate computer experience preferred this view because it
allowed them to see all of the information at once in a familiar format. Additional web pages
were created to perform the data quality checks previously done by the team and to transfer
the data to the clinical section of the PIH-EMR, as can be seen in Figure 3. Errors, which
prevented a result from being transferred to the clinical system, are in red text. Warnings, which
still allow the transfer of the result, are in black text. Examples of these checks include:
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1.

Smears not transferred to the clinical system after 14 days (Smears Past Due in Figure
3);

2.

Cultures not transferred to the clinical system after 70 days (Cultures Past Due in
Figure 3);

3.

Reporting any missing data for a specimen (first error in Figure 3);

4.

Checking that every culture has a corresponding smear and every smear a
corresponding culture (second error in Figure 3);

5.

Preventing duplicate entry of a test result;

6.

Alerting for any overdue smear or culture that has not been transferred.

The intervention was piloted for one year before the time—motion study began. This study
was approved by the Partners Human Research Committee and the Peruvian National Institute
of Health.
Study design
After collecting baseline data for 19 months from four of five health districts in Lima, Peru,
we randomly assigned two to the intervention, while two were maintained as controls. During
the intervention period, we collected data on the same endpoints in both control and
intervention arms (Figure 4). This allowed us to perform a prospective comparison between
the intervention and the control arms (between-districts comparison) as well as a historical
Int J Infect Dis. Author manuscript; available in PMC 2010 May 1.
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comparison comparing each arm to itself before the intervention began (within-districts
comparison). This complementary design using two comparison groups allowed us to minimize
the risk that the changes measured were due to secular changes in the regions studied or to
baseline differences between the arms. Since the potential sources of bias should be
independent, observing similar effects in both comparisons should offer reassurance that our
conclusions are valid.
Processing time
We defined the processing time as the number of days from the bacteriology result date to its
entry into the PIH-EMR (Figure 5). There were many activities that the bacteriology team had
to perform during this time, including visiting the health establishment to collect the result,
processing and verifying that result back at the office, and entering the data into the PIH-EMR
for clinical and administrative use. Though the collection time, from the bacteriology result
date to collection date, was not affected by the intervention, it was included in the processing
time because it could not be separated in the retrospective data used for the within-districts
comparison. We therefore analyzed the between-districts data and found that there was no
statistically significant difference between the mean collection times in the intervention and
the control districts. This allowed us to conclude that the time taken for the team to visit the
health establishment and collect the result did not contribute to the difference in processing
times seen in the between-districts comparison.
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Collection errors
We defined a collection error as an occurrence of information entered into the PIH-EMR not
matching the original laboratory notebook (gold standard). We recorded all variables collected
for culture and smear microscopy. These included result date, identification number, result,
and if the result was assigned to the wrong patient (misidentification errors).
We expected a decrease in all types of errors since data had to be entered only once in the PDAbased system compared to three times in the paper-based system. The additional forms in the
paper-based system were necessary to organize the information for both clinical and
administrative purposes. In the PDA-based system, these forms were placed online and
generated automatically. Further, the PDA-based system had a full patient list from which the
user could select a patient name. We believed that having this utility would reduce the number
of misidentification errors since the users would not have to remember all active patients when
they searched for results.
Usability and acceptability of the system
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A survey that had previously been used in Peru,26 was administered to measure the usability
and acceptability of the system. The survey was modified for our intervention, validated with
other employees from our organization Partners In Health and Socios en Salud, and given to
the bacteriology team. The responses were short answers or given on a five-point Likert scale
anchored by 1 = very negative, 5 = very positive. The survey examined four themes: the amount
of time each user spent collecting information, the amount of training required for each of the
two systems, the effect of the PDA on the user's interaction with healthcare personnel, and the
number of technical problems.
Data abstraction
For the between-districts comparison, we collected all culture and their respective smear
microscopy results for the 6 months after the full implementation of the PDA-based system
(result dates between March 24 and September 24, 2006).
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For the within-districts before-and-after comparison, we collected all culture and smear
microscopy results entered into the PIH-EMR during the routine operation of the bacteriology
team before the intervention from January 1, 2004 to July 31, 2005. Two exclusion criteria
were used and the quantities and percentage of results eliminated are shown in parenthesis: (1)
the PIH-EMR entry date was before the result date (two smears 0.01%, 18 cultures 0.2%); (2)
the processing time was greater than 1 year. This eliminated results collected during
retrospective searches and not during routine collection (100 smears 0.8%, 223 cultures 2.1%).
We compared the data entered in the PIH-EMR with the original laboratory register by visiting
each clinical site. Twenty-five percent of results were reviewed a second time and we found
excellent agreement (99%) with the original data. All questions about errors were resolved by
a consensus of one of the authors (JAB) and the bacteriology team.
Statistical analysis
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To compare processing times, we used a mixed effects model33,34 to test for the fixed effect
of intervention controlling for the period (pre- and post-implementation) effect. In our design,
district was a random effect since the individual observations within the district might be
correlated. Therefore, we compared the processing time between intervention and control
groups adjusting for baseline levels. The response variable, processing time, was logtransformed as it had a right-skewed distribution. The intervention effect was tested with the
period as a block in the model. The intracluster correlation coefficients (ICCs) calculated for
culture and smear microscopies were 0.025 and 0.102, respectively. For the collection errors,
we fit a generalized linear mixed model (GLMM)35,36 to test for the effect of the intervention,
since response variables ‘collection error’ and ‘misidentification error’ were binary (1 for
presence of error, 0 otherwise). In the second model, ICCs were 0.049 and 0.064.
As the collection processes differed for culture and smear microscopy, the analysis of
processing time was done separately. Smear microscopy was usually performed at a local health
center and the result communicated to a regional laboratory where the culture was performed.
The smear microscopy data were collected from both locations and cross-checked before being
entered into the PIH-EMR. Culture results were always collected from the regional laboratory.
For the collection errors, both the process of extracting results from clinical settings and the
variables collected were similar, so culture and smear microscopy results were combined.
Additional data fields were implemented in the PDA system at the request of the users;
however, these fields were not taken into account for the collection errors.

Results
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Characteristics of the intervention and control districts are summarized in Table 1. The number
of monthly results collected by the bacteriology team since 2004 (pre-intervention) increased
for both sets of districts. The control districts had more health centers from which data were
collected (58 vs. 35) and more monthly results collected (2255 vs. 785) compared with the
intervention districts. The number of years working in the bacteriology team (mean 4.5 vs. 4.9
years) and years of internet experience (mean 4.3 vs. 4.6 years) were similar before and after
the PDA-based system was implemented, primarily because three team members participated
in all periods of the study.
Processing times
The effect of the intervention on processing time was highly significant for both culture and
smear (p < 0.001, p < 0.001). In the random effects model for cultures, the period effect was
also significant (p < 0.001) and the ICC was 0.025. For the smears the period was also
significant (p < 0.001) but the ICC was slightly higher, 0.102.
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The median culture processing time for the intervention districts was 65.8% less (7.7 vs. 22.5
days) in the between-districts comparison and 74.8% less (7.7 vs. 30.5 days) in the withindistricts comparison (Figure 6a). For smears, the PDA-based system was associated with a
52.8% (11.6 vs. 24.6 days) reduction in delay measured in the between-districts study and
45.8% (11.6 vs. 21.5 days) in the within-districts study (Figure 6b). We also found that the
control districts had a decrease in processing time for both cultures (22.5 vs. 30.8 days) and
smears (24.6 vs. 27.7 days) after the PDA-based system was implemented in the intervention
districts.
Furthermore, the timing of data entry with the PDA-based system was more predictable than
the paper-based system. The interquartile range (IQR) for culture processing time in the
intervention districts (7.7 days) was smaller than that for the between-districts (26.1 days) and
the within-districts (35.2 days) comparisons. This effect was also observed for the smear
microscopy results (11.3 vs. 19.8 and 30.1 days, respectively).
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Finally, this system was able to almost eliminate outliers defined as processing time of over
90 days (Figure 6, c and d). At baseline, 9.2% and 8.2% of cultures had a processing time of
at least this long for the intervention and control districts, respectively. This decreased to 0.1%
in the intervention district post-implementation compared to 5.4% in the control district postimplementation. The same phenomenon was observed for smear results where the preimplementation values were 6.0% and 9.1% for the intervention and control districts,
respectively, and they decreased to 0.1% and 4.8% post-implementation.
Collection errors
After fitting GLMMs, we found that the intervention had a significant effect on the total
frequency of collection errors (p = 0.005); the fraction by which errors were reduced was 57.1%
for the between-districts comparison and 39.1% for the within-districts comparison. The
proportion of results with errors in the intervention districts was 2.6% (29/1112 results)
compared to 6.1% (59/970 results) and 4.3% (29/677 samples) in the control districts and the
baseline intervention districts, respectively.
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Despite finding 80−85% fewer results with misidentification errors in intervention districts for
both the between-districts and within-districts comparisons, we could not conclude that the
intervention significantly lowered the frequency of this serious type of error (p = 0.074). This
is largely attributable to small numbers of these types of errors overall; intervention districts
had an error rate of 0.09% (1/1112 samples) compared to 0.62% (6/970 samples) in the control
districts and 0.44% (3/677 samples) in the baseline data for the intervention districts. Unlike
processing time, the period effect was not found to be significant for either type of error (p =
0.554, p = 0.064).
Usability and acceptability of the system
The user feedback for the electronic system was positive, with all four users preferring the
PDA-based to the paper-based system. After less than five days of practice, each of the users
became comfortable with using the PDA to enter information. The users noted the ability to
quickly verify and transfer results electronically instead of working with large quantities of
paper and to access an updated patient list automatically uploaded to the PDA instead of having
to manually create it every week, as favorite features of the electronic system. The users
requested that the study be concluded early so that the system could be expanded to all health
districts in Lima as soon as possible.
All users found it easier to learn to use the PDA (mean 4.0 out of 5) than the paper-based system
(mean 3.5 out of 5), to collect results with the PDA (4.5 vs. 3.5), and to process results (4.75
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vs. 3.0). All users said that the intervention affected their relationship with the local health
center personnel in a positive or very positive way. Two of the users expressed that it improved
their relationship because it seemed more professional and they could explain its use.

Discussion
Many organizations must collect information from a population that is distributed over a large
area. In a previous publication, we reported on the design and implementation of a PDA-based
system to collect TB bacteriological data from many institutions.31 In this full evaluation, we
found that the use of this system was associated with a substantial reduction in the delays from
collection to entry of laboratory results, a decreased frequency of errors, and a reduced
workload for those involved in data collection and processing.
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This system was able to reduce the median processing time by 46−74% depending on the type
of result and comparison. Also, the intervention was able to almost eliminate large delays of
over 3 months from 6−9% to 0.1%. Though a baseline comparison was not possible for the
errors, the intervention districts had 39% and 57% fewer errors than the baseline intervention
and control districts, respectively. We believe this improvement resulted from eliminating
manual data entry and providing electronic verification tools. Finally, the intervention lowered
the person-hours spent processing and verifying data and was well-liked by users. One user
wrote “With the paper system our work was always late. With the PDA system our work is up
to date”. Providing more timely and accurate bacteriology data to clinicians should allow them
to monitor their patients better and reduce the amount of time that patients are infectious. This
is the first quantitative evaluation showing that a user-friendly PDA-based system to collect
data in resource-poor settings can significantly reduce processing time, decrease the frequency
of collection errors, and lower the effort required for processing.
We also found that the control districts had a decrease in the mean delay of 27% for cultures
and 11% for smears compared to the pre-intervention delay. In reviewing the results with the
team, they asserted that the main reason for this decrease was that they had more time to work
in the control districts because their workload in the intervention districts was reduced.
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Another possible measure of the success of this system is its continued use and expansion.37
After the study period, the PDA-based system was transferred to our Peruvian partners. This
process consisted of training their technical team and providing monthly technical advice via
telephone. At the request of the users, they have expanded the system to the control districts,
one additional district in Lima, and five provinces of Peru. Additionally, four new users have
been recruited to work with the leaders of the bacteriology team preparing and performing the
training. Finally, at the request of the clinical staff, the same system is currently being extended
to incorporate the collection of patient weight and height data. All activities and costs for these
additional activities have been published elsewhere.37
Limitations of the study
Though this study was small with four users in four health districts, the use of dual comparison
groups (between-districts and within-districts before-and-after) helped us to minimize potential
biases due to secular trends and baseline between-district differences. Further, we took other
steps to reduce sources of bias by rotating the users of the system and ensuring that no other
changes in collection were made during the study. Finally, this was a formative rather than
summative evaluation since the developers were involved, though the expansion and continued
maintenance of the system by local staff independent of the original developer shows its
sustainability.
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Future studies
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This first evaluation assessing the ability of PDAs to improve timeliness in resource-poor
settings emphasizes the need for further research as to the methodology and best practices in
designing and implementing such systems, so that recommendations can be made for the
optimal system depending on the setting and infrastructure. Further evaluations should also
assess costs, including comparisons of development and maintenance of electronic and paper
systems. This is especially important for organizations, domestic or international, working with
scarce resources.
Conclusions
This study shows that a well-designed PDA-based system can provide great improvements in
community data collection for clinical and administrative purposes, even in resource-poor
settings. These systems can provide higher quality data with fewer communication delays and
person-hours required, though the effort, time, and attention to detail required to create these
systems must be taken into account. These benefits might also be seen in the use of cellular
phones, especially smart phones. However, their user interface and connectivity with a larger
records system must be studied further. Organizations working at the community level or
requiring data from institutions spread over a large area should consider the advantages of
using mobile data collection systems.
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Figure 1.

Peruvian laboratory structure, and workflow of the bacteriology data collection team with the
current paper system (white lines) and with the PDA-based system (red lines).

NIH-PA Author Manuscript
NIH-PA Author Manuscript
Int J Infect Dis. Author manuscript; available in PMC 2010 May 1.

Blaya et al.

Page 12

NIH-PA Author Manuscript
Figure 2.
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PDA form example.
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Figure 3.

Decision support page within the web-based medical record system, PIH-EMR, to automate
verification and cross-checking of smear and culture results collected by the bacteriology team.
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Figure 4.

Cluster randomized controlled trial scheme with within-districts (before and after) and
between-districts comparisons.
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Figure 5.

Definition of processing time.
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Figure 6.

Box plot for processing time of (a) cultures and (b) smears in log scale (left y-axis) and days
(right y-axis). These show that for both culture and smear results there was a statistically
significant decrease (p < 0.001) in the processing time with the PDA-based system (intervention
districts after) compared to the same districts before the implementation (intervention districts
before) and districts with the paper-based system (control districts after). The Kaplan—Meier
survival curves for the initial 100 days for (c) culture and (d) smear microscopy show that the
PDA-based system was able to drastically decrease the number of outlying results with a
processing time of over 90 days.
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Table 1

Descriptive statistics of samples for study
Before

After
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Intervention districts

Control districts

Intervention districts

Control districts

Smear microscopies for
processing time

5846

6376

2791

3435

Cultures for processing
time

4876

5954

2890

3263

Smears and cultures for
collection errors

677

N/A

1112

970

Health centers from
which data were collected

35

58

35

58

Mean monthly smear and
culture results collected

315

460

785

2255

Mean years as team
member

4.5

4.5

4.9

4.9

Mean years using Internet

4.3

4.3

4.6

4.6

Mean

43.2

43.2

9.9

35.1

Standard deviation

39.8

40.3

10.1

45.6

Median

30.5

30.8

7.7

22.5

IQR

35.2

41.5

7.7

26.1

Mean

32.6

42.5

15.0

34.3

Standard deviation

34.0

43.2

12.2

38.2

Median

21.5

27.7

11.6

24.6

30.1

40.7

Culture collection time (days)
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Smear collection time (days)

11.3

19.8

Collection errors

IQR

4.3% (29/677)

2.6% (29/1112)

6.1% (59/970)

Misidentification errors

0.44% (3/677)

0.09% (1/1112)

0.62% (6/970)

IQR, interquartile range.
Bacteriology team member characteristics are identical within the before and after comparisons because users were the same and they rotated between
the intervention and control districts.
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