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For pulmonary nodules, additional chal-
lenges are present that make follow-up rec-
ommendations and tracking more difficult 
than for many incidental abdominal findings 
(e.g., renal mass). These include a complex 
set of guidelines for the follow-up interval 
based on nodule size and imaging character-
istics, as well as patient risk factors [6]. In 
addition, many of the follow-up intervals are 
quite long, up to 2 years, which makes track-
ing the follow-up completion difficult for or-
dering providers.

Follow-up communication and tracking 
are ideal problems for automation. Others 
have described systems to track the comple-
tion of follow-up recommendations in radiol-
ogy reports [7, 8]. However, one of these was 
not entirely automated, and neither incorpo-
rated a provider communication system. We 
designed a system called Result Alert and 

Adoption of a Closed-Loop 
Communication Tool to Establish 
and Execute a Collaborative 
Follow-Up Plan for Incidental 
Pulmonary Nodules

Mark M. Hammer1

Neena Kapoor1

Sonali P. Desai2

Karthik S. Sivashanker3,4

Ronilda Lacson1

John P. Demers5

Ramin Khorasani1

Hammer MM, Kapoor N, Desai SP, et al.

1Department of Radiology, Center for Evidence-Based 
Imaging, Brigham and Women’s Hospital, Harvard 
Medical School, 75 Francis St, Boston, MA 02115. 
Address correspondence to M. M. Hammer 
(mmhammer@bwh.harvard.edu).

2Division of Rheumatology, Immunology, and Allergy, 
Department of Medicine, Brigham and Women’s 
Hospital, Harvard Medical School, Boston, MA.

3Department of Quality and Safety, Brigham and 
Women’s Hospital, Harvard Medical School, Boston, MA.

4Department of Psychiatry, Boston University School of 
Medicine, Boston, MA.

5Department of Radiology, Brigham and Women’s 
Hospital, Boston, MA.

Health Care Pol icy and Qual it y •  Or ig ina l  Research

AJR 2019; 212:1077–1081

0361–803X/19/2125–1077

© American Roentgen Ray Society

I
ncidental pulmonary nodules are 
a common finding in chest imag-
ing, both on radiographs and CT. 
For example, nodules are found 

in approximately 16% of patients referred for 
lung cancer screening [1]. Although radiolo-
gists identify these nodules when interpreting 
the imaging study and commonly give man-
agement recommendations, it is typically up 
to the ordering physician’s office to schedule 
any follow-up imaging and ensure that the 
follow-up is completed. Even with the advent 
of computerized closed-loop critical finding 
communication systems [2, 3], the responsi-
bility for scheduling and tracking the follow-
up itself is left to the ordering provider and 
his or her office staff. Under the typical sys-
tems of care, patients may not receive the rec-
ommended follow-up because of communi-
cation breakdown or loss to follow-up [4, 5].
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OBJECTIVE. The purpose of this study is to assess radiologists’ adoption of a closed-
loop communication and tracking system, Result Alert and Development of Automated Reso-
lution (RADAR), for incidental pulmonary nodules and to measure its effect on the complete-
ness of radiologists’ follow-up recommendations. 

MATERIALS AND METHODS. This retrospective study was performed at a tertiary 
academic center that performs more than 600,000 radiology examinations annually. Before 
RADAR, the institution’s standard of care was for radiologists to generate alerts for newly 
discovered incidental pulmonary nodules using a previously described PACS-embedded soft-
ware tool. RADAR is a new closed-loop communication tool embedded in the PACS and en-
terprise provider workflow that enables establishing a collaborative follow-up plan between 
a radiologist and referring provider and helps automate collaborative follow-up plan tracking 
and execution. We assessed RADAR adoption for incidental pulmonary nodules, the primary 
outcome, in our thoracic radiology division (study period March 9, 2018, through August 2, 
2018). The secondary outcome was the completeness of follow-up recommendation for inci-
dental pulmonary nodules, defined as explicit imaging modality and time frame for follow-up. 

RESULTS. After implementation, 106 of 183 (58%) incidental pulmonary nodules alerts 
were generated using RADAR. RADAR adoption increased by 75% during the study period 
(40% in the first 3 weeks vs 70% in the last 3 weeks; p < 0.001 test for trend). All RADAR 
alerts had explicit documentation of imaging modality and follow-up time frame, compared 
with 71% for non-RADAR alerts for incidental pulmonary nodules (p < 0.001). 

CONCLUSION. A closed-loop communication system that enables establishing and ex-
ecuting a collaborative follow-up plan for incidental pulmonary nodules can be adopted and 
improves the quality of radiologists’ follow-up recommendations. 

Hammer et al.
Closed-Loop Communication Tool for Pulmonary Nodules
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Development of Automated Resolution (RA-
DAR), which includes a closed-loop system 
for communicating follow-up recommenda-
tions, enables establishment of a collabora-
tive follow-up plan between the radiologist 
and the referring provider, allows the order-
ing provider to schedule the follow-up, and 
tracks whether the follow-up study is com-
pleted. After implementation, we assessed 
radiologists’ adoption of RADAR and its ef-
fect on the completeness of radiologists’ fol-
low-up recommendations for incidental pul-
monary nodules.

Materials and Methods
Development and Implementation of RADAR

Before RADAR, the standard of care at Brigham 
and Women’s Hospital was for radiologists to gener-
ate critical alerts for all newly discovered pulmonary 
nodules using a previously described PACS-embed-
ded software tool, Alert Notification of Critical Re-
sults. RADAR was implemented within our existing 
Alert Notification of Critical Results system [2, 3], 
embedded within our PACS workflow, and integrat-
ed with the results management component of our 
electronic health record and e-mail and paging sys-
tems to automate notification of the referring pro-

vider, as previously described [2]. Thus, the system 
automatically receives patient, study, and ordering 
physician information from PACS. The only input 
needed from the radiologist is the recommenda-
tion. We designed RADAR to allow automated gen-
eration of the Fleischner Society recommendations 
for managing incidental pulmonary nodules [6] or 
for manual selection of a follow-up interval (Fig. 1). 
However, in either case, the follow-up modality and 
time frame are required fields to generate this alert.

RADAR is designed to establish a collabora-
tive follow-up plan for imaging between the radi-
ologist and the referring provider. Once the alert 
is generated by the radiologist, it is sent to the or-
dering physician via an e-mail notification. This 
e-mail notification includes a link to the RA-
DAR web interface where the provider can view 
the alert. The ordering provider is required to ac-
knowledge the alert and choose a management op-
tion (collaborative follow-up plan) for the patient. 
These options include agreeing with the follow-
up recommendation, modifying the follow-up in-
terval, or disagreeing with the need for follow-up 
(Fig. 2). In particular, the ordering provider may 
modify the follow-up interval at his or her discre-
tion and after accounting for the patient’s prefer-
ence. If the provider agrees with or modifies the 

collaborative follow-up plan, he or she has the op-
tion to forward the alert containing the collabor-
ative follow-up plan to the radiology department 
scheduling team to coordinate the follow-up im-
aging directly with the patient. RADAR searches 
the electronic health record for the collaborative 
follow-up plan completion, with a flag triggered if 
the collaborative follow-up plan is not completed 
by 1 month after the recommended interval (e.g., 
by 7 months if the follow-up is recommended in 
6 months). If a collaborative follow-up plan is not 
performed in that time frame, RADAR escalates 
an alert to the ordering provider to seek clarifi-
cation about whether the collaborative follow-up 
plan still needs to be performed or is no longer rel-
evant (e.g., patient deceased, imaging performed 
outside our health care enterprise, or care trans-
ferred to another provider outside our institution). 
If the ordering provider stipulates that collabora-
tive follow-up plan is still clinically relevant, the 
cycle of tracking for collaborative follow-up plan 
completion starts anew by RADAR.

RADAR is a web-based application installed 
on a computer (ProLiant DL380 G5, HP) with two 
3.00-GHz physical central processing units and 8 
GB of RAM, running a Windows server (2003 R2, 
standard ×64 edition, Microsoft) as the operating 

Fig. 1—Screen shot of Result Alert and Development of Automated Resolution (RADAR) system, as seen by radiologist. Radiologist may specify pulmonary nodule 
characteristics to generate Fleischner Society recommendations automatically or manually specify follow-up imaging modality and time frame.
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system. It has a directory of users, authenticated 
through Active Directory and updated through 
Paging Directory web services, with single sign-
on capability for users. Alert notifications are sent 
via web services to the simple mail transfer proto-
col server using e-mail. RADAR’s standard query 
language server database stores all relevant infor-
mation, including radiologist, ordering provider, 
primary care provider, patient, examination, re-
sult, follow-up, notification, and acknowledgment 
information in related tables.

RADAR was fully implemented on March 9, 
2018, and was announced to the thoracic radiol-
ogy division at our institution at that time. Adop-
tion was encouraged by weekly e-mails updating 
the division on how frequently they were using the 
system and specific examples of cases in which 
RADAR could have been used. However, adop-
tion was voluntary, and radiologists were still able 
to use the standard critical alert system (Alert No-
tification of Critical Results).

Study Design and Setting
This retrospective study was approved by the 

institutional review board of Partners Health-
Care, with waiver of informed consent. It was per-

formed at a 753-bed tertiary academic medical 
center performing more than 600,000 imaging ex-
aminations annually.

Data Collection
We reviewed all the critical finding alerts sent by 

the Thoracic Radiology division that included the 
term “nodule” in the 21 weeks after RADAR imple-
mentation from March 9, 2018, through August 2, 
2018. These included alerts sent with our traditional 
alert system and with RADAR. Alerts were man-
ually reviewed by a thoracic radiologist to ensure 
that they referred to pulmonary nodules for which 
a follow-up CT examination was recommended. Pa-
tients with recommendations for chest radiograph 
follow-up or biopsy were excluded. Alerts were also 
reviewed for completeness (presence of a follow-up 
time frame and an imaging modality).

Outcome Measures
The primary outcome was RADAR adoption for 

pulmonary nodules by thoracic radiologists (seven 
radiologists in the division), defined as the number 
of RADAR alerts for pulmonary nodules divided 
by the number of all alerts for pulmonary nodules 
during the study period. A secondary outcome was 

completeness of the follow-up recommendation, 
defined as specification of both imaging modality 
and time frame within the alert for pulmonary nod-
ule follow-up. An additional secondary outcome 
was referring provider agreement with the follow-
up recommendation generated through RADAR. 
This option is available only to those physicians 
who have opted in to the collaborative follow-up 
plan system, which is currently all of our referring 
primary care physicians (n = 213).

Statistical Analysis
Data were initially stored in Excel (version 16, 

Microsoft) and analyzed with JMP Pro (version 
14, SAS Institute). Alert dates were binned into 
five 3-week intervals. A Cochran Armitage test 
was used to evaluate trend over time, with alpha 
set at 0.05. The Fisher exact test was used to evalu-
ate differences in proportions.

Results
A total of 183 alerts for pulmonary nod-

ules were generated within the study peri-
od. Of these, 106 (58%) used RADAR, and 
the remaining 77 (42%) did not. In the initial 
3-week period after implementation, six of 

Fig. 2—Screen shot of Result 
Alert and Development of 
Automated Resolution (RADAR) 
system, as seen by referring 
provider. Provider may choose 
to agree with or modify 
recommendation, and if he 
or she agrees, he or she may 
directly refer recommendation 
to radiology department for 
scheduling.
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15 (40%) pulmonary nodule alerts used RA-
DAR. In the final 3-week period of our study, 
19 of 27 (70%) pulmonary nodule alerts used 
RADAR. Thus, RADAR adoption increased 
by an absolute 30% or relative 75% during the 
study period (40% in first 3 weeks vs 70% in 
last 3 weeks; p < 0.001 test for trend) (Fig. 3).

All 106 RADAR alerts had explicit docu-
mentation of imaging modality and time frame 
for follow-up, compared with 71% (55 of 77) 
for non-RADAR alerts for pulmonary nod-
ules (p < 0.001). As discussed already, explicit 
documentation of follow-up modality and time 
frame was required when using RADAR to 
generate an alert. Of the 51 RADAR alerts sent 
to primary care physicians and thus eligible 
for tracking through the collaborative follow-
up plan system, the referring physicians agreed 
with the proposed collaborative follow-up plan 
in all 51 (100%) cases.

Discussion
We show successful implementation of a 

closed-loop system to enable the establish-
ment and execution of a collaborative follow-
up plan between radiologists and referring 
primary care providers. The ease of use of 
this system, though voluntary, is evidenced 
by its rapid adoption by thoracic radiologists 
and primary care providers. In addition, the 
design of the system required radiologists to 
specify follow-up modality and time frame, 
which improved the completeness of the rec-
ommendations compared with our previous-
ly existing system. Notably, 100% of refer-
ring primary care physicians agreed with the 
proposed follow-up plans through RADAR.

To our knowledge, no prior studies have 
evaluated the establishment of a collaborative 
follow-up plan between radiologists and refer-
ring providers. Prior studies have shown that 
approximately 40% of radiologists’ follow-up 
recommendations are not adhered to by refer-
ring providers [9], though reasons are likely 
multifactorial and difficult to study, at least in 
part because of a lack of consistent documenta-
tion of reasons for disagreement in the medical 
record. In contrast, RADAR requires the re-
ferring provider to explicitly agree or disagree 
with the radiologist’s follow-up recommenda-
tion before the care plan is executed. Primary 
care providers agreed with radiologists’ rec-
ommendations for incidental pulmonary nod-
ule follow-up 100% of the time. Future studies 
will be needed to assess agreement on follow-
up recommendation between radiologists and 
non–primary care referring providers for inci-
dental pulmonary nodules. Documentation of 
agreement and reasons for any disagreement 
between radiologists and referring providers 
will likely be helpful in improving the quality 
of recommendations and timely execution of 
needed care for patients.

Although others have described systems for 
automated tracking of follow-up recommen-
dations [7, 8], our system combines notifica-
tion, establishment of a collaborative follow-
up plan with scheduling, and tracking tools 
into one streamlined process to enhance the 
probability that needed care is executed in a 
timely fashion. The process for establishing 
the collaborative follow-up plan in RADAR 
requires explicit electronic confirmation of re-
ceipt of the incidental nodule alert by the re-

ferrer. This closed-loop communication pro-
cess is consistent with the American College 
of Radiology’s Practice Parameter on commu-
nication of imaging findings [10]. The lack of 
direct (verbal) communication with referring 
providers has been identified as a risk factor 
for not completing follow-up [11]. We think 
that our interactive system will help engage 
the ordering physician in the follow-up pro-
cess and also relieve some of his or her admin-
istrative burden, thus encouraging the timely 
completion of follow-up.

Particular challenges exist with regard to fol-
low-up recommendations for incidental pul-
monary nodules. The first is the complexity of 
guidelines for follow-up, which depend on both 
nodule and patient factors. It is perhaps this 
complexity that leads to relatively low guide-
line adherence, even at academic centers [12]. 
RADAR provides a streamlined system to auto-
matically generate follow-up recommendations 
based on Fleischner Society guidelines with 
the input of nodule and patient characteristics, 
which may improve adherence to guidelines. 
In addition, RADAR requires specific imaging 
modality and time frame recommendations, 
preventing vague follow-up recommendations 
that are confusing for ordering providers.

The second major challenge for pulmonary 
nodule follow-up is the long follow-up inter-
vals, because patients and providers may forget 
the need for follow-up after 1 or even 2 years. 
Future studies will be needed to assess wheth-
er RADAR functionality could help ensure that 
follow-up imaging examinations are scheduled 
and completed even with long time intervals.

There are several limitations to this study. 
First, it was conducted at a single academic 
radiology department with a dedicated qual-
ity and safety department with extensive ex-
perience with the creation of automated re-
sults alert systems. Systems such as RADAR 
may be difficult to reproduce in other insti-
tutions. Second, RADAR can automatically 
track only the follow-up imaging completion 
that is performed at our institution. Howev-
er, given the success of this system within 
our thoracic radiology division, future stud-
ies can assess expansion of its use to nontho-
racic radiologists who may discover inciden-
tal nodules on other studies (e.g., abdominal 
CT). The feasibility of RADAR in the emer-
gency department and inpatient setting can 
also be assessed in future studies. Finally, fu-
ture work is needed to evaluate the ordering 
physicians’ use of this system and its success 
in ensuring that patients indeed undergo the 
recommended follow-up imaging.
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Conclusion
In conclusion, a closed-loop communica-

tion system that enables the establishment and 
execution of a collaborative follow-up plan 
can assist radiologists in specifying follow-up 
for pulmonary nodules and help ensure their 
timely completion. By integrating this sys-
tem directly within the PACS and electronic 
health record workflow and promoting its vol-
untary use, we were able to show adoption by 
radiologists over a relatively short time frame, 
with concomitant improvement in the com-
pleteness of radiology follow-up recommen-
dations for incidental pulmonary nodules.
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