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Research has not yet quantified the effects of workload or duty hours on the accuracy of radiologists. With the exception of a brief
reduction in imaging studies during the 2020 peak of the COVID-19 pandemic, the workload of radiologists in the United States
has seen relentless growth in recent years. One concern is that this increased demand could lead to reduced accuracy. Behavioral stud-
ies in species ranging from insects to humans have shown that decision speed is inversely correlated to decision accuracy. A potential
solution is to institute workload and duty limits to optimize radiologist performance and patient safety. The concern, however, is

that any prescribed mandated limits would be arbitrary and thus no more advantageous than allowing radiologists to self-regulate.
Specific studies have been proposed to determine whether limits reduce error, and if so, to provide a principled basis for such limits.
This could determine the precise susceptibility of individual radiologists to medical error as a function of speed during image viewing,
the maximum number of studies that could be read during a work shift, and the appropriate shift duration as a function of time of
day. Before principled recommendations for restrictions are made, however, it is important to understand how radiologists function
both optimally and at the margins of adequate performance. This study examines the relationship between interpretation speed and
error rates in radiology, the potential influence of artificial intelligence on reading speed and error rates, and the possible outcomes of
imposed limits on both caseload and duty hours. This review concludes that the scientific evidence needed to make meaningful rules

is lacking and notes that regulating workloads without scientific principles can be more harmful than not regulating at all.
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aulty detection—the failure to identify salient find-
Fings—is the most consequential source of interpretive
error in radiology (1-4), as well as the most common rea-
son for malpractice lawsuits initiated against radiologists,
underlying 78% of cases (5). So-called reckless reading
lawsuits, which allege that missed findings resulted from
insufficient time spent viewing images, have become more
common (6). One often-discussed malpractice case from
2020 alleged that a subdural hematoma in a 64-year-old
man was missed because the radiologist spent a total of 6
minutes and 27 seconds reading a CT examination of the
head and cervical spine (as determined by subpoenaed key-
stroke data). The plaintiffs attorney argued that the average
viewing time of each image was one-half second per image,
and therefore the radiologist was lax (ie, not sufficiently
careful), thus engendering a larger settlement (7-9).
Is it medical negligence to interpret an image quickly?
If so, then it follows that a radiologist should spend a cer-
tain minimal amount of time reviewing each image from a
patient’s study, and that anything less would be negligent
(ie, below the standard of care) (10). Legally, this could
mean that every patient requires a specific reading process,
regardless of the case. Such potential legal outcomes have
prompted extensive discussions regarding how a radiolo-
gist’s speed and workload relates to accuracy (11-14). One
recent article (12) advocated implementing limits on both
shift duration and caseload. Radiologists should operate

under the principle “first do no harm” (12); however, we
do not agree that the available evidence supports mandated
work limits in radiology.

That is not to say there is no minimum necessary view-
ing time to render a meaningful diagnosis; however, to
our knowledge, nobody has yet determined the mini-
mum. We argue that any minimum should be established
through the principles of data-driven visual processing
research, rather than through an arbitrary administra-
tive flat or legal process. Studies may find that viewing
some images for many minutes is not sufficient to iden-
tify particularly difficult anomalies, whereas other images
may contain such obvious anomalies that a viewing time
of even a fraction of a second is sufficient for accurate
determination. Therefore, it is possible that the range of
appropriate viewing times is so wide that any meaningful
application of limits is meaningless.

Although it is possible that long and off-hours work
shifts may also lead to poor performance and serve as a
source of medical error, to our knowledge, no research to
date has provided the necessary evidence to set work dura-
tion or shift limits for any individual radiologist. Before
any duration or workload limits are enforced, it is impor-
tant to acknowledge that any significant change to the
medical system would require careful design supported by
principled research findings to be practical, sustainable,
and not inadvertently cause patient harm.
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Abbreviations

Al = artificial intelligence, RVU = relative value unit, 2D = two-dimen-
sional, 3D = three-dimensional

Summary

Although it is almost certain that increased workloads, faster speeds,
and prolonged shifts will at some point decrease interpretive accuracy,
there is currently insufficient evidence to determine appropriate
workload, speed, or duty limits.

Essentials

m So-called reckless reading lawsuits, which allege that missed findings
result from insufficient time spent viewing images, have become
more common.

= Scene processing in less than a second does not indicate carelessness or
recklessness but, in some settings, can be characteristic of competent
or expert visual processing.

= Evidence indicates that reading each image of a cross-sectional
examination in less than a second defines the current standard of
care in radiology.

= Although long shifts and so-called off-hours work may some-
times lead to poor performance and serve as a source of medical
error, to the authors’ knowledge, no research to date has pro-
vided the evidence necessary to establish appropriate limits for
individual radiologists.

Our review aims to discuss policies that are arbitrary and pos-
sibly harmful, especially those driven by legal argument rather
than scientific research. We review the evidence for the relation-
ship between speed and accuracy in radiology as it relates to the
potential effects of imposed limits on caseloads, work shift du-
rations, and variations in performance as a function of time of
day. We also review the potential effects of artificial intelligence
(AI) on speed, caseload, and fatigue. Finally, we outline research
studies that must be conducted before principled policy making,

The Science of Radiologists' Perceptual Expertise

Like any other perceptual skill, the ability to detect radiologic
abnormalities improves with training: radiologists become faster
and more accurate as they gain experience (15-18) (see Alexander
et al [1] for a review). According to most models of radiologic
search, expert radiologists know how normal images should look
because of repeated viewing of many varied examples and have
learned to process information from the whole image in a rapid
initial stage of processing. Obvious abnormalities (especially
those closer to the point of gaze) are detected rapidly (19). In
the context of controlled experiments, an experienced reader
can detect whether radiographs or other static two-dimensional
(2D) images are normal or abnormal, with above-chance
accuracy, even when the images are presented for less than half a
second (20-25). Radiologists can rapidly identify whether mam-
mography in one breast belongs to a woman who has cancer
in the opposite breast (26) and predict abnormal mammogra-
phy years before localized signs of cancer are visible (27). This
skill may also extend to three-dimensional (3D) images: Trevifio
etal (28) found that radiologists can rapidly detect abnormali-
ties during volumetric interpretation. Radiologists were able to
discriminate between normal and abnormal (ie, containing le-
sions) stacks of 26 T2-weighted images from prostate MRI at

Radiology: Volume 304: Number 2—August 2022  radiology.rsna.org

Alexander and Waite et al

above-chance levels when presented as a brief movie, with image
sections shown in as little as 48 msec per section. It is important
to note that more interpretation time is needed in actual clini-
cal practice because subtle abnormalities require more time to
be detected and much better than above-chance performance is
necessary. These studies, however, highlight the perceptual abili-
ties of trained radiologists.

Fast and accurate visual processing is not unique to radiolo-
gists. In baseball, the time from the pitch until the bat strikes
the ball can be less than 0.5 seconds (29). Despite this brief
viewing time, batters not only decide whether to swing the
bat, but also continuously adjust their swing in response to
precise visual information about the trajectory of the ball. Ex-
pert batters discriminate between different types of pitches (eg,
curve ball vs fastball) in under 200 msec (30,31). Similarly,
car drivers reposition their feet from brake to gas pedal in un-
der 1000 msec when responding to a red traffic signal turning
green, not only detecting the visual change but also producing
the necessary motor actions (32). Moreover, drivers can accu-
rately identify upcoming hazards (eg, pedestrian stepping into
road) in under 250 msec (33). Indeed, in many contexts, scene
processing in less than a second does not indicate carelessness
or recklessness. Rather, it is consistent with efficient and suc-
cessful processing of stimuli, such as when experts perform a
trained oculomotor task.

Of course, not all image reading can or should occur
at a high speed. Subtle abnormalities may require direct vi-
sual fixation for identification. Localization may also re-
quire some additional processing: whereas very brief viewing
times may allow an expert radiologist to detect the presence
of an abnormality, some additional time may be necessary
to identify the placement of that abnormality in the im-
age (34). During typical image evaluation, there is a second
stage of processing in which potentially critical image re-
gions are foveated: the radiologist looks directly at one region
at a time (thus directing their eye’s fovea at those regions,
as opposed to viewing the region by using their peripheral
vision). This is accomplished by switching gaze from one region
to the next by saccadic eye movements (35-39). The targets of
saccadic eye movements are not random; expert radiologists
may direct their gaze to clinically relevant regions that they
initially identified with their peripheral vision, during the first
pass review (1,40). One consistent finding is that expert radi-
ologists find abnormalities faster than novice residents, perhaps
partly because of requiring fewer eye movements to foveate
potential abnormalities (41,42). In this case, because expert
radiologists also make fewer errors than residents, enhanced
speed is correlated with reduced medical error, demonstrating
the lack of a monotonic relationship.

Once a radiologist looks directly at an abnormality, the
radiologist must keep looking at it long enough to recognize
its features (eg, at least 500—1000 msec depending on the mo-
dality) or identification may fail (43,44). Many abnormalities
are foveated but never reported, perhaps because of insufficient
viewing times or deciding incorrectly that the detected features
do not represent an abnormality, although other factors may

be involved (4,45).
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Mandating Limits on Workload, Duty, and Speed in Radiology
Caveats of Volumetric Imaging

Although numerous studies have examined search strategies with
2D medical images, relatively little is known about search strate-
gies in 3D volumetric images such as CT and MRI (46). During
stack mode viewing, radiologists simulate motion by scrolling
through sequential images and searching for lesions that sud-
denly stand out from the background (46) without stopping to
look at each individual image. This is similar to how one views a
video clip or movie (9).

Thus, the fundamental characteristics of 2D search are quali-
tatively different from those in volumetric search, and the tem-
poral image viewing parameters may differ between 2D and 3D
image interpretation. The vast amount of 3D data that radiolo-
gists must scrutinize effectively prevents exhaustive foveation of
each image region within a CT stack (47,48). Because of the
way 3D image stacks are searched—individual structures can be
followed as if moving while scrolling axially up or down between
image planes—some image regions may only be seen peripher-
ally. In CT and MRI search, radiologists often do not directly
foveate on much of the examination. As such, peripheral vision
is especially important. Unlike 2D imaging, the entire 3D image
set is never visible at one time. Consequently, it is not possible
to derive a complete perceptual gist that informs simultaneous
comparisons of image perturbations throughout an entire 3D
image stack.

Because the dependence on peripheral vision may differ be-
tween 2D and 3D image viewing, the detectability of certain le-
sions on 2D and 3D images may also differ (49). To our knowl-
edge, it is not known whether search expertise generalizes from
2D to 3D. This is important because, to our knowledge, there is
essentially no data suggesting minimum interpretation times for
3D volumetric scans, either on the level of the entire study or for
a specific image.

Drew et al (42) identified two different global strategies that
radiologists adopt during nodule detection tasks on chest CT
images. So-called scanners search each section before moving to
the next depth. So-called drillers hold their eyes relatively still
in the x and y planes, limiting search to a single lung quadrant
while quickly scrolling through sections in the z-axis (42,50). It
is not known if one strategy is universally better than the other,
or if they each have different dependencies or specific advantages
in specific subspecialties. In real life, any optimal strategy for 3D
imaging interpretation is likely to be modality and region spe-
cific (51). Rather than demonstrating a clear preference for drill-
ing versus scanning (42), radiologists both drill and scan during
interpretation of digital breast tomosynthesis (52). In addition,
strategies may change during image interpretation. For example,
drilling may be ideal for pulmonary nodule detection but not for
examination of the mediastinum on the same study.

Researchers have examined scrolling data obtained dur-
ing the interpretation of cross-sectional imaging to understand
the development of radiologic expertise in volumetric imaging
(53,54). van Montfort et al (55) found that during a 5-year
residency period, radiology trainees decreased the percentage of
time spent on full runs (scrolling through more than 50% of
CT scan sections) and increased the percentage of time spent
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on task-relevant areas (sections with the abnormality present).
These results are consistent with visual expertise theories suggest-
ing that greater expertise affords residents the ability to form a
global impression of a study more quickly, allowing them to stra-
tegically ignore irrelevant areas. However, it should be noted that
neither the percentage of time spent on full runs nor on relevant
sections predicted diagnostic accuracy (55).

In short, our current understanding of the relationship be-
tween search patterns, speed, and accuracy during volumetric
interpretation is rudimentary. Without a refined understanding
of how radiologists develop expertise during volumetric interpre-
tation, how search patterns relate to performance, and how these
patterns differ from searches of 2D images, it is not principled
to conclude that image viewing durations of any particular dura-
tion are substandard.

Minimal Interpretation Time per Image

The so-called lax speed per image allegation referenced in the
2020 litigation example (9) has a number of logical flaws. Not-
ing them is important.

Imaging studies usually have muldple series such as axial,
coronal, and sagittal series in addition to series with dedicated
window-level settings (56) and convolution algorithms and/or
kernels (eg, bone and soft tissue) (57). These series are routinely
provided to the interpreting radiologist without consideration of
their usefulness in answering the posited clinical question. Al-
though we are not aware of any specific studies, experience sug-
gests that many of these series are often ignored and only viewed
for problem solving,

In addition, the raw data obtained during volumetric imag-
ing can be reconstructed to images of varying thicknesses, from
submillimeter to 10 mm (58). To use the number of images re-
viewed per unit time as a metric of thoroughness would imply
that a radiologist looking at series of 1-mm-thick sections should
spend five times longer than a radiologist looking at series of
5-mm-thick sections. There is, however, no logical reason or data
to assert that this practice would increase accuracy.

The fact that many of the provided series are ignored, and the
unprincipled premise that thinner sections should be evaluated
proportionately longer than thick sections, are important theo-
retical problems related to the use of sections per unit time as a
meaningful metric.

In addition, there is reason to believe that reading images
from a cross-sectional study in less than a second is the current
standard of care. A quantitative understanding of the workload
of modern radiologists would therefore be important to review.

The resource-based relative value scale in use today was ad-
opted for the Medicare payment system in 1992. Relative value
units (RVUs) are the basic components of the scale that describes
and quantifies the work and resource costs needed to provide
physician services. Therefore, RVU form the basis of physician
fees by Medicare and other payers and are often used to measure
physician productivity (59,60).

According to Muroff and Berlin (13), private practice ra-
diologists generate 13000-15000 RVUs per year. Given 261
working (nonweekend) days in 2021 and assuming 8 weeks of
vacation, radiologists would have to generate 63 RVUs per day
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to achieve 14000 RVUs per year. Assuming that a CT scan of
the abdomen and pelvis generates 1.82 RVUs (61), this amounts
to approximately 34 scans per day. In 2010, McDonald et al (62)
reported that the average CT examination contained 679 im-
ages. By using this figure for the average number of images per
examination and a 7-hour workday (assuming a standard 8-hour
workday including a 1-hour lunch break), this leaves 1.1 seconds
for radiologists to look at each image. This presumes no breaks,
interruptions, consultations, or conferences; this is an unrealistic
scenario. Yu et al (63) recently reported that on-call radiologists
receive an average of 72 phone calls during a typical 12-hour
overnight shift, with an average total phone time of 108 min-
utes. If we allow 90 minutes for interruptions, breaks, consulta-
tions, and conferences, then radiologists are left with less than
1 second (0.86 sec) to read each image. Many studies (eg, CT
angiography) generate more than 1000 images per study, further
decreasing reading time per section. Modern imaging habitu-
ally requires radiologists to evaluate thousands of images during
cross-sectional interpretation (64).

We acknowledge that these calculations rely on estimations
and assumptions; however, the available evidence indicates that
reading an image in a cross-sectional study in less than a second
on average is the current standard of care in radiology, so imply-
ing that such behavior is negligent fails logic.

It is important to note that the American College of Radiol-
ogy does not currently have a practice parameter that addresses
minimum interpretation speed per image (9). This omission is
warranted given the current state of knowledge and, therefore,
any standard or practice parameter in this regard would not be
scientifically justified.

Will Caseload Reduction Decrease Error2

Although caseloads vary widely across radiology practices (65—
69), the numbers of studies and images that radiologists are re-
quired to interpret have been generally increasing. In one study,
the number of images requiring interpretation each minute of
every workday for staff radiologists grew from 2.9 in 1999 to
16.1 in 2010, an increase of over 550% (62). An exception is
the overall workload reduction that occurred in 2020 during the
COVID-19 pandemic (70).

Unfortunately, high caseloads have been found to be associ-
ated with increased interpretive error (71,72). Specifically, it is
often assumed that increasing case volume directly results in less
reading time per study, thus increasing error (12). In some cases
of extreme time pressure, this is unequivocally true: reduced
viewing time can lead to error (20). Cancers are more likely to
be missed on chest radiographs with viewing times of 1 second
or less versus 4 seconds or more (20). However, this pattern is
not linear: In some experimental settings, performance with 4
seconds is similar to unlimited viewing time (20). A further non-
linearity relates to visibility of the specific disease. Obvious can-
cers on radiographs are noticed almost all of the time, even when
viewed for only 250 msec, whereas subtle cancers are sometimes
missed even with unlimited viewing time (20). Therefore, the
available evidence suggests that appropriate reading times for
plain film imaging may range from 250-4000 msec per im-
age (where 4000 msec is equivalent to unlimited viewing time).
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Such a mandated range would serve no useful purpose, especially
because data obtained in conditions of extreme time pressure are
derived from laboratory experiments that do not reflect realistic
clinical reading scenarios.

Sokolovskaya et al (73) found that when attending radiolo-
gists read studies twice as quickly as their own baseline (based on
self-reported time), their rate of major misses increased by 166%
(3.2 vs 1.2 average misses in 12 studies). However, as others have
noted (74), this study tested only five radiologists (including
one who had fewer misses at the faster speed), and it is unclear
whether the findings might be replicated at a larger scale (75).
Because changes in performance were relative to individual base-
lines, it is sensible that any attempts to establish viewing-time
mandates should account for individual differences.

Hanna et al (71) found that shifts with errors (defined as
discrepancies between preliminary and final reports that affect
patient care) had an average of 13 examinations per hour * 6.1
(SD), whereas shifts without errors had an average of 11 exami-
nations per hour * 6.8, suggesting that an approximately 16%
reduction in reading speed decreased error. Moreover, in shifts
where at least one error was made, higher error rates were associ-
ated with larger volumes of examinations (71). However, this
study did not establish the precise conditions that were more
likely to result in error. For instance, examination volume and
reading speed might be linked in aggregate across a practice, al-
though not necessarily involving each individual radiologist.

As in other search tasks (36,39), the speed of radiologic search
and the accuracy of interpretation may vary widely with task
complexity (ie, the difficulty in accurately perceiving or inter-
preting the image) (76). Artificially slowing radiologists’ natural
reading speed may reduce patient access to radiologic analysis
(because radiologists will necessarily read fewer images per shift),
but it is not clear that it would consistently decrease error rates.
In a laboratory setting, Wolfe et al (77) found that slowing ob-
server responses in a nonradiologic low-prevalence target task
had no apparent effect on error rates. Instead, artificially slowing
down radiologists’ reading times could cause them to second-
guess correct findings or seek new and incorrect interpretations,
thus leading to new errors (19). Christensen et al (19) found
that residents’ observations toward the end of an image search
were more likely to result in false-positive findings than in true-
positive findings.

Would Shift Duration Limits Reduce Fatigue and
Errore

Fatigue, weariness, and depleted mental energy is prevalent in ra-
diology. Roughly half of radiologists report at least some degree
of fatigue or burnout (78), and that fatigue and other aspects of
burnout are increasing over time (79). Although fatigue often
coexists with sleepiness, only half of surveyed radiologists report
never or rarely being asked to read images when sleep deprived
(79). Instead, 36.0% report doing this sometimes, 13.5% report
doing this frequently, and 1.9% report doing this always.
Although increased shift duration increases fatigue, which
can affect performance, one study (80) found that simulated sur-
gical tasks were performed at a comparable level before and after
trauma residents worked 24-hour shifts. This is despite fatigue
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being both established at a physiologic level and reported subjec-
tively by the participants. This research did not, however, assess
analytical abilities such as those used in radiologic interpreta-
tion. Regarding radiologic tasks, one study from 1977—when
practices differed substantially from today—by Christensen
et al (81) found no impact on performance after 15-hour work-
days, though the results were confounded with differences in
experience. In 2010, Krupinski et al (82) investigated the effect
of fatigue on detection of easy- versus hard-to-detect bone frac-
tures on plain film images. The authors found that after a day
of diagnostic interpretation, readers had several issues compared
with before the onset of diagnostic reading: asthenopia (induced
myopia or nearsightedness because of long hours of reading im-
ages at close distances on computer monitors), more subjective
fatigue, and more visual strain. Moreover, detection accuracy
was lower for image reading in the late versus early parts of the
shift. Subsequently, the authors investigated fatigue in CT scan
interpretation during nodule detection and found that after a
day of reading, radiologists reported increased visual strain and
exhibited lower accuracy (83). In a study of almost 3 million
cases from a teleradiology practice, Hanna et al (71) found that
errors were most frequent around 9 hours into a shift. In a sim-
ulation-based study of critical care radiology, Sistrom et al (84)
found decreasing resident performance throughout an 8-hour
shift, reaching significance at 6 hours.

Even if fatigue (see Waite et al [85] for review) is a likely source
of error in radiology, its effects may be ameliorated without arbi-
trary time restrictions (86). For example, hourly breaks decrease
eye strain in radiologists (87). Other measures to reduce fatigue
focus on optimizing the ergonomic design of the reading envi-
ronment, such as by increasing ambient lighting and eliminating
glare (86,88). Time dedicated to mentoring, practice building,
continuing medical education, and reading physical journals
may also help decrease error by providing not only a break from
image viewing, but also by enhancing task-relevant knowledge
and capabilities. Ensuring that other colleagues are present at
the end of long shifts could reduce error by enabling fatigued
radiologists to obtain consultations and second readings.

Off-hour Shifts
Although hospital-based radiology is a 24-hours-per-day, 7-days-

per-week endeavor, work performed in the evening, overnight,
weekends, and holidays is collectively considered off-hours (89).

Patel et al (89) found that most board-eligible and certified
fellows made more interpretation errors in body CT examina-
tions at night than during the day, with the highest error rate
occurring in the second half of the night shift. Importantly,
these work assignments were well within Accreditation Coun-
cil for Graduate Medical Education guidelines to mitigate
fatigue (including duty hour standards, requirements for educat-
ing residents and faculty about recognizing and responding to
signs of fatigue and sleep deprivation, and programs to adopt
fatigue mitigation strategies such as naps). This diminished di-
agnostic performance, despite fatigue mitigation efforts and rela-
tively light caseloads (found in night vs daytime shifts), led the
authors to suggest that circadian misalignment may have been a
contributor (89). This study suggests that radiologists of all levels,
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and not only trainees, are susceptible to increased errors and
diminished performance when working off hours (90).

These findings notwithstanding, Hanna et al (91) noted that
residents exhibited decreased diagnostic discrepancies with in-
creased consecutive shifts. This suggests that trainees may either
acclimate to night work schedules, improve in accuracy because
of enhanced perceptual learning (practice), or both. In addition,
training during off-hour shifts may have potential benefits to the
robustness of clinical performance in difficult circumstances. We
propose that future research studies disentangle and measure the
respective and possibly conflicting contributions of fatigue and
perceptual learning to radiologic performance.

Individual Variability in Performance

Most of the studies described were primarily concerned with
average group performance with respect to accuracy and inter-
pretation times. However, both intra- and interradiologist per-
formance can be highly variable (72). Some radiologists may
be fast without compromising performance and some that are
slower may not be more accurate (13). Indeed, the number of
eye movements made, the locations they target, and visual at-
tention deployment are highly variable among experts. Wen et al
(92) found that certain saliency models performed better than
others regarding how well they agreed with individual radiolo-
gists’ eye positions during interpretation of chest radiography,
CT, and PET scans. This implies that different radiologists may
rely on different kinds of image information (eg, intensity, ori-
entation, edges) during a visual search. If so, then there may be
more than one optimal image analysis strategy. Research is re-
quired to determine the relative advantages of different strategic
approaches to visual search with different imaging modalities
and task conditions.

In addition, alignment between radiology subspecialty and
case mix (eg, thoracic vs neuroradiologists reading chest stud-
ies) may be important in determining a radiologist’s optimal
interpretive speed.

‘There is ongoing research to develop educational and practical
interventions to enhance radiologists’ perceptual and decision-
making skills (1-3,93). Importantly, any mandated limits may
be rendered inappropriate whenever new training is adopted, as
accurate performance may be achieved more quickly than before
the training, or if new methods require different approaches to
managing daily workloads.

Other Sources of Variability

Other sources of variability, such as practice setting, can play a
role in interpretive error rates. Is the radiologist reading stud-
ies from an outpatient center with fewer sick patients than a
tertiary cancer center? Are they reading complex multitrauma
cases? These will be central questions to address before set-
ting limits on practice. Further, environmental distractions
(eg, interruptions or presence of trainees) may also play a role
(94-96). There are too many unknowns to define, justify, or
defend work-duration limits. Without consideration of varia-
tion among radiologists and subspecialties, it may be impos-
sible to establish principled guidelines for what image viewing
durations optimize accuracy.
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Results of Mandated Resident Duty Hour Limits
The Libby Zion malpractice case (97) provided the impetus to

reform resident work hours and supervision. A state commission,
headed by Bertrand Bell, MD, was formed to address systemic
problems in residency training (98), and in 1989, New York
State 405 (Bell Commission) Workforce Regulations were en-
acted limiting residents to 80-hour work weeks (averaged over a
4-week period) and on-call shifts to no more often than every 3rd
night. On July 1, 2003, the Accreditation Council for Graduate
Medical Education, or ACGME, adopted resident duty hour
standards for all ACGME-accredited residency programs (99).

‘The motivation behind regulating work hours was the grow-
ing recognition that sleep deprivation can result in poorer resi-
dent performance. The expectation was that limits would have
a positive effect on patient care outcomes and resident quality-
of-life measures (100,101). However, despite the extensive
scientific evidence linking fatigue and impaired cognitive per-
formance, little empirical data were used to guide the design of
duty hour regulations (101). Indeed, in a letter to the journal of
the American Medical Association in 2007, Bell (102) reported
that the 80-hour rule was arbitrarily developed “on my porch”
by using “informal reasoning.”

Although shortened work hours for residents improved their
quality of life, encouraged better sleep, and caused less fatigue,
a meta-analysis of duty hour restrictions did not demonstrate a
uniform benefit to patient safety (100,101). Although any spe-
cific effects on radiology trainees are unknown, more broadly,
critics have suggested that duty hour restrictions result in less
continuity of coverage and abridged clinical exposure, resulting
in impaired physician training and patient care (103).

Practical Ramifications of Workload, Speed, and
Duty Hour Restrictions

Some have suggested shift limits of 8-10 hours (12) to amelio-
rate fatigue. The practical negative ramifications of any work-
flow or duty hours restrictions should not be underestimated,
however. Even in situations where radiologists are not mon-
etarily incentivized to read more studies, appropriate patient
care in modern practice mandates a certain level of productiv-
ity. Interpretation limits and shift length limits are mutually
inconsistent. Provided a certain number of cases, if radiolo-
gists slow their reading times, their workdays will necessarily
lengthen. Studies can be left unread, but that is not a practical
alternative. How unprincipled rules may affect the ability of
radiologists to manage clinical workload and the impact on pa-
tient care are important considerations.

Attending-level radiologists working off-hours make more er-
rors during night than during day assignments (89). The logical
solution to this problem would therefore be to either not read
studies overnight or, as Bruno suggested, to employ double read-
ing in the “cool light of morning by a fresh radiologist” (90). In a
systemic review of double reading, Geijer and Geijer (104) found
that the rate of discrepancy ranged from insignificant to over
22% depending on the study setting. In particular, double read-
ing by a subspecialist often led to high rates of changed reports.
Unfortunately, double reading in the United States, despite its
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long-recognized benefits in reducing interpretative error (105),
is not routinely practiced because it is time-consuming, requires
additional manpower, and the second read is not reimbursed
(106). Double-reading as a routine strategy will require an eco-
nomic shift in our medical system to absorb increased expense
and workload (because radiologists would have to read both day-
time cases and cases from the previous night).

Some centers have reported successful use of limited, or tar-
geted, double-reading of certain high-risk types of radiology
studies, despite the high cost. Whereas two radiologists would be
equally subject to perceptual error, it is unlikely that both read-
ers, working independently, would miss the same abnormality,
assuming such errors are random. A strategy of delayed double
reading is not optimal in all settings and will not solve the prob-
lem of delayed care when an overnight error that affects patient
treatment is not recognized until hours later.

Finally, it is important to note that 10 of the 32 fellows
(31%) in the study by Patel et al (89) had fewer errors at night
than during the day, indicating that consideration of individual
differences may be an optimal approach.

Potential Roles of Al

Al based on machine learning and paired with computer vi-
sion technology has the potential to serve as a second reader
in real time. Al and machine learning algorithms that are ei-
ther in development phase or currently available may be suf-
ficiently accurate at detecting abnormalities to augment hu-
man radiologists, thereby providing a safety net that improves
accuracy (107).

Indeed, some studies (108) surmised that convolutional
neural networks, which can produce a type of machine learn-
ing called deep learning, might help radiologists overcome per-
ceptual or cognitive biases and other human limitations such
as fatigue. Coppola et al (109) suggested that Al could “allevi-
ate radiologists’ traditional work burden,” reducing the impact
of increasing caseloads by offering “...new tools for quantita-
tive analysis and image interpretation...saving time and effort
during fatiguing and/or repetitive tasks.” For example, Lexa
and Jha (107) suggested that Al could do some of radiolo-
gists’ “mundane tasks of daily labor such as measuring lymph
nodes and lung nodules.” In addition, Al might be used to
improve the training of radiologists—that is, Al-empowered
education—by personalizing learning to maximize expertise
acquisition, leading to improvements in radiologists’ accuracy
(2,110). To our knowledge, however, no definitive proof exists
that the use of Al directly reduces fatigue, and its effect on the
caseloads of radiologists is unclear.

In a point-counterpoint series, Lexa and Jha (107) discussed
a hypothetical scenario in which Al can do 50% of the work
of radiologists. In this scenario, they note that to minimize
costs, corporate and other managed environments are likely to
reason that they need fewer radiologists—perhaps more than
half as many, but certainly fewer than before Al. The notion
that Al can do the work of radiologists might therefore lead to
an ironic scenario in which radiologists with Al support have
increased caseloads secondary to reduction of the employed ra-
diologist workforce.
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It is important to note that although there has already been
considerable research and development devoted to Al and ma-
chine learning image classifier systems in radiology, progress has
been slower than anticipated. Specific and narrow applications
for Al have achieved performance levels comparable with those
of humans (111). More importantly, studies that examine the
impact of Al tools on radiologists’ decisions and the ultimate ef-
fects of Al tools on patient care and outcomes are lacking. Early
research assessing Al tools seems to parallel many of the studies
conducted previously with computer-aided detection and com-
puter-aided diagnosis tools. Therefore, the impact of Al tools on
reader performance may vary because of a host of variables, in-
cluding image type, disease type and severity, reader experience,
and even the way in which the computer-aided detection (not
Al) prompts are presented to the observer.

Considerable research and development efforts regarding Al
and machine learning tools are underway and this technology is
promising. Combining Al and radiologist assessment can im-
prove accuracy compared with human interpretation alone and
is a feasible solution to directly addressing errors of interpreta-
tion (112), including errors from fatigue, high caseloads, and

off-hours shifts.

Future Studies

From a fundamental science perspective, further studies of how
radiologist performance changes with different workloads, ex-
pertise, fatigue, and time of day are crucial to understand vari-
ability between and within readers. Does a radiologist work at
the same speed and level of accuracy late on a Friday afternoon
and early on a Monday morning, after a weekend off or after
coming back from a week of vacation? The issue of assessing ra-
diologists’ productivity is not simple (113,114).

Research can help measure and optimize the accuracy of in-
dividual radiologists in several ways. One approach is to derive
utility curves of the cost-benefit tradeoff for accuracy versus
reading speed for each radiologist, in combination with a battery
of measures of oculomotor and decision-making performance.
These results could be used to optimize caseload and case type for
individual radiologists. This research will be needed at a consid-
erable scale to assess the relationship between speed and accuracy
for large numbers of radiologists across multiple practices and
specialties before any evidence-based recommendations can be
made regarding maximum caseload or minimum viewing times.

It is important to note that depending on the experimental
design, any conclusions drawn may be context specific. For ex-
ample, experimentally derived workload and duty limits may not
generalize to all situations (115). Reasonable standards will need
to be established separately for different image modalities (high-
vs low-complexity images) and clinical contexts (eg, isolated tele-
radiology vs in-person reading rooms with other radiologists).

Other studies could focus on peripheral factors that impact
performance. For example, research might also be aimed at im-
proving the environment in which radiologists perform their
tasks. Environmental distractions, such as interruptions, can de-
crease radiologists’ accuracy (94-96), and future studies could
test potential interventions that may reduce these distractions
(or otherwise minimize their effects on radiologists).
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Conclusion

Whether examined at a macro scale (number of studies per day)
(6) or a micro scale (images per unit time), what was true more
than 20 years ago remains true today: It is unknown how many
examinations or images radiologists can review in any period
while maintaining accuracy. Whereas we agree that regulation
may ultimately be required, arbitrary regulations that have no
scientific basis are potentially more harmful than not regulat-
ing at all. Making rules without reliable scientific evidence is
unprincipled and may fail to address the underlying problem
(eg, the 80-hour resident work-hour rule has not resulted in de-
creased medical error), but it can create additional unforeseen
problems such as an unacceptable backlog of unread images.
Unprincipled regulations can worsen performance for radiolo-
gists who perform at their peak while near the margins of normal
performance parameters, resulting in inadvertent exacerbation
of medical error and compromised patient care.
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