
Original research 
n

 Breast Im
agIng

Radiology: Volume 269: Number 1—October 2013 n radiology.rsna.org 61

Markers of good Performance 
in Mammography Depend on 
number of annual readings1 

Mohammad A. Rawashdeh, MSc
Warwick B. Lee, FRANZCR
Roger M. Bourne, PhD
Elaine A. Ryan, PhD
Mariusz W. Pietrzyk, PhD
Warren M. Reed, PhD
Robert C. Heard, PhD
Deborah A. Black, PhD
Patrick C. Brennan, PhD

Purpose: To explore relationships between reader performance 
and reader characteristics in mammography for specific 
radiologist groupings on the basis of annual number of 
readings.

Materials and 
Methods:

The institutional review board approved the study and 
waived the need for patient consent to use all images. 
Readers gave informed consent. One hundred sixteen 
radiologists independently reviewed 60 mammographic 
cases: 20 cases with cancer and 40 cases with normal 
findings. Readers located any visualized cancer, and levels 
of confidence were scored from 1 to 5. A jackknifing free 
response operating characteristic (JAFROC) method was 
used, and figures of merit along with sensitivity and spec-
ificity were correlated with reader characteristics by using 
Spearman techniques and standard multiple regressions.

Results: Reader performance was positively correlated with 
number of years since qualification as a radiologist (P 
 .01), number of years reading mammograms (P  
.03), and number of readings per year (P  .0001). The 
number of years since qualification as a radiologist (P  
.004) and number of years of reading mammograms (P 
 .002) were negatively related to JAFROC values for ra-
diologists with annual volumes of less than 1000 mam-
mographic readings. For individuals with more than 5000 
mammographic readings per year, JAFROC values were 
positively related to the number of years that the reader 
was qualified as a radiologist (P  .01), number of years 
of reading mammograms (P  .002), and number of hours 
per week of reading mammograms (P  .003). Number 
of mammographic readings per year was positively related 
with JAFROC scores for readers with an annual volume 
between 1000 and 5000 readings (P  .03). Differences 
in JAFROC scores appear to be more related to specificity 
than location sensitivity, with the former demonstrating 
significant relationships with four of the five characteris-
tics analyzed, whereas no relationships were shown for 
the latter.

Conclusion: Radiologists’ determinants of performance are associated 
with annual reading volumes. Ability to recognize normal 
images is a discriminating factor in individuals with a high 
volume of mammographic readings.
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for patient consent for the use of all 
images. Readers gave informed con-
sent. The work was performed at the 
2011 Royal Australian and New Zealand 
College of Radiologists Breast Imaging 
meeting in Hobart, Tasmania, Austra-
lia, between February 28 and March 
4, 2011.

Observer Population
A total of 116 board-certified radiolo-
gists participated in the study, and self-
reported demographic details in regard 
to their age, the number of years of ex-
perience after certification, the number 
of screening mammographic readings 
per year, and the number of hours per 
week of reading screening mammo-
graphic images are shown in Table 1.  
The mean age of readers was 50.7 
years, the mean number of years since 
qualification as a radiologist was 14.4, 
and the mean number of years of ex-
perience in reading mammograms 
was 10.9 years . The mean number of 
hours per week spent reading breast 
images was 12.2, with a mean of 4005 
mammographic readings per year.

Image Test Set
A test set containing 60 digital mam-
mograms was presented in the same 
order to each observer. Each case in a 
patient consisted of four images: a cau-
dal cranial and a mediolateral oblique 
projection of each breast. The cases 
were chosen by one of the authors 

(12), others have stressed that higher 
performance is linked to levels of ex-
perience as represented by years since 
certification, years of experience of 
reading mammograms, and hours of 
reading per week (9,10). Second, the 
need for radiologists to read an annual 
minimum number of mammographic 
images has not been consistently justi-
fied, even though a number of countries 
now state minimal levels (11,13–15). 
Barlow et al (5) and Miglioretti et al (9) 
demonstrated no relationship between 
the number of reads and performance, 
in contrast to the strong correlations 
reported by Reed et al (10). These dif-
fering results highlight the need for a 
more in-depth analysis on annual read-
ings (10).

The receiver operating characteris-
tic method has been the main method 
for most of the observer performance 
studies reported so far (16). In studies 
with the receiver operating characteris-
tic, the reader views and classifies each 
image as normal or abnormal (17), an 
approach that does not consider lesion 
location or allow for the identification 
of multiple abnormalities per image. 
The work reported here uses the jack-
knifing free response operating char-
acteristic (JAFROC) method, which 
addresses lesion location and multiplic-
ity and is more representative of how 
radiologists actually interpret images in 
clinical practice (18).

Through use of a large number of 
breast image readers, the aim of the 
current study was to explore relation-
ships between reader performance and 
reader characteristics in mammography 
for specific radiologist groupings on the 
basis of the annual number of readings.

Materials and Methods

The institutional review board ap-
proved the study and waived the need 

Technological advancements in 
mammography include the tran-
sition from screen-film to soft-

copy reading and the development of 
computer-aided diagnostic systems (1); 
however, cancer detection still depends 
on an individual reader’s interpretation 
(2–6). As long as radiologists interpret 
medical images, the human factor and 
its limitations on abnormality detection 
will continue to influence overall per-
formance. Errors in reporting can be 
caused by multiple factors, but it is es-
timated that perceptual factors account 
for 60% of all diagnostic errors in ra-
diology (7). A perceptual error is not 
a single entity but rather arises from 
three individual factors: inadequate 
knowledge to be able to search an im-
age properly, inability to recognize an 
abnormality, and faulty decision-mak-
ing as to whether an image entity is a 
normal variant or a pathologic lesion 
(8). Minimization of perceptual errors 
depends on the radiologist’s charac-
teristics, such as specialization and 
experience.

Previous researchers who focused 
on board-certified radiologists have 
looked at reader characteristics in 
terms of training and clinical experi-
ence; however, a number of unanswered 
questions remain (5,9–11). First, ev-
idence is conflicting as to which are 
the key characteristics. While one au-
thor has highlighted fellowship training 
in breast imaging as a key parameter 

Implication for Patient Care

 n Identifying causal agents for vari-
ability in the performance of 
reading mammograms is a first 
step toward optimizing diagnostic 
effectiveness.

Advances in Knowledge

 n Factors linked to poor perfor-
mance in mammographic report-
ing depend on volume of mam-
mographic readings per year.

 n The performance of individuals 
who read fewer than 1000 mam-
mograms per year decreased 
with an increasing number of 
years of reading mammograms 
(P  .002).

 n The variance among those who 
read more than 5000 mammo-
grams per year is linked to the 
ability to recognize normal 
images.
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Study Design
Readers were asked to assess images 
from the same 60 cases in patients to 
detect breast lesions on the images and 
to mark anywhere within the lesion 
with a confidence level ranging from 
one to five, with one representing com-
plete confidence that the image was 
normal and five representing complete 
confidence that a malignant lesion was 
present. If the observer could not de-
tect any lesions on an image, he or she 
marked it as normal (confidence rating 
1) and proceeded to the next image. 
The software was demonstrated to all 
readers before any readings, and no in-
formation was provided on the number 
of cases with abnormal findings or the 
number of lesions on the images. Once 
readers had made a decision on the ba-
sis of each image displayed as above, 
and because it was not possible to load 
the scoring software (Ziltron Technol-
ogies, San Diego, Calif) onto the work-
stations, they recorded their interpreta-
tion and located any lesions on a laptop 
that displayed the same images as those 
displayed on the reporting monitors, 
with all cancers being visible.

Data Analysis
JAFROC analysis was performed, and 
specificity and location sensitivity were 
calculated for the whole group of radi-
ologists. Specificity was defined by the 
fraction of cases with normal findings 
that were correctly identified. Loca-
tion sensitivity was determined by the 
distance of the mouse click from the 
center of the lesion. If the distance was 
within 2 cm, a correct decision was 
given. The mean scores of the three 
reader groups on these measures were 
compared by using a one-way analysis 
of variance and with Scheffé follow-up 
tests. Spearman correlations were 
used to correlate resulting values with 
age, number of years since qualifica-
tion as a radiologist, number of years 
of reading mammograms, number of 
mammographic readings per year, and 
number of hours per week of reading 
mammograms.

Additional analyses were performed 
to further assess key characteristics 
for specific mammographic reading 

60 m2 and 90 m2, respectively, with 
ambient lighting of 12–20 lux at the 
position of the reader, measured with 
a calibrated photometer (Model Kon-
ica Minolta CL-200; Konica Minolta, 
Ramsey, NJ). Walls were painted a 
light gray and brown matte color, 
with minimum specular reflection. 
All images were reviewed by using a 
workstation (Sectra, Linköping, Swe-
den; Hologic, Bedford, Mass), each 
driving a 5-megapixel reporting mon-
itor; one room featured the Sectra 
workstation, and the other, Hologic. 
The first workstation was linked to 
a monitor (MFGD 5621; Barco, Kor-
trijk, Belgium) driven by a video card 
(BarcoMed 5MP2FH; Barco), and 
the second displayed images by us-
ing a monitor (RadiForce G51; Eizo, 
Ishikawa, Japan) with a different video 
card (Matrox MED5MP-DVI; Dorval, 
Quebec, Canada). All monitors were 
calibrated to the Digital Imaging and 
Communication in Medicine gray-scale 
standard display function and displayed 
a maximum luminance within 5% of  
475 cd · m22, minimum luminance of 1.3 
cd · m22, and a contrast ratio of 365:1.  
To confirm consistency between worksta-
tions, radiologist JAFROC scores were  
compared; no differences were seen. 
Readers had unlimited time and were 
able to move through the image bank 
as they desired and change case re-
ports to correct any perceived errors 
they had made. Readers also had ac-
cess to a normal range of postprocess-
ing tools, including windowing, pan-
ning, and zooming.

(W.B.L., a senior radiologist responsi-
ble for assessing training, support, and 
quality and clinical policies of Breast-
Screen New South Wales) on the basis 
that they were typical screening cases. 
The test set was enriched with cases 
with abnormal findings. There were 40 
cases with normal findings and 20 cases 
with abnormal findings; the former 
were confirmed by two independent 
normal screen readings, review of the 
cases by two expert radiologists, and a 
follow-up negative screening mammo-
gram obtained 2 years later. The cases 
with normal findings were a mixture 
of cases with “pristine” normal find-
ings and cases with incidental benign 
lesions, such as calcified oil cysts, in-
tramammary lymph nodes, calcified 
duct ectasia, and typically benign cal-
cified fibroadenomas. The cases with 
“pristine” normal findings were chosen 
to reflect a normal screening caseload 
with regard to mammographic density. 
All 20 abnormal images contained a 
biopsy-proved malignancy (invasive 
cancer or ductal carcinoma in situ), 
with single and multicentric cancer in 
16 and four images, respectively; 16 
images contained mass lesions only, 
and four demonstrated calcifications. 
The level of difficulty ranged from sub-
tle to difficult, with the percentage of 
readers detecting individual lesions 
varying from 33% to 95%.

Reading Environments
To match the radiologic reporting en-
vironment, readings were conducted 
in two reading rooms that measured 

Table 1

Details on 116 Participating Readers, with Interquartile Ranges

Parameter Mean First Quartile Third Quartile Standard Deviation Interquartile Range

Age (y) 50.7 44 57 9 31–75
No. of years since qualification  

as a radiologist
14.4 8 20 8.4 1–42

No. of years of reading  
mammograms

10.9 4 17 7 1–30

No. of mammographic  
readings per year

4005 1500 5000 4076 200–25 000

No. of hours per week of  
reading mammograms 

12.2 3 20 11.3 1–40
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since qualification as a radiologist (P  
.01 and P  .04, respectively), number 
of years of reading mammograms (P 
 .03 and P  .04, respectively), and 
number of mammographic readings per 
year (P  .0001 and P  .0001, respec-
tively). Location sensitivity was also 
positively correlated with the number 
of mammographic readings per year (P 
 .04) (Table 3).

JAFROC, location sensitivity, and 
specificity for the three subgroups of 
the number of mammographic readings 
per year are summarized in Table 4, 
with significant findings summarized in 
Table 5. In particular, for readers who 
read fewer than 1000 mammograms per 
year, the number of years since qualifi-
cation as a radiologist and the number 
of years of reading mammograms were 
inversely related to JAFROC values (P 
 .004 and P  .002, respectively). 
On the other hand, for individuals for 

volumes by categorizing readers in 
three subgroups on the basis of the 
number of mammographic readings 
per year: fewer than 1000, 1000–5000, 
and more than 5000. The means and 
95% confidence intervals of the mean 
were calculated for JAFROC data, lo-
cation sensitivity, and specificity. With 
use of the Spearman test, the perfor-
mance of radiologists in each of these 
subgroups was then correlated against 
the same radiologists’ characteristics as 
described for the total group.

Significant univariate predictors (P 
 .05) were also entered for all three 
subgroups (,1000, 1000–5000, and 
.5000 mammographic readings per 
year) into standard multiple regres-
sions for the JAFROC data after check-
ing for multivariate outliers, normality, 
linearity, and homoscedasticity for each 
group. Regression R2 values were tested 
for significance by using F ratios. For the 
readers with an annual volume of fewer 
than 1000 mammographic readings per 
year, one multivariate outlier who had 
a significant Mahalanobis distance was 
excluded. Software (SPSS, version 21.0; 
SPSS, Chicago, Ill) was used for all sta-
tistical computations. Results with a 
P value of .05 or less were deemed to 
represent significant differences.

Results

The JAFROC scores appeared to be 
driven largely by increases in specificity 
because the groups did not differ in sen-
sitivity (Table 2). Correlation analysis 
demonstrated that, for JAFROC and 
specificity values, three key characteris-
tics were significantly linked to the radi-
ologist’s performance: number of years 

Table 2

Mean JAFROC, Location Sensitivity, 
and Specificity Values

Score Type Mean

JAFROC 0.78 (0.77, 0.80)
Location sensitivity 0.56 (0.53, 0.59)
Specificity 0.72 (0.69, 0.75)

Note.—Numbers in parentheses are 95% confidence 
intervals of the mean.

Table 3

Correlation Analysis of JAFROC, Location Sensitivity, and Specificity Values with 
Reader Parameters by Using Nonparametric Spearman Methods

Parameter

JAFROC Location Sensitivity Specificity

r Value P Value r Value P Value r Value P Value 

Age 0.05 .58 20.13 .13 0.11 .22
No. of years since qualification as a  

radiologist
0.22 .01* 0.034 .71 0.18 .04*

No. of years of reading mammograms 0.19 .03* 20.01 .90 0.19 .04*
No. of mammographic readings per year 0.28 .0001* 0.18 .04* 0.18 .0001*
No. of hours per week of reading  

mammograms 
0.08 .38 0.09 .31 0.07 .43

* Findings with a significant difference.

Table 4

Mean JAFROC, Location Sensitivity, and Specificity Values

Annual Volume of Readings

Mean

JAFROC Location Sensitivity Specificity

,1000 0.67 (0.62, 0.73)* 0.53 (0.45, 0.60) 0.60 (0.51, 0.70)†

1000–5000 0.79 (0.76, 0.81)* 0.57 (0.53, 0.61) 0.72 (0.68, 0.76)† 
.5000 0.86 (0.83, 0.88)* 0.59 (0.54, 0.64) 0.83 (0.80, 0.87)*

Note.—Annual volume of readings refers to annual number of mammographic readings. Numbers in parentheses are the 95% 
confidence intervals of the mean.

* Values are significant from each other (P , .001), except where otherwise indicated by the dagger symbol.
† P = .014.

whom the annual number of mam-
mographic readings was greater than 
5000, JAFROC values and specificity 
were positively related to the number 
of years since qualification as a radi-
ologist (P  .01 and P  .01, respec-
tively), along with the number of years 
of reading mammograms (P  .002 
and P  .03, respectively) and total 
number of hours per week of reading 
mammograms (P  .003 and P  .003, 
respectively). For readers with an an-
nual volume between 1000 and 5000 
mammographic readings, JAFROC 
scores were significantly related only to 
number of mammographic readings per 
year (P  .03).

For readers with an annual volume 
of fewer than 1000 mammographic 
readings per year, multiple regression 
analysis suggested that a combina-
tion of the number of years of reading 
mammograms and the total number of 



Radiology: Volume 269: Number 1—October 2013 n radiology.rsna.org 65

BREAST IMAGING: Performance in Mammography and Number of Annual Readings Rawashdeh et al

(13), 2000 readings in Canada (but 2500 
readings in the province of British Co-
lumbia) (11), and 5000 readings in the 
United Kingdom (14). While these var-
iations are substantial, evidence justify-
ing such global differences is scant. In 
Australia, this number is based on good 
evidence from other researchers (11), 
and a recent article by our group (10) 
demonstrated that those radiologists 
with more than 2000 mammographic 
readings per year outperformed those 
with less than 1000 mammographic 
readings per year, with annual reading 
volumes of more than 5000 mammo-
graphic readings per year not neces-
sarily yielding any additional advantage. 
It is important that the number is not 
seen as a guarantee of minimum qual-
ity, as the heterogeneity of reader char-
acteristics and experience, even when 
minimum reading values are stated, is 
considerable, and it is possible that a 
reader who has appropriate experience 
but who has a current annual volume of 
less than 1000 mammographic readings 
per year can outperform a reader with 
an annual volume of more than 5000 
mammographic readings per year. It 
is therefore necessary to explore, at a 
greater level than has been done pre-
viously, other key experiential factors 
that can affect performance, even when 
radiologists are grouped according to 
their reading volume per year.

The most obvious observation from 
the current work is that radiologists 
who read fewer than 1000 mammo-
grams per year appear to have lower 
performance scores than those who 
read more than 1000 mammograms per 
year. This finding is in agreement with 
data in previous reports (11); however, 
this study has shown that, whatever the 
characteristics or experiences of radiol-
ogists, no factor appears to compensate 
for a low level of an annual volume of 
readings. Within individual groups of 
radiologists classified on the basis of the 
volume of readings, some interesting 
correlations have been demonstrated. 
First, readers with an annual reading 
volume of less than 1000 mammo-
graphic readings demonstrate reduced 
performance with increased years of 
reading mammograms. This inverse 

Table 5

Correlation Analysis of JAFROC, Location Sensitivity, and Specificity Values for 
Specific Radiologist Groupings

Parameter and Annual Volume  
of Readings

JAFROC Location Sensitivity Specificity

r Value P Value r Value P Value r Value P Value

Age
 ,1000 readings 20.47 .06 20.36 .15 20.18 .47
 1000–5000 readings 0.01 .92 20.11 .39 0.07 .56
 .5000 readings 0.11 .56 20.19 .25 0.02 .22
No. of years since qualification as a  

 radiologist
 ,1000 readings 20.65 .004* 20.22 .18 20.41 .09
 1000–5000 readings 0.24 .059 0.08 .51 0.2 .12
 .5000 readings 0.40 .01* 20.06 .72 0.38 .01*
No. of years of reading mammograms 
 ,1000 readings 20.69 .002* 20.33 .18 20.38 .12
 1000–5000 readings 0.01 .88 0.01 .99 0.11 .37
 .5000 readings 0.47 .002* 0.01 .94 0.33 .03*
Total no. of mammographic  

 readings per year
 ,1000 readings 0.06 .79 0.04 .85 20.18 .49
 1000–5000 readings 0.29 .03* 0.21 .09 0.04 .73
 .5000 readings 0.06 .68 0.07 .63 0.35 .03*
No. of hours per week of reading  

 mammograms 
 ,1000 readings 20.3 .24 0.07 .78 20.33 .18
 1000–5000 readings 20.10 .4 0.11 .37 20.10 .43
 .5000 readings 0.46 .003* 0.09 .56 0.46 .003*

Note.—Annual volume of readings and readings refer to annual number of mammographic readings.

* Findings with a significant difference.

hours per week of reading mammo-
grams were more accurately predictive 
of JAFROC figures of merit than was 
either variable alone. The weights for 
the predictors were negative, with R2 
of 72% (F = 16.91, df = 2,13, P  .001). 
The equation was JAFROC = 0.863 2 
(Y ⋅ 0.013) 2 (H ⋅ 0.007), where Y is 
number of years of reading mammo-
grams and H is the number of hours 
per week of reading mammograms.

For readers with an annual volume 
of more than 5000 mammographic 
readings per year, the same combina-
tion of predictors was significant, R2 of 
33% (F = 8.34, df = 2,34, P  .001). 
However, in contrast to readers with 
an annual volume of fewer than 1000 
mammographic readings per year, the 
weights for the predictors were pos-
itive. The equation was JAFROC = 
0.773 + (Y⋅ 0.004) + (H ⋅ 0.002).

For readers with an annual vol-
ume between 1000 and 5000, only the 
number of mammographic readings 
per year emerged as a significant pos-
itive predictor (F = 5.35, df = 1,58, P 
 .024), with a comparatively low R2 
of 8.2%. The equation was JAFROC = 
0.728 + (0.00002959 ⋅ M), where M is 
the number of mammographic readings 
per year.

Note that all constants are signifi-
cantly different from zero (P , .001).

Discussion

The minimum annual volume of mam-
mographic readings per year is used as 
a desirable level of experience in many 
world regions; however, this minimum 
value can vary substantially: 960 read-
ings during a 2-year period in the United 
States (12), 2000 readings in Australia 
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with the picture archiving and communi-
cation system software. Third, although 
the r values were larger when individ-
uals were allocated to volume-depen-
dent groupings (up to 20.69) compared 
with the single overall grouping, these 
values generally remained low. Fourth, 
we cannot rule out that radiologists who 
performed less well avoid interpreting 
mammographic images and that low 
volume is not necessarily driving the 
outcome of low performance. Finally, 
comparisons with prior images were not 
included, and this lack comparison could 
have influenced results.

In conclusion, the current work 
demonstrates that reading volumes are 
associated with reader performance 
variations; however, examination of in-
dividual readers grouped according to 
different levels of reading volumes dem-
onstrates other key agents that affect 
performance. The ability to recognize 
normal images is an important discrim-
inatory function in individuals who read 
high volumes of mammograms.
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