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Abstract Highly complex medical documents, including ul-
trasound reports, are greatly mismatched with patient literacy
levels. While improving radiology reports for readability is a
longstanding concern, few articles objectively measure the
effectiveness of physician training for readability improve-
ment. We hypothesized that writing styles may be evaluated
using an objective two-dimensional measure and writing
training could improve the writing styles of radiologists. To
test it, a simplified “grade vs. length” readability metric is
developed based on results from factor analysis of ten read-
ability metrics applied to more than 500,000 radiology re-
ports. To test the short-term effectiveness of a writing

workshop, we measured the writing style improvement before
and after the training. Statistically significant writing style
improvement occurred as a result of the training. Although
the degree of improvement varied for different measures, it
is evident that targeted training could provide potential bene-
fits to improve readability due to our statistically significant
results. The simplified grade vs. length metric enables future
clinical decision support systems to quantitatively guide phy-
sicians to improve writing styles through writing workshops.
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Introduction

The radiology report, one important type of complex medical
document, is the primary record of the interpretation of imag-
ing procedures. Classically, this document serves as the basis
of communication between radiologists and ordering physi-
cians. However, a recent regulatory push is to provide patients
access to health records (including radiology reports) with the
aim of keeping patients and patients’ family better informed.
Ultimately, this information is intended to empower patients to
make informed decisions and to improve healthcare outcomes
[1]. To achieve the aims of open access, making medical re-
ports comprehensible to patients is critical [2, 3].

Improved accessibility does not necessarily lead to im-
proved understanding. For most patients with little or no med-
ical literacy, understanding a typical medical report can be
challenging [3, 4]. This mismatch between relatively low pa-
tient literacy levels and highly complex medical documents,
including radiology reports, is a longstanding, recognized
problem [5, 6]. While previous studies found many medical
documents and educational materials were written at college
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level or above [7, 8], the US census indicates the average US
adult reads at the 7th to 9th grade level [4, 6].

Readability measures have been developed in evaluat-
ing the literacy level of medical documents. Reading
grade-level metrics (e.g., Flesch-Kincaid, Gunning Fog,
Coleman-Liau, and automated readability index) are ef-
fective for characterizing the reading grade levels of med-
ical education materials [9], clinical trial results [10], pa-
tient consent [11], and cancer screening announcement
[12] as well as radiology reports [13]. Besides, more so-
phisticated natural language processing (NLP) metrics
have also been implemented to evaluate readability. For
example, part-of-speech (POS) tagging and function-word
extraction are useful in assessing a medical report gram-
matically [13, 14]. However, POS tagging is likely to be
error prone when parsing text full of abbreviations and
numbers, which are typical of radiology reports [15].
Such errors can propagate and falsely indicate sentence
levels up to 2.5 times [16]. Among all POS errors, noun
phrase errors are particularly predominant (7% error rate),
contributing greatly to misunderstanding medical terms in
radiology reports, which are primarily noun phrases [15].
Therefore, traditional lexicon-based readability measure-
ments are still overall more reliable than sophisticated
NLP metrics for readability assessment.

Despite the feasibility demonstrated in previous re-
search [17], two major limitations constrain improving
radiologists’ writing for better patient comprehension.
First, most study analyses were limited to a relative small
number of a few hundred documents. Only one study used
a large dataset (about one million records). However, the
documents in this study (doctors’ referral letters and
MedlinePlus articles [18]) were less complex than ultra-
sound reports. Second, although a 2014 study discovered
some demand from patients to provide radiologists with
training to improve the written radiology reports [19],
little effort has materialized. Empirical evidence is needed
to verify that “radiologists’ reports can substantially im-
prove with training and rapid feedback” [19].

This study is the first to design a user experiment to
assess the effects of training aimed at improving radiolog-
ical writing styles. Unlike previous studies that relied on
direct readability metrics or NLP measurements, we intro-
duced an interpretable metric, “grade vs. length” writing
style, to quantitatively assess writing styles before and
after a planned training. The grade vs. length metric was
derived from factor analysis of 10 previously reported
readability indices. Finally, we trained 14 radiologists
through two rounds of user experiments for written com-
parisons. Changes in writing style of each participating
radiologist were quantified, visualized, and statistically
tested to provide firsthand evidence on training
effectiveness.

Materials and Methods

Data

In this study, ultrasound reports were used as a subset of a
larger corpus of radiology reports. We only included ultra-
sound reports from children evaluated between January 2012
and December 2014. Radiology reports from our hospital’s
electronic medical record (EMR) system through Epic (Epic
Systems, Inc.) were extracted resulting in about a half million
eligible ultrasound reports.

Preprocessing of ultrasound reports was necessary to cull
some sections, which are not relevant for patient understand-
ing. The ultrasound report structure of most US hospital sys-
tems include the following sections: patient information,
technique, contrast, comparison, findings, and impressions
[20]. Our study focused on the ultrasound report “impres-
sions” section, which summarizes the ultrasound results of
greatest interest to patients (e.g., information about findings,
diagnoses, and recommendations). We excluded other sec-
tions from our analysis since those sections are basically in
support of the “impressions” section claims.

Data Preparation

To extract the “impressions” section, a customized regular
expression (regex)-parser was implemented. The regex-
parser detects section headings as boundaries (e.g.,
FINDINGS and IMPRESSIONS; usually in plural form, in
capitals, and followed by a colon), based on which the content
in between can be extracted. A regex-parser is sufficient in our
case because section boundary markers were systematically
designed by our physician lab and were formulated as tem-
plates for constructing new reports. The section marker
“IMPRESSIONS:” was unique throughout the text of an ul-
trasound report.

Text inputs that are irrelevant for readability analysis in the
“impressions” section were removed. Such inputs include
placeholder characters and signature lines. The placeholder
characters, which often appeared at the beginning of a sen-
tence, are composed of markers such as “1.” and “A.”.
Signature lines such as “I, <name of physician>, have super-
vised …” were also removed also using a customized regex-
parser.

Readability Measures

Prior to characterizing the writing styles of radiologists at our
hospital, we established 10 recognized readability measures
(Table 1). Complex words (relating to measures 3 and 5) are
defined as words with three or more syllables. Other measures
are considered self-explanatory by their names and full
definition.
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Since not all reading grade-level formulas use the same
type of lexical information for calculation, different readabil-
ity measures in Table 1 may represent slightly different as-
pects of readability. For example,Coleman Liau and automat-
ed readability index (ARI) measures rely on the number of
characters instead of number of syllables for calculation.
Although measures 7–10 were calculated based on measures
1–6, measures 1–6 uniquely differ from the derived readabil-
ity grade-level measures.

Previous studies utilized more sophisticated NLP measures
including POS tags and parsing score of a sentence for read-
ability evaluation [13–15, 21]. However, given that our ultra-
sound corpus embodies many incomplete sentences, missing
and misplaced apostrophes, abbreviations, and spelling errors,
our initial experiment found the use of these sophisticated
NLPmeasures ineffective and subject to largemargin of errors
for processing. Such unstandardized text may be acceptable
and appropriate for human-to-human communication, but
poses serious challenges to accurate NLP processing.

Factor Analysis and Writing Style

Factor analysis, a common dimensionality reduction tech-
nique, can reduce a set of variables to a smaller set of orthog-
onal components—called factors [22]—and is effective in re-
ducing the dimensions of numeric data [23]. To determine if
the 10 readability measures in Table 1 could be reduced to two
variables as in a two-dimensional space, we applied factor
analysis.

Factor analysis was adopted for two reasons. First, group-
ing by factor analysis allows us to select the most relevant
readability measures to derive a writing style metric, a two-
dimensional representation based on factor analysis results. A
metric could be easily visualized and become more under-
standable by clinicians in a two-dimensional space than in a
multi-dimensional space. Second, through factor analysis, we
could pair down the number of measures so that a few selected
metrics could be targeted in the radiology workshops.

We selected two factors that account for 91% of the vari-
ability in our data [24] and, based on correlations between
these factors and the original 10 readability measures, divided
the 10 readability measures into two primary groups:
Section Length and Composite Grade Level. See the
“Results” section for details.

Physician Training for Improving Writing Styles

To evaluate the effectiveness of training for improving writing
styles toward better comprehension, we selected two ultra-
sound cases and conducted two rounds of experiments with
our 14 participating radiologists. The two randomly selected
ultrasound cases included one relatively simple image and one
relatively complex image, as determined by the head of the
radiology department.

To compare the results before and after the training, we
designed two rounds of experiment. In the first experiment,
the 14 radiologists were asked to write the impression section
for each of the two ultrasound cases. To ensure the results
were representative of their normal writing style, we presented
the task to the participants without the knowledge of the fol-
lowing training and second experiment.

Following the first experiment, the authors presented to the
participating radiologists a 1-h workshop, which emphasized
writing style characterization and effective radiology report
writing such as simple sentence structure and brevity [19]
and how to write more effectively without losing critical in-
formation [20]. The workshop encouraged the use of simpler
words and phrases and less complex sentence structures to
enhance readability. Also, during the 1-h workshop, radiolo-
gists received their own readability scores on the two
ultrasound-report cases and a summary of how one radiolo-
gist’s writing style compared to another.

The second experiment followed within 2 weeks after the
workshop. All participants were again asked to write the im-
pression section on the same two cases using the principles
learned during the training. Additionally, we asked

Table 1 Readability measures of
ultrasound reports ID Measure Type Definition/formula

1 Number of Characters (NC) Lexical Length in character.

2 Number of Syllables (NS) Lexical Total number of syllables in a sentence.

3 Number of Complex Words (NCW) Lexical Number of words with 3 and more syllables.

4 Section Length (SL) Lexical Number of words in the Bimpression^ section.

5 Percentage of Complex Words (PCW) Lexical NCW/SL.

6 Average Syllables per Word (ASW) Lexical NS/SL.

7 Flesch-Kincaid (FK) Grade level 0.39 * SL + 11.8 * NS / SL − 15.59.

8 Gunning Fog (GF) Grade level 0.4 * (SL + 100 * NCW / SL)

9 Coleman-Liau (CL) Grade level (5.89 * NC / SL) − (29.6 / SL) − 15.8

10 Automated readability index (ARI) Grade level 4.71 * NC / SL + 0.5 * SL − 21.43
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participants to fill out a survey after the second experiment.
The results of the survey were purposed to facilitate the design
of workshops in the future.

We tested each of the two cases for statistically significant
changes in writing styles. Paired T tests, as a parametric mea-
sure, were used to gauge the significance of writing style
change. Since we only have a relatively small group of 14
radiologists participating in the study, we also employed
Wilcoxon signed-rank test, as a non-parametric alterative, to
further confirm the results in the T test.

Results

Writing Styles Quantified by Section Length
and Composite Grade Level

To develop the writing style metric, we used all “impressions”
sections to date written by 25 radiologists at our hospital be-
tween 2012 and 2014, which included about 500,000 narra-
tives. Ten readability measures were calculated for each nar-
rative, and a statistical summary of the results is reported in
Table 2 along with factor analysis results. In Table 2, the
median value of each measure, its standard deviation, and
the interquartile range are reported.

Factor analysis resulted in two factors which were later
used to construct the two dimensional writing style metric.
Factor 1, primarily representing and correlating with the
length of the section, explained 55% of total variance in the
data, while factor 2, primarily representing readability mea-
sures, explained an additional 36% of variance. In total, two
factors explained 91% of the variance indicating these extract-
ed factors were good surrogates of the original 10 variables.

Readability loadings for factors 1 and 2 are reported in the
last two columns of Table 2. As noted in the bolded measure
loadings, factor 1 is driven primarily by measures 1–4, and
factor 2 is driven primary by measures 5–10.

In order to simplify the interpretation of our statistical anal-
ysis results, we decided to base the analysis on two character-
istic measures, one representing measures 1–4 and the other
representing measures 5–10. Measure 4, Section Length (SL),
was selected to represent the first group and Composite Grade
Level (CGL) was derived to represent the second group where
CGL is calculated as follows:

CGL ¼ FK þ GFþ CLþ ARIð Þ=4

where Flesch-Kincaid (FK), Gunning Fog (GF), Coleman-Liau
(CL), and automated readability index (ARI) are specific mea-
sures 7–10, respectively.

The correlation between variables in each group and the
corresponding characteristic measure showed that the two
characteristic measures are good representations. The correla-
tions between SL and Number of Characters (NC), Number of
Syllables (NS), and Number of Complex Words (NCW) were
0.99, 0.92, and 0.98, respectively (all p < 0.01). The correla-
tions between CGL and Percentage of Complex Words
(PCW), Average Syllables per Word (ASW), FK, GF, CL,
and ARI were 0.81, 0.84, 0.95, 0.90, 0.92, and 0.95, respec-
tively (all p < 0.01). However, the correlation between two
characteristic measures SL and CGL is only −0.05 (p = 0.01).
Although the p value of 0.01 implies a statistically significant
correlation, it is probably due to the large sample size we have
and the small correlation coefficient indicates that the correla-
tion is of only small practical significance.

Finally, a coordinate pair (x, y) where x is SL and y is CGL
is representative of a physician’s writing style and is calculat-
ed as the average of the two writing style analyses on each of
the reports written by that physician. The difference in writing
styles among physicians can therefore be characterized by the
distances between the dots on a grade vs. length plot. Further,
the magnitude of change before and after training can also be
indicated by the direction and length of the movement of the
same dot representing the same physician (Fig. 1).

Table 2 Readability statistics
and factor analysis results on
500,000 ultrasound radiological
reports

ID Measure name Median (IQRa) Standard deviation Factor 1b Factor 2b

1 Number of Characters (NC) 147(85, 244) 144 0.996 0.035
2 Number of Syllables (NS) 45(26, 75) 44 0.988 0.107
3 Number of Complex Words (NCW) 7(4, 11) 7 0.860 0.371
4 Section Length (SL) 21 (12, 36) 22 0.976 −0.129
5 Percentage of Complex Words (PCW) 0.32(0.25, 0.39) 0.13 −0.139 0.915
6 Average Syllables per Word (ASW) 2.13(1.95, 2.35) 0.39 −0.215 0.939
7 Flesch-Kincaid (FK) 14(12, 17) 5 0.185 0.937
8 Gunning Fog (GF) 17(14, 20) 5 0.213 0.895
9 Coleman Liau (CL) 21(18, 24) 5 0.131 0.885
10 Automated readability index (ARI) 16(14,19) 4 0.309 0.876

a IQR, interquartile range is defined as between the 25th and 75th percentile and the median is the 50th percentile.
b Italicized numbers indicate the larger value of the loadings for the two factors of each variable. The variable is
best represented by the factor with the larger loading value.
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Writing Style Improvements

Each radiologist’s writing style is represented as a dot in Fig. 1
with the x-axis representing the section length and the y-axis
representing the composite grade level. Improvements in writ-
ing style are suggested by the direction and the distance of
change between the before-training symbols (dots) and the
after-training symbols (triangles) for each radiologist. The
numbers by the symbols are the unique identifiers for each
radiologist across experiments to maintain anonymity.

As expected, most dots moved left and down (i.e., shorter
section length and lower composite grade level after training,
respectively). The length of the arrow indicates the degree of
change (greatest for radiologists no. 3 in section length and no.
4 in grade level; Fig. 1). While radiologist no. 8 did not make
any changes between experiments, this radiologist’s style is
already characterized by concise writing limiting room for
change in the second experiment although grade level
remained high. Generally, those who wrote briefer sections
and at lower grade level in the first round would understand-
ably have less room for improvement.

Both parametric Student T tests and Wilcoxon signed-rank
tests showed statistical significance in writing style change on
both dimensions of SL and CGL (Table 3). After Bonferroni
correction, the p values for both tests are still significant. The
Bonferroni correction adjusts the significance level by

dividing 0.05 by the number of individual tests. In this case,
the significance level for each individual hypothesis is 0.05/
2 = 0.025. The initial position of radiologist no. 3 represented
a potential outlier for our analysis; but the Wilcoxon signed-
rank test, which is robust to such potential outliers, confirmed
the results from the T test.

Before the training, the average section length was 23
words and the average reading grade level was grade 16. To
read and understand text at this level, a graduate level of ed-
ucation or above is needed. After the training, the average
section length decreased to 15 words and the average reading
grade level dropped to college level (grade 14). A 1-h work-
shop emphasizing writing style and readability saw a 35%
improvement in brevity (section length reduction) and 13%
improvement in lowering grade level (grade level reduction),
both of which are statistically significant.

Survey of Radiologists’ Attitudes Toward Writing Training

When surveyed after the training workshop, all participating
radiologists agreed that one’s writing styles could be changed
(Table 4). A majority (57%) believed that a change of writing
style need not compromise accuracy. Also, most (71%)
believed writing styles for communication with both
physicians and patients could be optimized. Finally, most
(64%) believed that training in improved writing styles
could help improve patient comprehension.

Discussion

To evaluate the writing styles by radiologists, we developed a
two-dimensional metric which was easy to visualize and in-
terpret. Twowriting samples from 14 radiologists were used to
detect any writing style change due to a 1-h workshop on
improving written readability.

Before the training, radiologists wrote reports at an ad-
vanced college level (grade 16) on average and dropped to
an early college level (grade 14) after training. This statistical-
ly significant but small change observed in reducing the grade
level suggests either significant resistance and/or further chal-
lenge to continue lowering the grade level of radiology read-
ing materials while maintaining the critical information in the
report. By comparison, section length is a more tangible mea-
sure and is relatively easier to improve (a 35% reduction in
section length was achieved in this study). Such an observa-
tion, previously not available, suggested that ultrasound re-
ports at our hospital were written at a level that was beyond
the expected reading level of average patients (grade 7–9) and
effective trainingmay potentially narrow this gap based on the
available amount of the contrast experiment data that were
collected in this research [19].

Fig. 1 Writing style change before and after training for radiologists

Table 3 Statistical testing of writing style change for results before and
after training

Paired variable
(before minus
after)

Paired
differences
mean (95%
confidence
interval)

T test
p value
(2-
tailed)

Wilcoxon
signed-rank p
value
(2-tailed)

Section length 8.75 (1.36, 16.14) 0.024 0.006

Composite grade
level

2.01 (0.34, 3.69) 0.022 0.007
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Unlike previous studies [25], we added section length as a
separate metric for evaluating readability in combination with
grade level. Although prior research on health literacy and
readability indicated that shorter is “always” better for com-
prehension [19, 26], in radiology report writing, shortening is
not always easy as one often needs to interpret and clarify
findings and additional explanation tends to lengthen the pas-
sages. Therefore, it is still a meaningful yet non-trivial effort to
improve brevity.

By comparison, our results also suggest that lowering the
reading grade level may be potentially more challenging. To
lower the reading grade level, we may need additional hours
of professional training; or we may need to overcome schol-
arly reticence (43%; Table 4) to “dumbing down” the lan-
guage for fear of compromising accuracy in these technical,
medical reports; or both. Regardless, shortening section length
is a viable goal for improving readability of ultrasound report
in the patient population.

Our study was the first to carry out a contrast experiment to
gauge the change in readability of ultrasound reports due to
training radiologists in simpler writing styles. Despite the rel-
atively limited number of samples collected from our partici-
pants, the writing style changes observed were statistically
significant. In addition, responses from the radiologists in
the post-experiment surveywere a consensus that writing style
could be improved and most agreed that writing workshops
could be a useful tool in helping radiologists attain readability.
Overall, our results supported our claim that writing styles of
radiologists could potentially be improved through targeted
training.

Limitations

Our findings were subject to several limitations. First, tradi-
tional readability measures are designed to be focusing on
lexical complexity rather than the comprehension of the text
[27, 28]. Health literacy measures, such as the Test of

Functional Health Literacy in Adults [29], are alternatives that
focus on comprehension (patient-centered). To implement
such health literacy measures, however, would have required
us to recruit patients for the study. Interacting with both order-
ing physicians and patients and designing two separate exper-
iments was beyond the scope of our study.

Moreover, we have not explored the difference in the fre-
quency of use between everyday language and medical lan-
guage. Such frequency measures have not been previously
explored to study medical literacy, but previous studies sug-
gest that frequently used words are more comprehensible than
less frequent ones such as medical jargons [30, 31]. However,
research on which medical terms are used more frequently is
scant. Therefore, incorporating frequency of use into studies is
challenging [13].

Finally, observed training effect may be short-term due to
our limited time and scope of training. We have not been able
to collect empirical data big enough to determine the long-
term effect of training. Since this study was performed at a
single site, our methods also may need to be adjusted to gen-
eralize for other institutions. Also, given the innate differences
in individuals’ writing styles and learning curves, the degree
of writing style change as a result of workshop training could
vary (Fig. 1).

Conclusions

Our study demonstrated the feasibility and effectiveness of
conducting writing workshops to improve the readability of
ultrasound reports at a level meant to communicate with po-
tential non-clinical readers. Based on factor analysis of ap-
proximately 500,000 radiology reports, we characterized each
radiologist’s writing style using a two-dimensional represen-
tation based on composite reading grade level and section
length. By conducting evaluations in writing styles before
and after training, we could effectively measure the efficacy

Table 4 Physician attitudes
regarding writing style and
training for radiologists

Question Yes No

Do you think one’s writing style can be changed? 14

(100%)

0

(100%)

Do you think the change of writing style will eventually compromise accuracy? 6

(43%)

8

(57%)

Do you think there is an optimal writing style for communication with physicians? 10

(71%)

4

(29%)

Do you think there is an optimal writing style for communication with patients? 10

(71%)

4

(29%)

Do you think some training in writing reports will help you improve your writing style to
be more easily understandable by patients?

9

(64%)

5

(36%)
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of the training program. Despite the high reading complexity
of ultrasound reports, the empirical evidence suggested a via-
ble though challenging writing style improvement pathway
for radiologists. Additional time in training may be warranted
to affect even greater improvement. However, our 1-h training
session was effective, efficient, and statistically significant in
making improvements possible without affecting the primary
message communicated in the report according to the head of
the radiology department.

The clinical impact of using the simplified grade vs.
length metric enables implementation in future clinical
decision support systems, possibly as ambient quality
measures for real-time feedback or in a dashboard for
periodic physician review. Future research is needed to
determine how the linguistic variables identified in this
study influence patients’ understanding of their condi-
tions, utilization of the healthcare system, and ultimately,
clinical outcomes. We encourage researchers to apply the
methods used in this study to a broader range of clinical
writings and to experiment with additional measures that
account for reader comprehension.
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