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Abstract Background Failure to complete recommended diagnostic tests may increase the risk
of diagnostic errors.
Objectives The aimof this study is to develop and evaluate an electronicmonitoring tool
that notifies the responsible clinician of incomplete imaging tests for their ambulatory
patients.
Methods A results notification workflow engine was created at an academic medical
center. It identified future appointments for imaging studies and notified the ordering
physician of incomplete tests by secure email. To assess the impact of the intervention,
the project team surveyed participating physicians and measured test completion
rates within 90 days of the scheduled appointment. Analyses compared test comple-
tion rates among patients of intervention and usual care clinicians at baseline and
follow-up. A multivariate logistic regression model was used to control for secular
trends and differences between cohorts.
Results A total of 725 patients of 16 intervention physicians had 1,016 delayed imaging
studies; 2,023 patients of 42 usual care clinicians had 2,697 delayed studies. In the first
month, physicians indicated in 23/30 cases that theywere unaware of themissed test prior
to notification. The 90-day test completion rate was lower in the usual care than
intervention group in the 6-month baseline period (18.8 vs. 22.1%, p¼ 0.119). During
the 12-month follow-up period, there was a significant improvement favoring the
intervention group (20.9 vs. 25.5%, p¼ 0.027). The change was driven by improved
completion rates among patients referred for mammography (21.0 vs. 30.1%, p¼ 0.003).
Multivariate analyses showed no significant impact of the intervention.
Conclusion There was a temporal association between email alerts to physicians
about missed imaging tests and improved test completion at 90 days, although
baseline differences in intervention and usual care groups limited the ability to draw
definitive conclusions. Research is needed to understand the potential benefits and
limitations of missed test notifications to reduce the risk of delayed diagnoses,
particularly in vulnerable patient populations.
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Background and Significance

Diagnostic errors are potentially serious and preventable
events, affecting as many as 15% of primary care patients in
theUnited States.1,2Theyare a significant cause ofmalpractice
claims and suits, and the fastest growing source ofmalpractice
liability in primary care and emergency department settings
according to a consortium of large US insurers.3–6 Diagnostic
error is an internationalproblem,affectingbothhigh-and low-
income countries.2 TheWorldHealthOrganization recognized
diagnostic error as a priority area, emphasizing the potential
value of information technology interventions.7

Diagnostic errors may result from faulty medical decision-
making. Cognitive biases can lead to premature closure,
anchoring (the tendency to rely disproportionately on an
initial piece of information), and other heuristics that
may preclude a complete or measured assessment of the
data available to the clinician and the range of diagnostic
possibilities.8–10 Diagnostic errors also result from poorly
configured clinical processes. Effective diagnosis results from
a multistep process that includes a presenting complaint,
clinical examination and testing, receipt, review, and interpre-
tation of results, and communication of findings to the patient
and the next provider of care.11 Lapses in the diagnostic
process can imperil the entire process, resulting in diagnostic
delays and poor patient outcomes.12

Progress in improving the diagnostic process has relied
heavily on the electronic health record (EHR). Informatics
specialists have used EHRs to create alerts and reminders,
test result registries, “closed-loop” communication tools, and
novel data-mining capabilities.13–15A limitation ofmost EHRs,
however, is a dearth of tools to help busy clinicians to identify
cases where the patient may have failed to complete a test or
referral. Diagnostic errors may occur when a patient fails to
complete an appointment with a surgeon to assess a breast
lump, or for follow-up of a radiographic incidental finding, or
for a repeat colonoscopy in the setting of rectal bleeding.Many
EHRs lack tools toflagcaseswhenthepatient failed tocomplete
a recommended test or procedure, or when the procedurewas
canceled and not rescheduled. We have observed that even
among EHRs that can identify incomplete orders, follow-up of
these casesmay be inconsistent and dependent on the practice
style of the “destination” clinician, the radiology department,
or theordering clinician’s active surveillance ofpendingorders.

Although several groups have reported the development
of “safety net” methods to ensure that failed follow-up tests
and referrals are detected and reported to the responsible
clinician, this approach is not widely available.16,17 It
requires data-mining capabilities and a significant human
resource investment. As a result, many busy clinicians main-
tain personal tickler files to remind clinicians of important
pending results arranged by due date. These files may be
difficult to access by other members of the care team.

Objectives

To reduce the riskof incompletediagnostic tests in ambulatory
care and to improve the likelihood of timely follow-up, we

undertook a project to create a tool, leveraging embedded EHR
tools, that would identify incomplete imaging tests and notify
the ordering clinician automatically.9,18–20 Specifically, we
sought to alert the ordering clinician about intended radiology
tests that were not completed. We hypothesized that the
intervention would be acceptable to participating clinicians
andwould increase the rate of completed imaging testswithin
90 days of the originally scheduled test. We acknowledge that
missed and delayed tests do not necessarily denote that a
medical errorhasoccurred.However, these casesmay increase
the risk of such events.21,22

Methods

Project Site and Subjects
This project was conducted in the adult primary care and
pulmonarymedicine clinics at TuftsMedical Center, a 415-bed
academic medical center in downtown Boston, serving a
diverse population of adult and pediatric patients. The clinics
are located on three floors of an ambulatory clinical building
onsite at the medical center and together provide over 80,000
patient visits annually. The medical center has multiple EHRs
withvarious interfaces acrossambulatorycare, inpatientunits,
and specialty services.

Intervention
Clinical and information systems staff together designed and
developed an Outpatient Results Notification Tool within the
SoarianWorkflow Engine (“Workflow Engine”), leveraging an
embedded functionality in the hospital’s primary inpatient
EHR, Soarian Clinicals (Cerner, Kansas City, Missouri, United
States) to identify and notify the responsible clinician about
imaging tests that were scheduled but incomplete. The tech-
nical specifications of the tool are outlined in ►Appendix A.
Briefly, the application used a timer that noted the date when
an imaging test of any type from any ambulatory clinic was
scheduled to be completed (►Fig. 1). We chose the appoint-
ment as the triggering event rather than the order for two
important reasons. Clinicians at themedical center usemulti-
ple different electronic medical record systems with various
interface capabilities, but a common scheduling system. The
appointment date allows for implementation across multiple
EHRs. In addition, the appointment date permits one to
calculate the interval between the intended test date and
the completion date. This information is not contained rou-
tinely in the clinician’s order.

The Workflow Engine tracked all newly scheduled
appointments for imaging tests and procedures including
mammograms, ultrasound, computed tomography (CT),
nuclear imaging studies, magnetic resonance imaging
(MRI), interventional radiology procedures, and general
radiology performed at any on-site medical center testing
location. Based on clinician input, tests scheduled less than
5 days in the future were not tracked as this included many
same-day or same-week tests with high completion rates.
Clinicians argued that they were unlikely to lose track of a
high-value imaging test scheduled to be completed within
a few days. Using a timer function, the tool waited for
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completed appointments with associated results to be
reported into the main Soarian EHR.

If the test was not completed within 2 weeks of the
original appointment date, the tool generated a single email
message to the ordering provider titled “Outpatient Result:
No Result Received” (►Fig. 2). The message stated that no
resultswere received for the order within 2weeks of the visit
date. We chose email to make the tool agnostic to EHR. The
message listed the patient’s name and medical record num-
ber, the ordered test, the ordering clinician, and the missed
appointment date. All clinicians and their staff members had
and used internal email addresses that were within the
organization’s firewall. The system also reported completed
tests, although some clinicians felt that the messages were
redundant with existing results management functionality
inside the EHR and could promote alert fatigue. During the
pilot phase of the project, the tool alerted clinicians to

appointments that had been rescheduled to a later date.
Based on clinician feedback, the final version suppressed
alerts for rescheduled appointments. The timer reset when a
test was rescheduled.

We piloted the interventionwith the rheumatology division
over 1 year and then expanded the project into the adult
primarycareandpulmonarymedicine clinics, initiallyengaging
five clinicians beginning in January 2018 and a total of 16 in
February. These included 10 of 35 primary care clinicians and 7
advancedpractitioners, and6of16pulmonologists.Weselected
these clinics because they use separate EHRs: Centricity
(General Electric, Boston,Massachusetts, United States) in adult
primary care and eClinicalWorks (Westborough, Massachu-
setts, United States) in pulmonarymedicine. Both clinics gener-
ate many future imaging studies. We invited an intentional
sample of clinicians to participate, selecting physicians from
each clinic to reflect variationwithin the clinic of physicians by

Fig. 2 Incomplete imaging test email notification.

Fig. 1 Workflow engine schematic.
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seniority and experience, practice style (physician responsive-
ness and timely documentation), and composition of minority
populations in the provider’s panel. None declined.

We used rapid-cycle improvement techniques over the
course of 3 months to improve and refine the application
including interventions to reducenuisancealerts forcompleted
and rescheduled tests. The clinics adoptedworkflow improve-
ments to integrate the alerts into clinicians’ practices and to
facilitate rescheduling of missed tests by nonprovider clinic
staff by creating templated messages.

Analyses
To assess the impact of the project, we surveyed participating
clinicians in February 2018 via email about their experience
with the intervention and opportunities for improvement. We
used an open-ended, free-text format that asked intervention
physicians if theywere aware of the incomplete test and if they
tookanyactiontoensurethat thetestwasultimatelycompleted.

To assess whether the intervention improved rates of
testing completed within 90 days of the originally scheduled
test date, we abstracted data from the Soarian EHR that
included information about each ambulatory patient in the
adult primary care and pulmonary clinics who had been
scheduled for a future imaging test in the 6 months prior to
(July–December 2017) and the 12months following (January–
December 2018) implementation. Patient identifiers hypoth-
esized to be associated with delayed imaging included age,
gender, race/ethnicity, preferred language, and primary insur-
ance.Weabstracted the typeof imaging test, thedatewhenthe
test was initially entered in the scheduling system, the sched-
uled date, the date that the test was ultimately completed, the
orderingprovider, andhis orherclinic. Unfortunately,wewere
unable to extract information about the indication for the test
or presence of abnormal findings as thesewere uncoded, free-
text fields. We also lacked information about patients’ comor-
bidities or functional status, factors that might affect
adherence.

Our primary outcome was the proportion of eligible tests
completed between 14 days (the date the alert could first fire)
and 90 days of the originally scheduled appointment date. We
note that test completion rates are a process-of-care measure.
The effectiveness of the intervention is ultimately determined
by the number of completed tests that yield information that
affectsclinical careandpatientoutcomes.Wechose the90-day
interval based on feedback from clinicians about what
they would consider to be a substantial delay. We included
only those tests that fell within the study period and whose
90-day completionwould have fallenwithin the study period.

We compared the 90-day completion rate of intervention
and usual care patients at baseline (6 months prior to the
intervention) and at follow-up. To account for potential differ-
ences in the interventionandusual caregroups thatmightaffect
the completion rate, we examined the difference-in-difference
between baseline and follow completion rates of the two
groups. To corroborate the results of the primary analysis, we
alsoexaminedtheelapsedtimebetweenthescheduledtestdate
and the completion date. We censored incomplete tests at
90 days.

To account fordifferences in the interventionandusual care
groups and for secular trends, we performed an interrupted
time-series analysis. We created a multivariable logistic
regression model with 90-day completion rate as the binary
outcome. Independent variables included patients’ sociode-
mographic characteristics, primary insurance, clinic site, test
modality, test date, aswell as intervention status, intervention
period (baseline or follow-up), and the interaction between
intervention status and period. The model controlled for the
number of days between the date when the test was entered
and the appointmentdate, in casedistant future testswere less
likely to be completed thanmore proximate tests. To adjust for
potentialwithin-patient effects, analyseswere clustered at the
patient level. Analyses used the Chi-square statistic for nomi-
nal and ordinal variables and theWilcoxon’s rank-sum test for
continuous variables, using two-tailed tests with a p-value of
�0.05. Statistical analyses used Stata 9.0 (StataCorp, College
Station, Texas, United States).

Results

Subject Characteristics
►Table 1 displays the characteristics of the 2,023 patients
who received usual care and the 725 patients cared for by
intervention-group clinicians. Usual care patients were
slightly older (57.1 vs. 54.9 years, p¼ 0.03) during the
baseline period and included a higher percentage of men
(15.8 vs. 8.8% at baseline [p¼ 0.001], 19.2 vs. 12.7% at follow-
up [p¼ 0.004]) and Asian patients (19.7 vs. 8.8% at baseline
[p< 0.001], 21.5 vs. 8.6% at follow-up [p< 0.001]). The usual
care group had a smaller percentage of patients who pre-
ferred English (82.0 vs. 89.4% at baseline [p¼ 0.001], 80.8 vs.
90.1% at follow-up [p< 0.001]) or who had commercial
insurance at baseline (51.9 vs. 60.3% [p¼ 0.05]).

Provider Survey
We surveyed all 16 intervention clinicians after a month of
the fully implemented program about thefirst 39 incomplete
test notifications. Fifteen physicians (94%) responded to 30
(77%) of the 39 queries. In 23 (77%) of the 30 responses, the
physician indicated that he or shewas unaware of themissed
test prior to the notification. For these cases, the physician
was prompted by the alert to follow-upwith the patient after
notification in 19 (63%) of the 30 cases. Follow-up included
telephone outreach to the patient by the clinician or a staff
member. On chart review, all 19 patients had completed the
delayed imaging test within 90 days.

90-Day Test Completion Rates
After a full year, we assessed the impact of the alert by
comparing 90-day test follow-up rates among intervention
and usual care groups during the baseline and follow-up
periods. ►Table 2 shows that the overall 90-day test com-
pletion rate was lower in the usual care than intervention
group at baseline (18.8 vs. 22.1%), but this differencewas not
significant (p¼ 0.135). During the follow-up period, there
was a significant difference in the 90-day test completion
rate favoring the intervention group (20.9 vs. 25.5%,
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p¼ 0.027). The difference in completion rates over time is
shown graphically in ►Fig. 3. The performance of the inter-
vention group relative to usual care at follow-up was driven
largely by improved completion rates among patients
referred for mammography (21.0 vs. 30.1%, p¼ 0.003). The
improved performance of the intervention group from
baseline to follow-up was not significant (p¼ 0.213), and
no consistent pattern of improvement was observed
across imaging modalities or comparing the difference in
difference.

We also examined the interval between the initial sched-
uled test completion date and the datewhen it was ultimately
completed, censoring incomplete tests at 90 days. As shown
in ►Table 3, days to completion were slightly higher in the
usual care than intervention group at baseline (81.5 vs. 79.4
days), but this was not a significant difference. The difference
again favored the intervention group in the follow-up period
(79.8 vs. 78.2), a significant result of uncertain clinical benefit
(p¼ 0.036). The improvementwas driven by timelymammog-
raphy (80.5 vs. 76.9, p¼ 0.004).

Multivariate Analyses
In the interrupted time-series analysis (►Table 4) involving
the entire cohort, the intervention had no discernible impact
on the odds of completing the test within 90 days among
patients who hadmissed a scheduled appointment date. The
factors associated with completion of missed imaging tests
were month, patient age, and care in the pulmonary medi-
cine clinic. Each successive month of the project improved
the odds of test completion (adjusted odd ratio [aOR]: 1.05,
95% confidence interval [CI]: 1.00–1.09), suggesting a secular
trend in improved performance. Each year of age slightly
increased the odds of test completion (aOR: 1.01, 95% CI:
1.01–1.02). Care in the pulmonary medicine clinic was
associated with a substantially higher odds of test comple-
tion (aOR: 1.90, 95% CI: 1.19–2.73).

Discussion

In this analysis of 3,734 imaging studies among 2,748 out-
patients at an academic medical center, an email notification

Table 1 Patients’ sociodemographic characteristics at baseline and follow-up, by intervention status

Characteristic Baseline (n¼ 1,277) Follow-up (n¼ 1,471)

Usual care
(n¼ 937),
n (%a)

Intervention
(n¼ 340),
n (%a)

p-Valueb Usual care
(n¼ 1,086),
n (%a)

Intervention
(n¼ 385),
n (%a)

p-Valueb

Age, mean (range), SD 57.1
(22–89), 13.3

54.9 (22–86), 13.6 0.033 56.7
(19–94), 13.8

55.6
(23–98), 13.1

0.090

Male gender 148 (15.8) 30 (8.8) 0.001 208 (19.2) 49 (12.7) 0.004

Race/ethnicity <0.001 <0.001

White 441 (47.1) 202 (59.4) 482 (44.4) 222 (57.7)

Black 214 (22.8) 67 (19.7) 249 (22.9) 80 (20.8)

Asian 184 (19.7) 30 (8.8) 234 (21.5) 33 (8.6)

Hispanic 69 (7.4) 25 (7.4) 92 (8.5) 37 (9.6)

Other 13 (1.4) 7 (2.1) 12 (1.1) 5 (1.3)

Unknown 16 (1.7) 9 (2.7) 17 (1.6) 8 (2.1)

English preferred language 768 (82.0) 304 (89.4) 0.001 877 (80.8) 347 (90.1) <0.001

Insurance 0.047 0.083

Commercial 486 (51.9) 205 (60.3) 547 (50.4) 207 (53.8)

Medicare 272 (29.0) 83 (24.4) 313 (28.8) 103 (26.8)

Medicaid or self-pay 173 (18.5) 52 (15.3) 217 (20.0) 66 (17.1)

Other or unknown 6 (0.6) 0 9 (0.8) 9 (2.3)

Clinic 0.781 0.423

Adult primary care 875 (93.4) 316 (92.9) 1,030 (94.8) 361 (93.8)

Pulmonary 62 (6.6) 24 (7.1) 56 (5.2) 24 (6.2)

Imaging tests
per person,
mean (range), SD

1.3 (1–5), 0.6 1.2 (1–6), 0.6 0.007 1.2 (1–4), 0.4 1.2 (1–5), 0.6 0.343

Abbreviation: SD, standard deviation.
aTotals may not add to 100% due to rounding.
bChi-square test for categorical variables, Wilcoxon’s rank-sum test for continuous variables.
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of incomplete testswas associatedwith a 5% absolute and 22%
relative improvement in the rate of completed tests within
90 days (21% among 1,484 usual care patients at follow-up
compared with 26% among 558 patients in the intervention
group). The effect was most pronounced for mammography,
where the completion rate of missed tests was 30% in the
intervention group compared with 21% in the usual group
during the follow-up period. However, the effect was incon-
sistent across imaging modalities, with significant improve-
ment noted only inmammographyandMRI. Analyzingdays to
completion ofmissed tests yielded similar results, with signif-
icant improvements for mammography and MRI only. Multi-
variate analyses, however, failed to demonstrate significant
improvements attributable to the intervention itself rather
than to secular trends and differences between the compari-
son groups in terms of age, gender, and clinic.

Missed and delayed imaging tests are common, affecting
patientsacrosssettingsanddiagnoses.23–25Arecent studyof2.9
million patient visits found no-show rates of up to 7%.26 The
reasonsaremanifold andarea commoncauseofmedicalerrors.
In a retrospective chart review study of 15 adult primary care
practices from2012 to 2016, Pace et al found that 7% of patients
withbreast lumpsand27%of thosewith rectal bleedinghadnot
completed recommended imaging.27 In a cancer center studyof
102 patients with a delayed breast cancer diagnosis, patients’
failure to complete diagnostic testing accounted for 13% of
cases.28 And in a prospective cohort study of over 400,000
Italian women, regular mammography was associated with a
28% reduced risk of presentation with advanced disease.29

Studies have demonstrated the value of patient-oriented
interventions including education, reminders, and patient nav-
igationprograms.30–34Clinician-orientedinterventions include
results management applications that help clinicians to close
the loop on completed tests by notifying the patient or next
provider of care about abnormal findings.35,36 These decision
support tools create fail-safe processes to secure potentially
riskysteps in thediagnosticprocess, andmayultimately reduce
missed diagnoses and malpractice liability claims. While
advanced EHRs create reports that indicate if ordered tests
were completed,most systemsofferonlypassive reporting that
requires ameticulous clinician to search for incomplete studies
among his or her panel. Electronic systems that perform active
surveillance ofmissed follow-up offer a promising next-gener-
ation approach to reducing diagnostic delays.37

The present project presents an active decision support
model, alerting clinicians when patients fail to complete
scheduled tests. The approach is likely scalable and reproduc-
ible, amenable to identifying other types of missed, future,
high-risk laboratory tests, pathology results, and diagnostic
procedures. It leveragedembedded tools in theEHR, relyingon
appointment scheduling—an approach that may be helpful in
organizations without a unified technology platform. It is also
suitable for tracking high-risk referrals to subspecialty clini-
cians. Although alert fatigue is a potential risk to both email
and alerts embedded in the EHR, our clinicians found these
alerts easy to find, use, and forward.

Our project, though successfully documenting improved
90-day completion rates of certain imaging tests, also foundTa
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significant differences in completion rates across treatment
modalities and practice settings. We believe that these differ-
ences may be accounted for in part by practice infrastructure
and the impact of patient navigators. The primary care clinic’s
customized EMR and greater nursing and administrative
support may have attenuated the impact of the intervention
compared with the pulmonary clinic. We speculate that the
hospital’s use of breast health navigators for Chinese-speaking
patientsmay have enhanced its value for follow-upmammog-
raphy. Further research is necessary to examine differences in
the process of test ordering and delivery in each clinic and
within areasof radiology tounderstand the impactof variation
on test adherence, particularly for minority populations.

While performance improved overall in comparisons
between usual care and intervention groups from baseline
to follow-up, the overall rate of completion remained
surprisingly low. This goes to several issues. First, was

the alert presented at a time and in a way that it can be
easily integrated into the physician’s workflow? The pre-
sentation and timing of an alert and ease of accessing the
EMR are essential to the alert’s adoption and effective-
ness.38 Second, is there an efficient mechanism to translate
a missed test notification into an action that improves
completion and adherence? Clinicians need a streamlined
outreach mechanism to follow up with patients to investi-
gate missed tests, reschedule those that are needed, and
address the various barriers that patients may face. It may
be helpful to incorporate into the follow-up protocol an
assessment of barriers to care such as an intercurrent
illness, transportation, family obligations, cost, miscommu-
nication, and fear. Eliciting these obstacles may allow for
tailored interventions to improve adherence including
patient reminders, information packets, transportation as-
sistance, physician outreach, and navigation programs.

Fig. 3 Alert-eligible imaging tests completed within 90 days by intervention and usual care groups, by month.

Table 3 Alert-eligible imaging tests, days to completion (censored at 90 days)

Baseline (n¼ 1,671) Follow-up (n¼ 2,063)

Usual care
(n¼ 1,213)
days, (SD)

Intervention
(n¼ 458)
days (SD)

p-Valuea Usual care
(n¼ 1,484)
days (SD)

Intervention
(n¼ 558)
days (SD)

p-Valuea

Mammogram 81.4 (19.8) 81.2 (20.0) 0.845 80.5 (20.6) 76.9 (23.1) 0.004

Ultrasound 83.1 (18.8) 81.3 (20.1) 0.327 79.8 (22.8) 81.9 (19.9) 0.784

CT 81.1 (19.9) 74.4 (26.2) 0.134 76.3 (25.4) 78.0 (23.5) 0.610

Nuclear medicine 81.9 (19.4) 76.9 (24.2) 0.230 78.8 (22.9) 80.4 (22.4) 0.706

MRI 77.1 (24.8) 61.8 (34.9) 0.092 85.2 (18.1) 68.9 (32.2) 0.031

General radiology 76.7 (26.7) 80.8 (22.5) 0.739 84.4 (17.0) 78.8 (26.3) 0.714

Other 0 0 n/a 90 (0) 0 n/a

Total 81.5 (19.9) 79.4 (22.1) 0.092 79.8 (22.0) 78.2 (22.9) 0.036

Abbreviations: CT, computed tomography; MRI, magnetic resonance imaging; SD, standard deviation.
Note: Bold values denote statistically significant results.
aWilcoxon’s rank-sum test.
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Overall, the results are encouraging even as additional
work is needed to improve the post-alert “effector” arm
capability of clinical practices to successfully reach out to
patients to complete planned evaluations.

This project was subject to several limitations. Completed at
a single institution, the findings require replication in other
settings. TheWorkflow Engine relied on appointment schedul-
ing rather than a clinician order to set the timer. This created a
vulnerability for patients whose tests were ordered but never
scheduled. A separate effort was undertaken to ensure that all
imaging testorderswerescheduled.Werecruitedan intentional
sample of intervention clinicians to represent variation in
practitioners, practice styles, andpatient panels. A randomized,
controlled design allocating clinicians to interventionor control
arm would provide a more methodologically robust approach,
but thismodel is problematic in settingswhere clinicians share
tools and resources and where contamination occurs readily. A
cluster randomized trial with a step-wedge design may offer a
promising strategy. Another limitation is the difficultyof know-
ingwhetherhigher test completion rates resulted in fewercases
of delayed diagnoses. Addressing this issue is methodologically
challenging, as it requires a large, adequately powered sample,

and an efficient method to ascertain misdiagnosis. Prospective
studies are challenging to perform in that diagnostic clues such
as anemia or rectal bleeding, for example, are more often
associated with benign disease than malignancy.20 Retrospec-
tive studies, in contrast,which allow for retrospective detection
of diagnostic clues among cases with delays, are susceptible to
hindsight bias andunmeasured confounders.18 Finally, wehave
limited information about the urgencyor indication for specific
tests or about alerts that led to clinicians’ subsequent actions
and outreach. Qualitative feedback fromparticipating clinicians
supports the concept that delays were averted, but a large
prospective chart review study would be required to examine
the rate of prevented diagnostic errors.

Conclusion

In sum, email alerts to adult primary care and pulmonary
medicine clinicians aboutmissed imaging testswas associated
with improved test completion at 90 days, although therewas
no significant difference in themultivariable analysis. Baseline
differences in intervention and usual care groups limited our
ability to draw definitive conclusions. Research is needed to
understand the potential benefits and limitations of advanced
decision support to reduce the risk of delayed diagnoses,
particularly in vulnerable patient populations.

Clinical Relevance Statement

To reduce the risk of diagnostic errors, a notification tool was
created at an academic medical center to alert clinicians
about missed radiology appointments for adult primary care
and pulmonary medicine patients. The alerts were associat-
ed with a 22% relative improvement in test completion at
90 days, although the impact of the intervention was not
significant in multivariable analyses.

Multiple Choice Questions

1. Which of the following is a well-recognized cause of
diagnostic errors?
a. Central line-associated bloodstream infections
b. Slips and falls
c. Incomplete tests result follow-up
d. Electronic bar coding for medication administration

Correct Answer: The correct answer is option c. Central
line infections, slips and falls, and medication errors may
all result in adverse events, but are not generally identi-
fied as a cause of diagnostic errors. Incomplete test result
follow-up, in contrast, may result in diagnostic errors in
cases when the responsible clinician or patient lacks
critical clinical information.

2. The impact of a missed radiology test notification tool on
the 90-day test completion rate was greatest for which of
the following imaging modalities?
a. Mammography
b. Ultrasound

Table 4 Multivariate logistic regression model examining factors
associated with 90-day test completion, clustered by patient
(interrupted time-series)

Variable Adjusted
odds ratio

95% confidence
interval

p-Value

Intervention group
(vs. usual care)

1.22 0.91–1.64 0.183

Follow-up period
(vs. baseline)

0.88 0.61–1.25 0.468

Intervention-follow-up
interaction

1.04 0.71–1.52 0.842

Month 1.05 1.00–1.09 0.039

Days from order to
scheduled test date

1.00 1.00–1.00 0.953

Patient age 1.01 1.01–1.02 0.001

Male gender 0.78 0.59–1.03 0.081

White race 0.93 0.77–1.14 0.497

English primary
language

1.06 0.81–1.38 0.684

Medicaid or
self-insured

0.90 0.71–1.15 0.414

Pulmonary clinic
(vs. adult primary
care)

1.80 1.19–2.73 0.005

Imaging test type
(vs. mammogram)

Ultrasound 0.81 0.65–1.01 0.652

CT 0.99 0.72–1.36 0.717

Nuclear medicine 0.86 0.67–1.10 0.674

MRI 1.22 0.74–2.00 0.745

General radiology 0.56 0.28–1.11 0.284

Abbreviations: CT, computed tomography; MRI, magnetic resonance
imaging.
Note: Bold values denote statistically significant results.
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c. Computed tomography
d. General radiology

Correct Answer: The correct answer is option a. In the
present study, the electronic notification tool did not
result in significant improvements in timely completion
of ultrasound, CT, and general radiology studies. Imple-
mentation of the tool was associated with improvements
in timely MRI and mammography.
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Appendix A

Architectural Overview: Soarian Workflow Engine
The Tufts Medical Center Outpatient Results Notifica-

tion Workflow is built on a loosely coupled, event-driven
architecture that ensures reliable, accountable delivery of
clinical information to a variety of consumers both inside
and outside the Medical Center. At its core is the TIBCO
(Palo Alto, California, United States) workflow engine
embedded inside the Cerner (Kansas City, Missosuri,
United States) Soarian Electronic Medical Record system,
Soarian Clinicals.

• Soarian workflow engine: An Event-Based Messaging
architecture/platform, based on technology from TIBCO,
embedded inside the Cerner Electronic Health Record
(EHR), Soarian Clinicals. TuftsMedical Center uses Soarian
Clinicals as its core inpatient EHR.

• Messaging services: Messaging Services, based on Cern-
er’s OPENLink Interface Engine, enables TIBCO to sub-
scribe to events created via real-time HL7 interfaces and
from user interactions in the Soarian Clinicals User
Interface. An instance of OPENLink sits inside Soarian
Clinicals and translates real-time interface engine mes-
sages into events that TIBCO can subscribe to. User
activity, including placing orders and saved assessments,
are translated into events fed from Messaging Services to
TIBCO/Workflow Engine.

• Workflows: Workflows are event-driven, state-monitor-
ing software processes that run inside Soarian Workflow
Engine (TIBCO). Workflows can subscribe to events that
occur within Soarian Clinicals (Admit/Discharge/Transfer,
orders placed, results received, assessments saved).Work-
flows can connect to internal processes in Soarian Clin-
icals and external systems and take action in these
internal processes and external systems. Workflows can
query Soarian Clinicals for additional information using
Soarian Rules Engine.

• Soarian rules engine: A rules-based data layer that sits
in-between Soarian Workflow Engine and the Soarian
Clinicals back-end structured query language (SQL) Server
database, Rules Engine enablesWorkflowEngine to access
the Soarian back-end database via a set of service-based
application programming interface database calls. Rules
are written in Soarian Rules Engine using Arden Syntax
language.

• Active directory interoperability via ODBC data part-
ner: Soarian Workflow Engine can interact with open
database connectivity (ODBC) compliant data-sources
over the wide area network between Cerner and Tufts
Medical Center via a Rules Engine ODBC Data Partner over
Port 1433 enabled for unidirectional communication
from Cerner to Tufts. This ODBC connectivity enables
Workflow Engine to query Active Directory for Physician
email addresses for notifications.

Functional Overview: Outpatient Results Notifications
Workflow
The Outpatient Results NotificationWorkflow is designed

to send notifications related to Outpatient Orders/Results to
the physicians who place the orders. The workflow starts
when a Radiology order is placed for a patient and the visit is
scheduled. If the order is less than 5 days out from the
time/date the order is placed and visit scheduled, or if the
order is on an inpatient visit, then the Workflow will exit.
Otherwise, the workflow sets a timer to expire 14 days from
the time/date of the outpatient visit.

TheWorkflowwill notify the ordering physician as follows:

• Orderstatusupdatedtocomplete: If theorder iscompleted,
whichhappenswhena result is returned, then theWorkflow
will notify the physician if the order was for more than
90 days in the future at the time of ordering, and will exit.

• Order status discontinued: If the order is discontinued,
then the Workflow will notify the ordering physician via
email, and exit.

• Order details modified: If the details of the order are
modified, theWorkflowwill recalculate the timer (in case
the date has changed) and reset the timer.

• Visit details modified: If the details of the visit are
modified, the Workflow will recalculate the timer (in
case the date has changed) and reset the timer.

The Workflow checks Active Directory for the physicians
email address, using the physician’s short message service
(SMS) number as a key formatching. If nomatch is found, or if
the ordering physician is not present on the order in Soarian,
then the Workflowwill send to an exceptions mailbox, to be
managed by end users.

The Workflow logs its steps to a SQL table. Once the
workflow has sent a notification and completed logging,
the Workflow ends.
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