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Impact of computer-aided detection prompts on the sensitivity
and specificity of screening mammography
*

P Taylor,1 J Champness,2 R Given-Wilson,3 K Johnston4 and H Potts5
1

Centre for Health Informatics and Multiprofessional Education (CHIME), Royal Free and University College
Medical School, London, UK
2
Cancer Services Collaborative, St George’s Hospital, London, UK
3
Radiology Department, St George’s Hospital, London, UK
4
Scottish Executive, Edinburgh, UK
5
Adamson Centre, St Thomas’ Hospital, London, UK
* Corresponding author
Objectives: To determine the value of computer-aided
detection (CAD) for breast cancer screening.
Design: Two sets of mammograms with known
outcomes were used in two studies. Participants in
both studies read the films with and without the benefit
of a computer aid. In both studies, the order of reading
sessions was randomised separately for each reader.
The first set of 180 films, used in study 1, included 20
false-negative interval cancers and 40 screen-detected
cancers. The second set of 120 films, used in study 2,
was designed to be favourable to CAD: all 44 cancer
cases had previously been missed by a film reader and
cancers prompted by CAD were preferentially
included.
Setting: The studies were conducted at five UK
screening centres between January 2001 and April 2003.
Participants: Thirty radiologists, five breast clinicians
and 15 radiographers participated.
Interventions: All cases in the trial were digitised and
analysed using the R2 ImageChecker® version 2.2.
Participants all received training on the use of CAD. In
the intervention condition, participants interpreted
cases with a prompt sheet on which regions of
potential abnormality were indicated.
Main outcome measures: The sensitivity and
specificity of participants were measured in both
intervention and control conditions.
Results: No significant difference was found for
readers’ sensitivity or specificity between the
prompted and unprompted conditions in study 1
[95% confidence index (CI) for sensitivity with
and without CAD is 0.76 to 0.80, for specificity it is

0.81 to 0.86 without CAD and 0.81 to 0.87 with CAD].
No statistically significant difference was found
between the sensitivity and specificity of different
groups of film reader (95% CI for unprompted
sensitivity of radiologists was 0.75 to 0.81, for
radiographers it was 0.71 to 0.81, prompted
sensitivity was 0.76 to 0.81 for radiologists and
0.69 to 0.79 for radiographers). Thirty-five readers
participated in study 2. Sensitivity was improved in
the prompted condition (0.81 from 0.78) but the
difference was slightly below the threshold for
statistical significance (95% CI for the difference
–0.003 to 0.064). Specificity also improved
(0.87 from 0.86); again, the difference was not
significant at 0.05 (95% CI –0.003 to 0.034).
A cost-effectiveness analysis showed that computer
prompting increases cost.
Conclusions: No significant improvement in film
readers’ sensitivity or specificity or gain in costeffectiveness was established in either study. This may
be due to the system’s low specificity, its relatively
poor sensitivity for subtle cancers or the fact the
prompts cannot serve as aids to decision-making.
Readers may have been better able to make use of the
prompts after becoming more accustomed to working
with them. Prompts may have an impact in routine use
that is not detectable in an experimental setting.
Although the case for CAD as an element of the NHS
Breast Screening Programme is not made here, further
research is required. Evaluations of new CAD tools in
routine use are underway and their results should be
given careful attention.
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Glossary and list of abbreviations
Technical terms and abbreviations are used throughout this report. The meaning is usually clear from
the context, but a glossary is provided for the non-specialist reader. In some cases, usage differs in the
literature, but the term has a constant meaning throughout this report.

Glossary
Arbitration The use of a third film reader to
assess disagreements between film readers
working together in double-reading.
Asymmetry A sign of cancer in which a small
area of dense tissue is visible in one breast and
not the other.
Biopsy An invasive procedure to collect cells
to make a definitive diagnosis of cancer.
Bootstrapping A statistical technique
whereby random subsamples of a population
are used to create a sampling distribution that
can be used to determine a confidence interval.
Breast clinician A physician specialising in
breast disease, usually employed as a nonradiologist film reader.
Craniocaudal mammogram A top–down
projection image of the breast.
Digitisation Scanning an analogue film to
make a digital image.
Double-reading A screening protocol in
which all films are viewed separately by two
film readers.

Film reader A health professional who reads
screening mammograms, normally a consultant
radiologist but sometimes a trained
radiographer or a breast clinician.
Full-field digital mammography The direct
acquisition of a digital X-ray image without the
need for film.
ImageChecker® A computer-aided
detection/diagnostic system developed by R2
Technology.
Interval cancer A cancer that presents
clinically between screening rounds.
Logit function A function that transforms a
variable (such as a probability) that is
constrained to lie within a certain range to take
values that will be normally distributed.
Markov model A technique used to estimate
the number of events affecting a cohort of
patients over a period, using data about
frequency of events in specified states and the
probabilities of transitions between states.
Mass One of the common abnormalities
observed on mammograms.

Ductal carcinoma in situ A non-invasive
lesion having some characteristics of cancer
and which requires treatment.

Mediolateral oblique mammogram A
sideways oblique projection image of the breast.

False negative

Microcalcification One of the common
abnormalities observed on mammograms.

A cancer missed at screening.

False negative minimal signs A cancer
missed at screening which was perhaps only
visible with the benefit of hindsight.
False positive A normal case incorrectly
identified as cancer.
False-positive-rate The number of falsepositive prompts per case.

Nottingham Prognostic Index A formula
used to calculate the risk of death associated
with a cancer based on a number of facts about
the cancer and the patient.

continued
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Glossary and list of abbreviations

Glossary continued
Positive predictive value The number of
correctly identified cancer cases as a
proportion of the total number of cases
identified as cancer.
Prognostic group A set of cancers associated
with a particular prognosis.
Quality-adjusted life-year A unit used in
economic assessment to quantify the health
gain from an intervention.
Radiographer A healthcare professional
with a specialist training in the acquisition
of radiological images. Radiographers
have not traditionally been involved in
the interpretation of images, but are
being used as film readers in breast
screening.
Radiologist A medical doctor with training
and a qualification in radiology.

Receiver operating characteristic analysis
A method of comparing diagnostic tests in
which sensitivity is plotted against specificity
for a range of decision points.
Rollers The equipment used to allow film
readers to view large numbers of films.
Sensitivity The number of correctly
identified cancer cases as a proportion of the
total number of cancer cases.
Specificity The number of correctly
identified normal cases as a proportion of the
total number of normal cases.
Stellate lesions One of the common
abnormalities observed on mammograms.
True positive
such.

A cancer correctly identified as

True-positive fraction The number of true
positives expressed as a proportion of the total
number of cancers.

List of abbreviations
ANOVA

analysis of variance

NA

not applicable

BCD

breast cancer diagnosed

NHSBSP

CAD

computer-aided detection or
diagnosis

National Health Service Breast
Screening Programme

NPI

Nottingham Prognostic Index

CI

confidence interval

PG

prognostic group

DCIS

ductal carcinoma in situ

QALY

quality-adjusted life-year

DR

distant recurrence

RCT

randomised controlled trial

EAC

equivalent annual cost

ROC

receiver operating characteristic

FDA

Food and Drug Administration

RR

regional recurrence

FFDM

full-field digital mammography

SD

standard deviation

FNA

fine-needle aspiration

SMF

Standard Mammogram Format

GLM

generalised linear model

UCL

University College London

LR

local recurrence

All abbreviations that have been used in this report are listed here unless the abbreviation is well known (e.g. NHS), or
it has been used only once, or it is a non-standard abbreviation used only in figures/tables/appendices in which case
the abbreviation is defined in the figure legend or at the end of the table.
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Executive summary
Background
This report describes two studies carried out in
order to assess the potential role of computer aids
in the UK NHS Breast Screening Programme
(NHSBSP).

Objectives
The objective was to determine the value of
computer-aided detection (CAD) for breast cancer
screening. The impact of the R2 ImageChecker®
on the sensitivity and specificity of radiologists
and film-reading radiographers was assessed in
two experiments, referred to here as study 1 and
study 2, and the resulting data were used in an
economic evaluation.

Methods
Design
Two sets of mammograms with known outcomes
were used. Participants in both studies read
the films with and without the benefit of the
computer aid. In both studies, the order of
reading sessions was randomised separately for
each reader. The first set of 180 films, used in
study 1, included 20 false-negative interval cancers
and 40 screen-detected cancers. The second set of
120 films, used in study 2, was designed to be
favourable to CAD: all 44 cancer cases had
previously been missed by a film reader and
cancers prompted by CAD were preferentially
included.

Setting
The studies were conducted at five screening
centres: South-West London, Norfolk and
Norwich, Luton and Dunstable, Worthing,
and Bristol. Study 1 was conducted between
January 2001 and July 2002, and study
2 between September 2002 and
April 2003.

Participants
Thirty radiologists, five breast clinicians and 15
radiographers participated.

Interventions
All cases in the trial were digitised and analysed
using the R2 ImageChecker version 2.2.
Participants all received training on the use of
CAD. In the intervention condition participants
interpreted cases with a prompt sheet on
which regions of potential abnormality were
indicated.

Main outcome measures
The sensitivity and specificity of participants were
measured in both intervention and control
conditions.

Results
No significant difference was found for readers’
sensitivity or specificity between the prompted and
unprompted conditions in study 1 [95%
confidence index (CI) for sensitivity with and
without CAD is 0.76 to 0.80, for specificity it is
0.81 to 0.86 without CAD and 0.81 to 0.87 with
CAD]. No statistically significant difference was
found between the sensitivity and specificity of the
different groups of film reader (95% CI for
unprompted sensitivity of radiologists was 0.75 to
0.81, for radiographers it was 0.71 to 0.81,
prompted sensitivity was 0.76 to 0.81 for
radiologists and 0.69 to 0.79 for radiographers).
Thirty-five readers participated in study 2.
Sensitivity was improved in the prompted
condition (0.81 from 0.78) but the difference was
slightly below the threshold for statistical
significance (95% CI for the difference –0.003 to
0.064). Specificity also improved (0.87 from 0.86);
again, the difference was not significant at 0.05
(95% CI –0.003 to 0.034). A cost-effectiveness
analysis was performed based on data from
studies 1 and 2. The analysis showed that
computer prompting is cost-increasing.

Conclusions and
recommendations for research
No significant improvement in film readers’
sensitivity or specificity or gain in cost-effectiveness
was established in either study. This may be due to

ix
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the system’s low specificity, its relatively poor
sensitivity for subtle cancers and the fact the
prompts cannot serve as aids to decision-making.
It may be that readers would be better able to
make use of the prompts if they had longer to
become accustomed to working with them.
Prompts may have an impact in routine use
that is not detectable in an experimental
setting.

x

Although the case for CAD as an element of the
NHSBSP is not made here, further research is
required. Evaluations of new CAD tools in routine
use are underway and their results should be given
careful attention.
There should be a clearer and speedier route to
commissioning evaluations of rapidly changing
technologies.
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Chapter 1
Background and aims
his report describes a series of studies carried
out as part of the investigation on behalf of
the NHS HTA board to assess the potential role of
computer aids in the UK NHS Breast Screening
Programme (NHSBSP). This chapter describes the
context. It starts by giving a brief overview of the
role of mammography in the breast cancer
screening programme and outlines some of the
challenges facing the programme. The potential
role of computer aids is then introduced, with a
brief survey of the state of the art in computeraided detection and diagnosis in mammography.

T

Mammography and breast cancer
screening
The UK NHSBSP was set up in 1987 following the
recommendations of the Forrest Report.1 From the
start it was clear that the programme was a major
exercise in public health, one that would demand
considerable human and financial resources as
well as the cooperation of women in the screening
age group. Fifteen years on, the programme is
generally regarded as a success. The programme
in the UK has screened more than 14 million
women and has detected over 80,000 cancers.2 It
was estimated in 2000 that the programme was
saving at least 300 lives per year. That figure is set
to rise to 1250 by 2010.3
Through the screening programme women
between the ages of 50 and 64 years are invited
every 3 years to attend for a screening
appointment. At the appointment, which takes
place either at a screening centre or in a mobile
van, X-ray images known as mammograms are
taken. Mammograms are projection images and it
is now the policy, at screening, to take two views of
each breast: a mediolateral oblique and a
craniocaudal view. The films are processed at the
screening centre and then loaded onto roller
viewers for interpretation. Unless the woman is
attending for her first screening visit, the films
from the previous visit are also loaded onto the
viewer, to allow any changes in breast appearance
to be assessed. In almost all centres, the policy is
that the films are double-read; that is to say, they
are read separately by two different professionals,
normally consultant radiologists. There are
© Queen’s Printer and Controller of HMSO 2005. All rights reserved.

different ways of doing double reading, but the
gold standard would be for each reader to identify
films that warrant discussion at a consensus or
arbitration meeting, where the assessment of a
third radiologist can be called upon. The decision
made here is whether or not to recall the women
for further investigation. A small percentage of
women are recalled for technical reasons, if it is
felt that the mammogram is not of adequate
quality to allow a safe decision to be made.
Women who are recalled are seen at assessment
clinics. Whereas the interpretation of screening
mammograms is a quick and simple task, normally
completed in a matter of seconds rather than
minutes, the assessment process is a much more
costly one, involving further investigations that
include clinical examination, additional
mammography, ultrasound, and needle and core
biopsies. The pressure on assessment clinics is a
critical problem for screening centres. If the
waiting lists for assessment grow too long, the
national programme will suspend screening at the
centre, which inevitably attracts adverse attention,
often reported in the national media.
In 2001, 1,361,881 women were screened and
9866 cancers detected through the programme.4
Official figures for missed cancers are not
published, but can be estimated by assuming that
missed cancers will either present clinically (e.g.
because the patient detects a lump) before the
next screening visit, or be detected at the next
screening visit. Blinded review of the previous
screening films for both interval cancers and for
cancers detected at the screening visits other than
the first suggests that as many as 25% of
radiographically visible cancers are missed at
screening.5
The core of the screening programme, then, is the
assessment of mammograms by trained film
readers, normally consultant radiologists. The task
is a difficult one. The architecture of breast tissue
is variable and mammograms have a noisy,
unstructured appearance. Cancer is usually not
revealed directly; rather, its presence must be
inferred from the assessment of a number of signs,
which are all too often ambiguous. The
overwhelming majority of films will be normal
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(cancer detection rates are around six per 1000
cases). The detection of cancers therefore requires
a large number of readers with good perceptual
skills, judgement and vigilance.
The NHSBSP is, however, facing an acute staffing
crisis. Regular news stories surface in the media
about staff shortages contributing to failures in
screening.6 A recent survey by Field found that
61% of units are staffed by no more than one or
two consultants.7 These units could never provide
a comprehensive double reading service using
radiologists alone. Field found a 50% failure rate
in the recruitment of consultants to screening
posts, with no applications at all received for four
posts advertised in the British Medical Journal. If
the situation is bad now, it is set to get much
worse. The cohort currently entering the age
range covered by the screening programme is that
of the post-war ‘baby boom’, with the result that
the number of women eligible for screening is set
to increase by 16% over the next 10 years. In
addition, the NHS Plan announced that the
government intends to extend routine invitations
to women up to the age of 70 years and states that
all women will have two views of the breast taken
at every screening.8 This latter improvement
began to be introduced across the UK during
2003. These changes will increase the demand for
film readers. The Cancer Plan reports on
initiatives to increase the number of radiologists
and radiographers working in the NHSBSP, but
makes it clear that it is also essential that
alternative working practices be introduced; the
most significant change currently being piloted is
the use of trained radiographers as film readers.9

Non-radiologist film readers
Two groups of non-radiologists are currently
employed as film readers in the breast screening
programme: radiographers and breast clinicians.
Radiographers are being trained as film readers in
a number of centres in the UK. Trained
radiographers are currently working as film
readers in at least six screening centres. The
Association of Breast Clinicians was founded in
1996 and currently has 53 members, all of whom
are registered medical practitioners working in
breast diagnostics.

2

Haiart and Henderson compared the sensitivities
and specificities of a radiologist, a radiographer
and a clinician, and found similar sensitivities but
greatly inferior specificity for the nonradiologists.10 Pauli and colleagues studied a

group of seven trained radiographers working as
second readers. They found that the increase in
sensitivity due to the second reader was 6.4%.11
This was reported as being equivalent to the
increase found for second reading by radiologists.
Cowley and Gale provide data on the comparative
performance of the different professional groups
on PERFORMS, a voluntary self-assessment
exercise.12 The results show that untrained
radiographers have some interpretative skills and
that trained radiographers perform as well as
radiologists. The performance of breast clinicians
was slightly better than that of radiologists in early
rounds of assessment and similar in the most
recent round.
The available data, therefore, seem to suggest that
both breast clinicians and radiographers can be
trained to perform as well as radiologists. The
samples studied are, however, relatively small and
likely to be highly selected (nine trained
radiographers and ten breast clinicians
participated). It may be that only a limited
number of radiographers feel comfortable with
the additional responsibility associated with film
reading. Attempts to involve large numbers of
radiographers in the interpretation of films may
fail to maintain the performance achieved in the
studies carried out to date.
It seems likely that an increased reliance on
radiographers will be an essential component of
any solution to the staffing crisis. There are,
however, outstanding questions concerning the use
of non-radiologist film readers and it would be
wrong to assume that using non-radiologist film
readers can solve the crisis by itself. Attempts to
encourage large numbers of radiographers to
move into film reading could generate a shortage
of radiographers to take the films. It therefore
seems likely that technical solutions, such as
computer aids, will have to be considered.
Nevertheless, any assessment of the impact of
technology on film readers must take into account
the fact that in the future many film readers will
not be radiologists.

Computer aids for mammography
The computer analysis of mammograms has been
a field of research since the 1960s and the recent
advent of direct digital mammography (X-ray
machines that generate a digital mammogram
without the need for an image to be produced on
film) has generated increased activity.13 The most
important work in the computer analysis of
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mammograms has been in the detection of two
important classes of mammographic abnormality:
microcalcifications and masses. A great deal of
effort has been put into the development of these
techniques and they can be made extremely
sensitive. However, this sensitivity is achieved only
at the cost of specificity, with high numbers of
false prompts. The interpretation of
mammograms cannot, at the moment, be
completely automated; this remains a distant
prospect. Some authors, however, have suggested
that the combination of computer plus human
reader can produce better results than a human
reader alone, and have concluded that computeraided detection (CAD) systems can be used to
prompt human readers.14 Recently, authors have
suggested that CAD systems could be used as an
alternative to second reading in programmes that
are currently using two human film readers to look
at each case.15
A CAD system is used to alert a human film reader
to regions of a mammogram where computerised
analysis suggests that abnormalities may be found.
Most systems are currently delivered to work with
analogue films. Such systems include a scanner
that creates a digital image of each film. The
digital images are then analysed by the software
that places the prompts. The prompts can be
displayed either on paper or on computer
monitors placed next to a roller viewer. The
radiologist (or other film reader) views the image,
checks the CAD display or prompt sheet and, if
appropriate, reassesses the image. CAD systems
have been around in research settings for over a
decade, and in clinical use for a little less. The US
Federal Government has, since 2001, reimbursed
radiologists who use CAD, an initiative that
provided a massive stimulus to the market for
CAD in the USA: R2 (the current market leader)
now claims an installed base in the USA of over
1000 systems.16 Uptake outside the USA has been
slower.
Many authors have assumed that CAD will only
become commonplace once full-field digital
mammography (FFDM) is the norm. That is,
however, not an immediate prospect. FFDM
machines are roughly five or six times as
expensive as conventional analogue machines and
many centres, including those that make up the
NHSBSP, are still choosing to invest in analogue
machines that will not be replaced for 10 years or
more.
The following three subsections give a brief
overview of how CAD works, and summaries of the
© Queen’s Printer and Controller of HMSO 2005. All rights reserved.

four leading CAD providers and of the available
evidence on the impact of CAD.

CAD algorithms
The algorithms used by the suppliers of CAD
systems are all a matter of commercial confidence,
so there is little point in reviewing the published
literature in this report. It is, however, appropriate
to make a number of general observations.
There are two broad classes of approach to the
analysis of digital mammograms. One, the physicsbased approach, attempts to understand the
physical processes that underlie the image
formation processes and to build a mathematical
model of the relationship between pixel value and
breast anatomy. Such a model provides a sound
mathematical basis for future processing. The best
known example of a physics-based approach is the
Standard Mammogram Format (SMF) developed
by Mirada Solutions. SMF allows mammograms to
be normalised, removing variation due to
differences in the image acquisition process or
between different mammography devices. SMF
has been used in a number of CAD algorithms
developed in academia, but the authors are not
aware of any commercial CAD tools that
incorporate it.17
In contrast, most of the successful algorithms for
detecting abnormalities use purely statistical
approaches. Probabilistic calculations are
performed to assess the likelihood that a
particular image region contains an abnormality.
Different detectors are developed for the different
forms of abnormality, most notably
microcalcifications, stellate lesions and welldefined masses. For the most part these
algorithms analyse each image separately.
Algorithms that detect left–right asymmetry or
temporal change have been developed, but
these are generally still regarded as unsolved
problems.
R2 Technology provides a guide to the algorithms
used in the R2 ImageChecker®.18 This guide,
however, does not give any technical details, but
rather provides users with explanations of what
the algorithms are looking for and therefore of
where they may go wrong. The microcalcification
detector is said to place prompts only if at least
three calcifications have been detected and if they
are no more than 2.5 mm apart. The prompt is
placed on the centroid of the cluster. The mass
detector uses a ring with an outer diameter of
32 mm and an inner diameter of 6 mm. The ring
is moved over the image, and lines detected within
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the ring, if appearing to radiate from the centre,
lead to the placing of a mass prompt. Pronounced
radiating lines will be prompted whether or not
there is a central mass. Less pronounced radiating
lines will be prompted only if associated with a
central mass. The software is optimised to search
for lesions of 10–20 mm in diameter. Small and
larger lesions may be missed. The manufacturers
suggest a continuum for masses that is related to
the likelihood that the ImageChecker will spot
them.

Current CAD providers
R2 Technology
R2 Technology was founded in 1993 and is based
in California, USA.19 Their tool, the
ImageChecker System, was the first US Food and
Drug Administration (FDA)-approved CAD system
for breast imaging. Over 550 film-based
ImageChecker systems and more than 150 R2
CAD systems for digital mammography have been
shipped. Over 5 million mammograms have been
interpreted with ImageChecker assistance. The
company is also bringing a lung nodule detection
tool to market. The R2 ImageChecker uses a
Canon digitiser with a resolution of under 50 µm
and a depth of 12 bits per pixel. Up to 50 films
can be loaded into the digitiser at once, taking
around 1 hour to process. The prompts are then
displayed on a liquid crystal display (LCD) screen
placed next to the roller viewer.
CADx
CADx merged with Qualia Computing in
September 2002 to create the second largest CAD
provider.20 One hundred CADx SecondLook
systems have been shipped since gaining FDA
approval in January 2002. The company,
which is based in Ohio, now aims to bring
out new tools, including SecondLook CT Lung
and SecondLook CT Colon. CADx SecondLook
uses a modified Howtek digitiser with a 43-µm
pixel size. The loader and processing speed are
comparable to R2. Prompts are displayed on a
paper sheet.

4

CADVision
CADVision was founded in 1993 and is based in
Jerusalem, Israel.21 CADVision has two products, a
prompting system similar to that of the other
providers, and a diagnostic system that classifies
breast abnormalities and ranks them according to
their likelihood of malignancy. The company has
received the Conformité Europèene (CE) Mark
(European regulatory approval) for its software
and expects to receive FDA certification (US
regulatory approval). The company and its

scientific and clinical partners have regularly
published articles about their algorithms and the
performance of their systems.21

iCAD
This company received approval from the US FDA
to market its MammoReaderTM systems in the
USA in January 2002.22 The authors are not aware
of any published research about this system. iCAD
is the only vertically integrated company in its
market; it also manufactures medical film
digitisers for a variety of medical imaging and
other applications. Established in 1984, iCAD has
sold over 30,000 quality-imaging systems
worldwide. The company is based in New
Hampshire, but its principal research and
development facilities are in Florida.

Evidence for CAD in mammography
There are three forms of evidence about CAD.
The simplest kind of experiment one can do is to
use CAD to analyse films with known outcomes
and then present data on the number of cancers
detected and the false prompt rate. These
experiments reveal something about the
sophistication of the algorithms used. More useful
information is provided by experiments that assess
the impact of CAD on radiologists’ decisionmaking. Such experiments normally involve taking
small test sets of films with known outcomes,
presenting them to radiologists with and without
CAD, and measuring the radiologists’ sensitivity
and specificity with and without CAD. These
evaluations are necessarily performed under test
conditions, usually with sets of images that have
artificially high frequencies of cancer. The most
valuable investigation is therefore an assessment of
CAD in routine use. Very few such evaluations
have, however, been performed. The next three
subsections review the existing evidence from the
three kinds of study.

Tests of the systems’ sensitivity and false
prompt rate
The largest evaluation of the sensitivity of CAD
was performed as part of the evaluation carried
out by R2 Technology to gain FDA approval. They
tested the system on 1083 cases of biopsy-proven
cancer collected from 13 centres.23 Updated
algorithms were subsequently tested on the same
images.24 Data from both evaluations are
presented in Table 1.
Version 1.2 of the software generated an average
of 4.1 false prompts per four-view case. In version
2.2 this was reduced to 1.0 markers per four-view
case, on normal cases.24
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TABLE 1 Sensitivity of the R2 ImageChecker versions 1.2 and 2.2

Microcalcifications
Masses
Total

No. of cases

No. correctly
marked,
1997 (v1.2)

% correctly
marked,
1997 (v1.2)

No. correctly
marked,
2000 (v2.2)

% correctly
marked,
2000 (v2.2)

404
679
1083

396
507
903

98%
75%
83%

399
580
979

99%
85%
90%

A comparable study was performed to obtain FDA
approval for SecondLook.25 In total, 906
mammograms of biopsy-proven cancer were
obtained from 17 institutions. The system
correctly marked the cancer in 809 cases (89%).
The sensitivity for clustered microcalcifications was
95% (280/296) and 87% (529/610) for masses.
The performance of the two main suppliers is very
similar and although tests have been done
comparing the systems on the same set of images,
the likelihood of detecting a statistically significant
difference must be low. One study compared
ImageChecker, CADx SecondLook and a third
system, MammoReader.26 Altogether, 120 biopsyproven cancer cases were processed though three
CAD systems, ImageChecker, MammoReader and
SecondLook. The case-level sensitivity was very
similar for the three systems (Table 2).
Several further studies have been performed to
assess the sensitivity of CAD systems to particular
categories of cancers. Warren Burhenne and
colleagues obtained the prior films for 427 of the
1083 cases used in the study described above.23
They present data for the performance of R2 on
TABLE 2 Sensitivity of the three CAD systems that currently
have FDA approval
System

Sensitivity

ImageChecker
SecondLook
MammoReader

91%
89%
91%

those priors where a majority of five radiologists
agreed, at a blinded review, that an actionable
finding was visible. The ImageChecker correctly
marked 89 out of 115 (77%) of these missed
cancers, 30 out of 35 (86%) missed calcifications
and 58 out of 80 (73%) missed masses. Masses,
where CAD performs less well, are responsible for
many more missed cancers than calcifications.
Table 3 shows these data, along with data on the
performance of the later release.24
CADx quotes similar results for a study of 121
cancers classed as actionable missed cancers, of
these actionable cases, at least 86 (71%) were
prompted by SecondLook.25
Destounis and colleagues identified 52 actionable
prior mammograms that had been missed by
consensus double-reading.27 Only eight of these
were calcifications, seven of which were marked by
the ImageChecker, whereas 19 (65%) of the masses
were marked.
There is, therefore, clear evidence that CAD
algorithms are extremely sensitive even for the
detection of relatively subtle abnormalities. The
evidence that they are effective in improving
radiologists’ decision-making is, however, less
strong.

Tests of the impact of systems on radiologists’
decision-making
A large number of studies has now been
performed to assess the impact of prompts on
radiologists’ decision-making. Most of these

TABLE 3 Sensitivity of the R2 ImageChecker to missed cancers according to the consensus on the actionability of abnormality on
the prior
Consensus on
actionability

No. of cases

No. correctly
marked,
1997 (v1.2)

% correctly
marked,
1997 (v1.2)

No. correctly
marked,
2000 (v2.2)

% correctly
marked,
2000 (v2.2)

3/5, 4/5, 5/5
4/5, 5/5
5/5

112
74
36

91
63
33

81%
85%
92%

101
70
33

90%
95%
92%
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studies were not prospective evaluations of the
prompting systems, but tests using archive cases
with known outcomes selected to contain large
numbers of cancers.
Thurfjell and colleagues carried out a study with
three film readers: an expert screener, a screening
radiologist and a clinical radiologist.28 The
expert’s sensitivity of 86% was unchanged, but use
of the ImageChecker improved that of the
screening radiologist from 80% to 84% and that of
the clinical radiologist from 67% to 75%. The
specificities of the expert and of the clinical
radiologist were unchanged, while that of the
screening radiologist fell from 83% to 80%.
Funovics and colleagues tested the system using a
test set including 40 proven spiculated lesions and
three radiologists. They found an average
improvement in sensitivity of 9%, with some cost
in specificity.29 Moberg and colleagues evaluated
the R2 ImageChecker in a study in which three
radiologists looked at a test set including 59
interval cancers. They found no significant change
in sensitivity or specificity.30
Marx and colleagues conducted a study in which
five radiologists viewed a test set containing 36
cancers with and without CADx SecondLook. They
found sensitivities of 80.6% and 80.0% without
and with CAD, and specificities of 83.2% and
86.4%, respectively.31
The largest reported study of sensitivity using the
R2 ImageChecker is that of Brem and Schoonjans,
who used a sample of 106 cases including 42
malignant microcalcifications, 40 with benign
microcalcifications and 24 normals.32 Five
radiologists participated. Forty-one out of
42 (98%) malignant microcalcifications and
32 out of 40 (80%) benign microcalcifications
were prompted at a prompt rate of 1.2 markers
per image. The radiologists’ sensitivity without
and with the system ranged from 81 to 98%
and from 88 to 98%, respectively. No statistically
significant changes in sensitivity were found
and there was no significant compromise in
specificity.
Ciatto and colleagues present results of a study in
which ten radiologists used CADx SecondLook to
review a test set containing 17 cancers. They
found no evidence of an increase in sensitivity, but
found evidence of a loss of specificity.15
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The results of these studies are disappointing. It
has not seemed possible to show conclusively that
CAD does allow for an improvement in sensitivity.

It is worth noting that the studies listed above all
attempt to show an improvement due to the
prompts by studying sensitivity at a particular
threshold. Several of them are small and likely to
be inadequately powered. Studies carried out in
academia using research systems have shown an
improvement in sensitivity if measured using
receiver operating characteristic (ROC) analysis
across a range of thresholds.33
Various techniques are used to analyse the impact
of diagnostic information on film readers’
decision-making. The most sophisticated approach
is to analyse the ROC. The data required in ROC
analysis is a measure of the confidence that the
film reader has in each decision to recall. Each
level of confidence is used as a threshold to
separate recalls from non-recalls. The set of
thresholds is then used to create a set of points on
a plot of false-positive rate against false-negative
rate. The best fit curve between the points is then
taken as a measure of the quality of decisionmaking that the diagnostic information enables.
Two conditions (such as prompted and
unprompted reading) can be compared by
comparing the area under the curves for the two
conditions.
One could take the view that ROC analysis is a
more sensitive technique, and therefore better able
to show an improvement; or it may be that the
improvement at the clinically important operating
point is relatively minor, and that this is obscured
in ROC analysis.

Prospective studies of radiologists’ sensitivity and
specificity
No one has yet attempted a randomised
controlled trial (RCT) of CAD. Freer and Ulissey
conducted a 12-month prospective evaluation of
the impact of CAD using the R2 ImageChecker.34
The trial involved 12,860 screening
mammograms. Each was initially interpreted
without CAD. Areas marked by the CAD system
were then re-evaluated. Data were recorded both
before and after the CAD prompts were consulted.
The authors report an increase in recall rate from
6.5 to 7.7% with the use of CAD and an increase
from 3.2 to 3.8/1000 in the cancer detection rate.
A study by Morton and colleagues looked at
12,646 patients, again with the R2 ImageChecker.
A comparison of outcomes for interpretations
made without and with CAD assistance revealed a
6.64% increase in breast cancer detection rate and
an increase in screening recall rate from 9.82% to
10.89%.35
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Young and colleagues carried out a similar study
on 12,082 mammograms that were each read by
two radiologists. The recall rate for two
radiologists was 21%. The recall rate increased to
24% when using CAD. The overall accuracy of
CAD in marking cancers was 73%. The overall
accuracy of the two radiologists was 94%. They
concluded that two radiologists detect more
cancers than one radiologist and CAD.36
Warren Burhenne and colleagues prospectively
studied the recall rates of 14 radiologists using
CAD. These radiologists had previously had a
recall rate of 8.3% (assessed from historical data
on 23,682 cases) and using CAD for 14,817 had a
recall rate of 7.6%, suggesting that there is no
significant impact on specificity due to CAD. The
design of this study meant that it was unable to
report on sensitivity.23

Assessing the evidence
The key issue in evaluating the above evidence on
decision-making is the contrast between the
somewhat equivocal results of studies using test
sets drawn from archive data, with a small number
of prospective studies. The best known of these,
that of Freer and Ulissey, found an increase in the
number of cancers detected, although at a nonnegligible cost in terms of increased recall rate.34
It should also be noted that 75% of the additional
cancers were ductal carcinoma in situ (DCIS)
rather than invasive cancers. The study could also
be questioned because it compares a judgement
made on the radiologist’s first look with a
judgement made on the basis of the first and
second looks, where CAD is available on second
look. One might expect that the performance of
the radiologists on the first look would be slightly
compromised because they would have been
anticipating the second look; further, the
increment due to the second look cannot be
entirely attributed to the availability of CAD.
The results of the three prospective trials are
somewhat different. By their nature they are
difficult and time-consuming to set up and involve
only small numbers of readers. There are
substantial performance differences between
radiologists, and there are likely to be substantial
differences in the use that they make of prompts.
It will therefore be necessary to review the results
of large numbers of such trials before a clear
conclusion can be drawn about the impact of
prompts. The trial by Freer and Ulissey found a
large increase;34 the increases in the other two
trials suggest that the impact will not allow
prompts to replace human second readers.35,36
© Queen’s Printer and Controller of HMSO 2005. All rights reserved.

Assessing CAD for the NHSBSP
The research described in this report was carried
out by a team of academics and clinicians based at
University College London (UCL), St George’s
NHS Trust and the University of Oxford, UK. The
work was led by researchers at UCL, who were
responsible for the design of the evaluation, the
data collection and overall management. The
senior clinical partner, Dr Rosalind Given-Wilson,
was based at St George’s NHS Trust and provided
clinical input and advice as well as the images
used in the evaluation. The CAD system was
installed at St George’s for the duration of the
project. Statistical advice was provided by Dr
Henry Potts, who was based at the School of
Public Policy at UCL. The economic evaluation
was performed by Dr Katharine Johnston,
who at the time was working at the University of
Oxford.
Looking at the available evidence on the use of
the computer aids and on film-reading
radiographers, it was decided from the start that
there was a need to examine the potential for the
use of computer aids as part of a screening
programme employing radiographers as film
readers. Therefore, a study was conducted to
ascertain whether (1) computer aids could be used
in the role of second readers, allowing a single
radiologist to achieve the accuracy currently
achieved by double-reading, and (2) whether a
radiographer using a computer aid performed as
well as a radiologist.
The authors took the view, at the start of the
project, that at that time the available evidence
about CAD could not justify the setting up of an
RCT. Such a trial would have had to elicit consent
from 60,000 women in order to have two arms
with 180 cancers in each. It would have been
unable to publish definitive results until the
women had returned for a subsequent screening
3 years later. It would have required resources that,
in the authors’ view, could not be justified. The
research team considered carrying out a
prospective study using the design later followed
by Freer and Ulissey, but was advised that this
would not be ethical without seeking patient
consent, which would have posed serious logistical
and administrative difficulties.
The researchers also wanted to include a large
sample of different film readers in the study and
therefore elected to carry out a test of the impact
of prompts on decision-making. The study used
archive films with a high proportion of cancers
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that would be read by volunteer film readers in
experimental conditions. The study was designed
to test the hypothesis that R2 would improve
sensitivity at no cost in specificity. The intention
was to perform a single study and use the data
collected in an economic evaluation. This led to
one of the key decisions made in the design of the
study, to analyse the data to detect changes in
sensitivity and specificity at a clinically important
decision threshold.
ROC analysis was not used because of concern that
the area between the two curves might reflect the
impact of the prompts on the film readers’
reported confidence in their decisions at the
margins and not a clinically significant impact on
the proportion of women that they actually would
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recall. Therefore, a relatively large study was
designed using many more readers than previous
studies, who were required to look at a fairly large
number of films.
The researchers decided to use the R2
ImageChecker, which was then, as now, the clear
market leader, as the CAD tool to assess. The data
from the study were, however, inconclusive, so a
second study was performed, using a more
selected test set of cancers. These two studies are
described in Chapter 2 under the headings Study
1 and Study 2. The results appear in Chapter 3.
The economic evaluation, which draws on both
sets of results, is presented in Chapter 4.
Chapter 5 presents a discussion of the results and
the conclusions that can be drawn from it.
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Chapter 2
Methods and materials
his chapter describes the two studies carried
out as part of the investigation commissioned
by the HTA programme. Study 1 was carried out
between March 2001 and July 2002. The results
are presented in Chapter 3. Study 2 was designed
to answer questions raised by the analysis of the
results of study 1. It was carried out between
September 2002 and March 2003. The results are
also presented in Chapter 3.

T

Study 1
The first of the studies performed was designed as
a test of the impact of the computer-placed
prompts on the sensitivity and specificity of
radiologists and radiographers reading test rollers
containing an artificially high proportion of
cancer cases. The aim was to test the hypothesis
that sensitivity would be improved by the prompts
and to provide data that could be used to assess
the potential value of prompts.

Films
The sample contained 180 cases. The films were
taken from the South-West London Breast
Screening Service. The original films were used in
the study. All were films of women aged
50–64 years undergoing routine breast screening.
The South-West London Breast Screening Service
uses two views and double-reading with
arbitration. All cases had a proven outcome, being
either a malignant result at biopsy or, for controls,
a normal result at this round and a subsequent
round of screening. Cases where a suspicious
appearance proved negative at biopsy were
excluded. The sample included 60 cancers:
40 consecutive cancers detected through routine
screening and 20 interval cancers. A breakdown of
cancer cases by primary radiological abnormality
is given in Table 4. The interval cancers had been
reviewed by a panel of radiologists and classified
as false negatives. Controls were selected from the
same period as the screen-detected cancers.
The mammograms were divided into three sets of
60 cases, each to be interpreted at a single sitting.
The ratio of cancer to non-cancer cases was varied
slightly across the three sets. An additional set of
60 cases was used as a training set to accustom
© Queen’s Printer and Controller of HMSO 2005. All rights reserved.

TABLE 4 Breakdown of cancer cases by primary radiological
abnormality
Primary abnormality

No. of cases

Round mass
Ill-defined mass
Stellate/spiculated lesion
Asymmetry
Microcalcification

5
7
22
11
15

film readers to using the CAD system. All films
were temporarily anonymised and assigned a
study number.

Prompts
The films were processed using the R2
ImageChecker M1000. This uses a Canon digitiser
with 50-µm resolution and 12 bits per pixel. The
films are digitised using a bulk loader that allows
approximately 12 four-view cases to be digitised in
a single batch. Each film takes around 4 minutes
to process. The digitised films are analysed by
CAD algorithms for the detection of masses and
calcifications. Prompts are placed on areas where
the algorithm suggests that a mass or calcification
may be present. Emphasised prompts are placed
on regions that elicit a particularly strong response
from the algorithms. The prompts were printed
on sheets of A4 paper, with four low-resolution
images shown in a row across the top half of the
sheet. An example is shown in Appendix 1.

Readers
Fifty film readers participated: 30 consultant
radiologists, five breast clinicians and 15 trained
radiographers. All had undergone a rigorous
training programme to meet the requirements of
NHSBSP. All were currently working in the
screening programme and reading at least 5000
screening cases per annum.

Procedure
The study was conducted at five screening centres:
South-West London, Norfolk and Norwich, Luton
and Dunstable, Worthing, and Bristol.
All film readers were given training including an
explanation of prompting and of the behaviour of
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the system. They were told that they should look
at the films in the normal way, before looking at
the prompts. They were advised on the typical
frequency of prompts and given examples of cases
where CAD often generates inappropriate
prompts. All film readers then read a training
roller, using the prompts. This roller contained a
similar mix of cancers and non-cancers to the
subsequent test rollers.
The order in which each reader viewed the test
sets was separately randomised, as was the order
in which they viewed the conditions (prompted
and unprompted). A minimum period of 1 week
was left between reading a test set in the two
conditions.
Readers viewed the films on a standard roller
viewer in the normal viewing conditions
pertaining at the centre. Viewing conditions were
the same for the prompted and unprompted
conditions. Readers were asked to complete a
report form for each case. An example form is
included in Appendix 1. Low-resolution images of
the films were included on the form. In the
prompted condition these were shown with
prompts; in the unprompted condition they were
shown without prompts. The reader was asked to
circle any area of abnormality and state their
degree of suspicion for each abnormality in a table
below the images. Readers were then asked to give
an overall decision on recall for each case. The
time taken to read each test set was recorded.
All of the cancer cases were reviewed by a
consultant radiologist (RGW), who indicated the
extent of visible signs of cancer on each image.
Two members of the team (PT and JC) compared
these annotations with the prompt sheets
generated by the ImageChecker to ascertain
whether or not the cancer was correctly prompted.
A case was considered to have been correctly
prompted if a prompt appeared in either view at a
location indicated by the radiologist. Three
borderline cases were reviewed by RGW.

Sample size calculation
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Performing power calculations for film-reading
studies is difficult, and for complex designs
involving multiple readers and multiple
observations, analytical expressions for sample size
become intractable. The researchers wrote a
computer program based on a mathematical
model of the proposed design. This program
allowed them to run simulations based on
different sample sizes under different assumptions
in order to determine study power. Details of the

model are provided in Appendix 2. A fuller
account of the approach is provided by Pepe and
colleagues.37 The model requires the following
parameter values: SpreD, sensitivity of the average
reader on the average film; SpostD, sensitivity of the
average reader on the average film, with CAD; aD,
variation in sensitivity due to the varying difficulty
of films; bD, variation in sensitivity due to the
varying ability of readers; R, number of readers;
and ID, number of disease cases.
A value for bD was taken from a survey by Beam
and colleagues, which suggested that the
sensitivity of film readers can differ from the mean
by up to 20%.38 There are few data on the varying
difficulty of images, so the figure for aD was also
set, somewhat arbitrarily, at 20%. The mean
sensitivity of film readers in experimental
conditions depends on the difficulty of the test set,
and on the reading protocol. The model with SpreD
was set to 70% and 80%. The difference between
intervention and control conditions was set at
10%, which roughly corresponds to the effect of
CAD found by Funovics and colleagues.29 A
realistic maximum number of images for a film
reader to interpret in a study is 300 and it was felt
that at least two normals were required for every
cancer in the set; therefore, the model was run
with values of 60 and 90 for ID.
A particular difficulty for this study was recruiting
a sufficient number of non-radiologist film
readers, and the model was run using values of 7
and 10 for R. Where one of the conditions being
considered is double-reading, the number of
readers required is double R. Results are
presented in Table 5. Four-hundred simulations
were obtained with each setting of parameter
values. The value given for power is the
proportion of simulations where the result was
significant at the 0.05 level.
Given the above calculations, it was assumed that
ten readers will be required for each group to be
compared, but that 60 cancers will be adequate.
The analysis assumes paired observations. So, for
example, if a figure for ‘Normal sensitivity’ is
obtained by having images double-read by
radiologist X and radiologist Y, and a figure for
‘Sensitivity with CAD’ is obtained by having
radiologist X read films with CAD, the unit of
analysis is the difference between the two
sensitivities for each radiologist X. An analysis for
non-paired observations was also performed, in
which the mean of the non-CAD sensitivities is
compared with the mean of the CAD sensitivities.
This allowed completely different readers to be
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TABLE 5 Estimated power of various simulated film-reading studies
No. of readers

Cancers

Normal
sensitivity

Sensitivity
with CAD

Variability of
readers

Variability of
films

Study
power

10
10
10
10
7
7
7
7

90
90
60
60
90
90
60
60

0.7
0.8
0.7
0.8
0.7
0.8
0.7
0.8

0.8
0.9
0.8
0.9
0.8
0.9
0.8
0.9

0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2

0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2

0.96
0.97
0.85
0.91
0.77
0.75
0.59
0.64

used in both conditions. With ten readers per
group (20 for double-reading) and 60 cancers, this
gives a power of 0.76 or 0.83 depending on
whether the initial sensitivity is 70% or 80%.
In the above analysis, the difference to be detected
between the two conditions is 10%. The other
parameters, however, were set rather cautiously
and one might reasonably have hoped to detect a
smaller difference. Using these estimates this
study had a 71% chance of detecting a 5% change
in sensitivity.

Study 2
The second study was performed to test the
hypothesis that an improvement in radiologists’
and radiographers’ sensitivity due to the use of
prompts could be detected using a specially
selected set of images. An improvement due to the
prompts will not be detected if the computer
algorithms are unable to detect the cancer. An
improvement will not be detected if the
overwhelming majority of film readers can detect
the cancer in the control condition (without the
prompts). Therefore, it was decided to assemble a
test of cases that were prompted by R2 but had
been missed in the past by radiologists. Any effect
detected would have to be evaluated in the light of
an assessment of the extent to which the cancers
in this test set are representative of the cancers
detected in the screening programme.

Films
The sample for study 2 contained 120 cases. The
films were again taken from the South-West
London Breast Screening Service. Cancer cases
were confirmed by positive biopsy and normal
cases had a subsequent normal screen. The cancer
cases were selected for subtlety before being
digitised and checked to see whether the
ImageChecker would prompt the cancer. The
© Queen’s Printer and Controller of HMSO 2005. All rights reserved.

criterion used for subtlety was that the case must
have been missed by at least one film reader in the
past. Three different categories of case meeting
this criterion were used in putting together the set
of cancer cases prompted by the ImageChecker:
false-negative interval cancers (n = 7), cases used
in a previous experiment for which data sheets
were still available (n = 2) and cases missed by the
first reader in normal double-reading (n = 31).
The procedure for identifying cases in the latter
category was as follows. The records of the
screening centre were used to retrieve lists of
screen-detected cancer cases. The film packets were
then checked. If the cancer had been marked for
recall by the second but not the first reader the case
was selected as a candidate for inclusion. Checking
the records for 1 April 1999 to 31 March 2000, 262
screen-detected cancer cases were found, 31 of
which met this criterion but only 19 of which were
prompted by R2. Twelve cases meeting the same
criteria were obtained by repeating the process with
a subsample of cases from the previous year. Forty
cases that were successfully detected by the
ImageChecker were included in the study. Four
further cancer cases not correctly prompted were
also included; these were all cases missed by first
reader. Control films were unselected normal cases
from the same period as the cancer cases.
The frequency of the different radiological
abnormalities on the prompted cancer cases is
shown in Table 6. Only the primary abnormality is
listed.

Prompts
The same machine and the same algorithms were
used to print paper prompts sheets as described
above for study 1.

Readers
Readers who had completed reading all test films
in the original study were invited to take part in
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TABLE 6 Types of abnormality in the 40 prompted cancers used
in study 2
Abnormality
Microcalcification
Asymmetry
Spiculated mass
Architectural distortion/ill-defined mass
Round mass

n
13
9
10
4
4

the study extension. Thirty-five film readers
participated: 18 consultant radiologists, 15 trained
radiographers and two breast clinicians. All had
undergone a rigorous training programme to
meet the requirements of the NHSBSP. All were
currently working in the screening programme
and reading at least 5000 screening cases per
annum.

Procedure
The study was conducted at the same five
screening centres as study 1: South-West London,
Norfolk and Norwich, Luton and Dunstable,
Worthing, and Bristol.
The procedure used for study 1 was followed. The
order in which each reader viewed the test sets was
separately randomised, as was the order in which
they viewed the conditions (prompted and
unprompted). A minimum period of 1 week was
left between reading a test set in the first and in
the second conditions. Readers viewed the films
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on a standard roller viewer and were asked to
complete a report form for each case. Lowresolution images of the films were included on
the form. In the prompted condition these were
shown with prompts; in the unprompted condition
they were shown without prompts. The reader was
asked to circle any area of abnormality and state
their degree of suspicion for each abnormality in a
table below the images. Readers were then asked
to give an overall decision on recall for each case.
The time taken to read each test set was recorded.

Power calculation
Data for the first 40 film readers in study 1 were
analysed. The standard error on a transformed
scale (see Chapter 3, section ‘Impact of CAD
prompts on film readers’ sensitivity and
specificity’, p. 13) for the primary treatment effect
was 0.06, which is approximately equivalent to a
standard error of about 0.015 on the raw scale for
the typical sensitivities seen. The value of this
precision may be undermined by the difficulties in
the data set, as discussed above. Using the
simulation tool set with the parameter values
derived from the data for the first 40 readers also
gave a figure of 0.06 for standard error. Running
the simulation with the parameter values for the
proposed extension gave 0.09. It was calculated
that revisiting 40 readers (which will require the
participation of just three large centres) and using
an additional 40 cases (on top of the 15 cases from
study 1 meeting the criteria of this study) gave the
study 85% power.
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Chapter 3
Results
his chapter presents the results and data
analysis from the two studies described in
Chapter 2.

T

Study 1
Several analyses were carried out on the data
collected in study 1. First, the sensitivity and
specificity of the CAD system were assessed. Then
the impact of CAD on film readers’ sensitivity and
specificity was tested, looking first at all film
readers, then at radiologists and radiographers
separately. The study then attempted to calculate
what values for sensitivity and specificity would
have been obtained had the radiologists been
double-reading with radiographers and to
compare these with the values obtained for
radiologists using CAD. Several specific
hypotheses about the system were tested, a set of
which concerned factors that may lead film
readers to ignore prompts. Finally, the hypothesis
was tested that poor readers may be differentially
affected by CAD. The results of all these analyses
are presented in the following sections.

Sensitivity and specificity of the R2
ImageChecker
The ImageChecker was judged to have correctly
prompted 45 out of the 60 cancer cases. Thirty-six
out of 40 screen-detected cases were prompted, a
sensitivity of 90%. Only 11 out of 20 interval cases
were prompted, a sensitivity of 56%. In the 15
unprompted cancers, there were seven with no
prompts in the breast where the cancer was found,
while the other eight contained a mean of 1.5 false
prompts. The unprompted cancers are classified by
abnormality in Table 7. The number of false
prompts per case is shown, classified according to
the type of case, in Table 8. The false prompt rate
overall was 1.9 per case, with normals producing
more false prompts per case than cancer cases.

Impact of CAD prompts on film
readers’ sensitivity and specificity
Readers’ responses were collected on a scale of 1–4
(definitely recall, discuss probably recall, discuss
probably not recall, definitely not recall), but this
was collapsed to a binary response for the analysis

TABLE 7 Numbers of cancers missed by CAD for the different
classes of radiological abnormality
Abnormality

No. of missed cancers

Irregular mass
Stellate lesion/spiculated mass
Subtle distortion
Asymmetry
Calcification

2
5
2
5
1

TABLE 8 Number of false-positive prompts per case

No. of cases
No. of false prompts
Mean no. of false
prompts/case

Normals

Screen- Interval
detected

120
246
2.0

40
58
1.4

20
35
1.7

(recall versus not recall). The sensitivity and
specificity of each reader on each roller under
each condition were then calculated. (On a small
number of occasions, there were missing data for
particular films. The sensitivity and specificity
were then calculated ignoring that case.)
Sensitivities and specificities are on a 0–1 scale
and tend not to be normally distributed. A
modified logit transform was therefore applied to
the data.39
The transformed data were then entered into a
generalised linear model (GLM) [repeated
measures analysis of variance (ANOVA)] with two
within-subject factors: for the prompt (two levels:
with prompt, without prompt) and for the roller
(three levels for three rollers). One analysis was
done for sensitivity and another for specificity.
Testing for a difference in sensitivity, a significant
effect was found for the roller (F2,76 = 26,
p < 0.001), but not for the prompt (F1,38 = 0.003,
p = 1.0) or for the interaction between roller and
prompt (F2,76 = 2.2, p = 0.1). The data presented
in Table 9 show the effect of taking the model
estimated means and 95% confidence intervals
(CIs) on the transformed scale and backtransforming them on to the original sensitivity
scale of 0–1.
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The results of a comparable analysis for specificity
are presented in Table 10. Again, there is a
significant effect for the roller (F2,76 = 5.0,
p = 0.009), but not for the prompt (F1,38 = 0.13,
p = 0.7) or for the interaction between roller and
prompt (F2,76 = 0.9, p = 0.4).
There is, therefore, no evidence that use of the
prompts provided by the R2 ImageChecker
affected readers’ sensitivities or specificities. Power
calculations (using a model based on that
published by Pepe and colleagues, as explained in
Appendix 237) suggested that the study had a
greater than 80% chance of detecting a 10%
improvement from an initial sensitivity of 70%. In
the event, the initial sensitivities were higher than
expected, but as can be seen from the confidence
intervals in Tables 9 and 10, the study was
sufficiently powered to detect differences of less
than 0.1 in the sensitivity or specificity.

TABLE 9 Means and 95% CIs for film readers’ sensitivities with
and without prompts
Sensitivity

Unprompted

Prompted

Roller 1
Roller 2
Roller 3
Overall

0.80 (0.76 to 0.83)
0.83 (0.81 to 0.84)
0.71 (0.67 to 0.74)
0.78 (0.76 to 0.80)

0.79 (0.76 to 0.81)
0.82 (0.80 to 0.84)
0.74 (0.70 to 0.77)
0.78 (0.76 to 0.80)

Impact of CAD prompts on radiologists’
and radiographers’ sensitivities and
specificities
Taking the above data for specificity and analysing
the results for radiologists and radiographers
separately (there were too few breast clinicians in
the final sample to make comparisons with that
group) gave the results presented in Table 11.
There was a significant effect for the roller
(F2,70 = 21, p < 0.001), but not for prompt, reader
type or any of the interactions (p-values > 0.2).
Repeating the exercise for specificity, again there
was a significant effect due to the roller (F2,70 = 5.1,
p = 0.009), but not for prompt, reader type or any
of the interactions (p-values > 0.1).

Reading times
Table 12 reports the median and mean reading
times for all readers. The means are used in the
economic assessment reported in Chapter 4.
Since the time data were generally positively
skewed and not normally distributed, analysis of
differences was performed using a log
transformation. The transformed data were
entered into a generalised linear model with two
within-subject factors. The two within-subject
factors are for the prompt (two levels: with
prompt, without prompt) and for the three rollers.
Mauchly’s test of sphericity was used and there was
significant deviation from sphericity for the main

TABLE 12 Reading times for all reader types
TABLE 10 Means and 95% CIs for film readers’ specificities
with and without prompts
Specificity

Unprompted

Prompted

Roller 1
Roller 2
Roller 3
Overall

0.83 (0.80 to 0.86)
0.82 (0.79 to 0.85)
0.85 (0.81 to 0.88)
0.84 (0.81 to 0.86)

0.85 (0.82 to 0.88)
0.81 (0.77 to 0.85)
0.85 (0.81 to 0.88)
0.84 (0.81 to 0.87)

Unprompted

Prompted

Median Mean (SD) Median Mean (SD)
Roller 1
Roller 2
Roller 3
Overall

45
50
50
48

55.7 (23.5)
50.4 (21.3)
59.7 (32.6)
55.3 (26.3)

46
50
55
50

50.1 (22.5)
56.5 (25.8)
54.9 (17.1)
53.8 (22.1)

TABLE 11 Impact of CAD prompts on radiologists’ and radiographers’ sensitivities (means and 95% CIs)
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Sensitivity

Roller

Unprompted

Prompted

Radiologist

Roller 1
Roller 2
Roller 3
Overall

0.80 (0.75 to 0.83)
0.83 (0.81 to 0.85)
0.71 (0.66 to 0.76)
0.78 (0.75 to 0.81)

0.79 (0.75 to 0.82)
0.82 (0.80 to 0.84)
0.75 (0.71 to 0.79)
0.79 (0.76 to 0.81)

Radiographer

Roller 1
Roller 2
Roller 3
Overall

0.79 (0.71 to 0.85)
0.81 (0.76 to 0.85)
0.69 (0.60 to 0.77)
0.76 (0.71 to 0.81)

0.77 (0.71 to 0.82)
0.80 (0.75 to 0.84)
0.66 (0.57 to 0.74)
0.74 (0.69 to 0.79)
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effect of the roller (W = 0.78, p = 0.03) and the
interaction between roller and prompt (W = 0.75,
p = 0.02). There was no significant effect on the
times of the roller (F2,58 = 1.9, p = 0.2), the
prompts (F1,29 = 0.2, p =0.6) or the interaction
between roller and prompt (F2,58 = 2.6, p < 0.1).
Table 13 shows the median and mean times taken
by radiologists to read the rollers.
Table 14 shows the median and mean times taken
by radiographers to read the rollers. The tables
show that for both prompted and unprompted,
radiologists took less time to read a roller than
radiographers (the result is true for both median
and mean times). There is, however, little
difference between the reading times for
prompted and unprompted for radiologists and
radiographers.

TABLE 13 Reading times of radiologists
Unprompted

Prompted

Median Mean (SD) Median Mean (SD)
Roller 1
Roller 2
Roller 3
Overall

40
42
50
44

45.8 (14.7)
43.8 (20.1)
57.2 (35.7)
48.9 (25.1)

45
45
50
48

45.9 (18.3)
48.2 (22.7)
55.0 (18.7)
49.7 (20.0)

TABLE 14 Reading times of radiographers
Unprompted

Prompted

Comparison with double-reading
The data from this study were used to simulate a
comparison between a radiologist using CAD and
a radiologist double-reading with a radiographer.
All the possible combinations of radiologist and
radiographer were generated, and a calculation
done for each case of what the decision would
have been if they had been double-reading. The
aim was to simulate double-reading with
arbitration so that, in cases where they disagreed
over the recall decision, the assessment of a reader
chosen at random from others in the study was
used as the final arbiter. The sensitivity and
specificities that would be achieved with this
double-reading protocol were calculated, given the
data. These are shown in Table 15, with the
corresponding values for single-reading by
prompted and unprompted radiologists provided
for comparison.
The differences between the conditions were not
great. To generate confidence intervals for these
data, focusing on the comparison between singlereading by a prompted radiologist and doublereading by radiologists working with
radiographers, values for the change in specificity
and sensitivity between these two conditions were
generated. The total set of values was then
sampled by random selection with replacement to
simulate a sampling distribution for the data (a
procedure known as bootstrapping). This was used
to determine 95% confidence intervals for the
difference between the intervention (singlereading with prompts) and control conditions
(double-reading). These are presented in
Table 16.

Median Mean (SD) Median Mean (SD)
Roller 1
Roller 2
Roller 3
Overall

75
70
65
70

78.6 (28.5)
65.7 (20.5)
65.0 (31.5)
69.8 (27.2)

45
75
55
58

50.7 (30.5)
70.7 (26.2)
53.6 (17.0)
58.3 (25.2)

It appears that sensitivity was higher in the
intervention condition on roller 3, but elsewhere
the effect was in the other direction. The most
noticeable effect was that specificity was higher
with double-reading.

TABLE 15 Figures for sensitivity and specificity for radiologists double-reading with radiographers, with a third reader arbitrating on
disagreement; figures for sensitivity and specificity of prompted and unprompted radiologists single-reading are presented for
comparison
Roller

Unprompted

Prompted

Double-reading

Sensitivity

Roller 1
Roller 2
Roller 3
Overall

0.80
0.83
0.71
0.78

0.79
0.82
0.75
0.79

0.81
0.82
0.68
0.77

Specificity

Roller 1
Roller 2
Roller 3
Overall

0.81
0.82
0.82
0.81

0.80
0.79
0.82
0.80

0.87
0.86
0.91
0.88
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TABLE 16 Means and 95% CIs for the difference in sensitivity and specificity between intervention (single-reading by prompted
radiologists) and control conditions (double-reading by radiologists working with radiographers)

Roller 1
Roller 2
Roller 3

Sensitivity

Specificity

–0.023 (–0.054 to 0.0003)
–0.019 (–0.044 to 0.0048)
0.049 (0.016 to 0.085)

–0.067 (–0.10 to –0.030)
–0.048 (–0.044 to 0.0048)
–0.09 (–0.13 to –0.057)

TABLE 17 Results of an analysis attempting to find a difference between two groups of readers: those who saw CAD first and those
who saw CAD second.

Improvement in sensitivity
Improvement in specificity

Roller 1

Roller 2

Roller 3

0.17 (–0.044 to 0.078)
t48 = 0.56, p = 0.58
0.0091 (–0.038 to 0.056)
t48 = 0.39, p = 0.70

0.0094 (–0.025 to 0.044)
t48 = 0.55, p = 0.58
–0.036 (–0.099 to 0.027)
t48 = –1.2, p = 0.25

0.042 (–0.027 to 0.11)
t48 = 1.2, p = 0.23
–0.028 (–0.086 to 0.029)
t48 = –0.99, p = 0.33

The measure analysed is the improvement in the CAD condition; this is presented separately for each roller and for both
sensitivity and specificity. Improvement is calculated for each reader and means calculated for the two groups. The table
presents the difference between the two means and the 95% CIs for that difference, and p-values for the t-tests comparing
the change in sensitivity and specificity of the two groups of readers.

Impact on poorly performing readers
The possibility was considered that R2 might be of
more value for less able readers. To test this
hypothesis the readers were divided into two
groups: 19 less able readers and 20 able readers.
This was then used as a between-subject factor in
the analysis. As a measure of ability, average
sensitivity scores (mean on transformed scale)
across all conditions were used to avoid any
regression towards the mean effects.
For sensitivity there was a significant effect of the
roller (F2,74 = 27, p < 0.001) and of reader skill
(F1,37 = 62, p < 0.001), but not for prompt or any
of the interactions (p-values > 0.07). For the key
interaction between prompt and reader skill,
F1,37 = 0.6, p = 0.4. For specificity there was a
significant effect of the roller (F2,74 = 5.3,
p = 0.007) and of reader skill (F1,37 = 14,
p = 0.001), but not for prompt or any of the
interactions (p-values > 0.1). For the key
interaction between prompt and reader skill,
F1,37 = 0.8, p = 0.4. There was no evidence that
the use of R2 affects able and less able readers’
sensitivities or specificities differently.

Impact of reading order
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For practical reasons it was not possible to specify
a minimum interval of longer than 1 week to
elapse between a participant reading a roller in
one condition and then reading it in the other
condition. This meant that it was possible that

readers could be remembering cases. The authors’
clinical colleagues assured them that the impact
of this on busy film readers would be minimal,
but it remained a concern. If readers who were
randomised to see cases first in the prompted
condition were remembering the location of the
prompts when they read in the unprompted
condition, the overall assessment of the
difference between the two conditions would
be diminished.
The following analysis was performed to test for
this effect. The readers were separated into two
groups: those who read with the prompts first and
those who read with the prompts second (this had
to be done separately for each of the three rollers).
For each combination of reader and roller, the
improvement in the prompted condition over the
unprompted condition was then calculated. A
t-test revealed that there was no difference
between the mean improvement in the group who
saw the prompts first and the group who saw them
second (Table 17).

Why are the prompts ignored?
To determine why there was no impact due to the
prompts, several hypotheses were considered. The
focus was on those cancers that were the source of
the most errors in the unprompted condition and
where the ImageChecker had placed a correct
prompt. Table 18 shows the percentage of readers
correct with and without prompts for the 14
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TABLE 18 The 14 cases called correctly by fewer than 90% of readers, ranked according to the impact of the prompt
% of readers
correct
(prompted)

% of readers
correct
(unprompted)

Impact of
prompt

0.14
0.46
0.31
0.46
0.60
0.90
0.90
0.90
0.87
0.48
0.96
0.58
0.78
0.72

0.26
0.54
0.36
0.50
0.58
0.88
0.88
0.86
0.82
0.42
0.88
0.50
0.68
0.56

–0.12
–0.08
–0.05
–0.04
0.02
0.02
0.02
0.04
0.05
0.06
0.08
0.08
0.10
0.16

0.64

0.60

0.04

Prompts on
both views

Confident
marker

Prompt for
calcifications

Y

Y

Y

Y
Y
Y

Y

Y

Y

Y

Y
Y
Y

Y
Y

Y
Y

Y, yes.

cancer cases where fewer than 90% of the film
readers made a correct decision without prompts,
but which the ImageChecker prompted.
The 14 films that fewer than 90% of readers called
correctly in the unprompted condition were
ranked according to the difference in the
percentage who called it correctly in the prompted
versus unprompted conditions; this difference was
taken as a measure of the impact of the prompt.
Table 18 shows for which of the 14 films a
microcalcification prompt, an emphasised prompt
or a prompt in both views was displayed for the
primary abnormality. They are shown ranked
according to the difference in the percentage of
readers making a correct decision between the
conditions. Looking at the distribution of cases
that were prompted correctly, on two views,
prompted with a confident marker or prompted
for calcifications, there is no obvious correlation
between any of these three factors and the impact
of the prompt. There is, however, a clear, but
weak, effect suggesting that in these cases prompts
can improve performance.
Therefore, a decision was made to perform a
second study with a much larger sample of cases
that met these two criteria, to establish the
potential impact of prompts in these kinds of
cases. The results of this study are presented in the
next section.
© Queen’s Printer and Controller of HMSO 2005. All rights reserved.

Study 2
The analyses carried out on the data from study 2
were similar to those carried out on the data from
study 1. The impact of CAD on film readers’
sensitivity and specificity was tested, looking first
at all film readers, then at radiologists and
radiographers separately. The test of impact was
repeated looking at all readers, putting the data
from study 2 together with data from a subset of
images from study 1, those meeting the criteria
used to select cases for study 2. The hypothesis
was tested that readers may be differentially
affected by CAD. The study also considered
whether readers paid more attention to
emphasised prompts or to calcification prompts.
The results of all these analyses are presented in
the following sections.

Impact of CAD prompts on film
readers’ sensitivity and specificity
Readers’ responses were collected on a scale of
1–4, as for study 1, but this was again collapsed to
a binary response for the analysis (recall versus not
recall). The sensitivity and specificity of each
reader on each roller under each condition were
then calculated. (On a small number of occasions,
there were missing data for particular cases. The
sensitivity and specificity were then calculated
ignoring that case.) The data were, as for study 1,
transformed using a modified logit function and
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TABLE 19 Comparison of sensitivities in the prompted and
unprompted conditions for all readers on all films meeting the
study 2 criteria (means and 95% CIs)
Sensitivity

Unprompted

Prompted

Specificity

Unprompted

Prompted

Roller 4
Roller 5
‘Roller 6’
Overall

0.83 (0.78 to 0.87)
0.72 (0.66 to 0.77)
0.64 (0.59 to 0.68)
0.74 (0.70 to 0.77)

0.84 (0.79 to 0.88)
0.78 (0.73 to 0.82)
0.65 (0.60 to 0.71)
0.76 (0.72 to 0.80)

Roller 4
Roller 5
‘Roller 6’
Overall

0.92 (0.86 to 0.92)
0.81 (0.76 to 0.84)
0.83 (0.80 to 0.86)
0.85 (0.82 to 0.87)

0.92 (0.89 to 0.94)
0.81 (0.79 to 0.84)
0.85 (0.81 to 0.88)
0.87 (0.84 to 0.89)

then entered into a GLM with two within-subject
factors (a repeated measures ANOVA). The two
within-subject factors were for the prompt (two
levels: with prompt, without prompt) and for the
roller (two levels for two rollers). One analysis was
done for sensitivity and another for specificity.

between roller and prompt (F2,68 = 0.7, p = 0.5).
Taking the model estimated means and 95%
confidence intervals on the transformed scale and
back-transforming them on to the original scale
gave the data shown in Table 20.

Sensitivity
There was a significant effect of the roller
(F1,34 = 18.4, p < 0.001), but not of the prompt
(F1,34 = 2.8, p = 0.10) or the interaction between
roller and prompt (F1,34 = 1.2, p = 0.3).

The values in Table 20 may look as if there is less
of an effect than in Table 19, but the logit
transformation makes more of a difference for
scores nearer 1, as here. Hence, this result was
significant, but looked no more marked than that
for sensitivity. There is evidence here that R2
improves specificity, but not sensitivity.

Specificity
There was a significant effect of the roller
(F1,34 = 60.1, p < 0.001), but not of the prompt
(F1,34 = 3.1, p = 0.088) or the interaction between
roller and prompt (F1,34 = 1.6, p = 0.2).

Impact of CAD prompts on radiologists’
and radiographers’ sensitivities and
specificities

Overall, performance improved with R2, but the
effects were small and not statistically significant.
A ‘virtual’ third roller was also created by taking
data from the first study, using cases that fitted the
criteria for the second study. The inclusion of
these films had been assumed when performing
the power calculation for the study. This mock
roller had 15 cases and 28 non-cases. The basic
GLM was performed as before (assuming
sphericity), giving the following results.

Sensitivity
There was a significant effect of the roller
(F2,68 = 39.4, p < 0.001), but not of the prompt
(F1,34 = 2.3, p = 0.14) or the interaction between
roller and prompt (F2,68 = 1.0, p = 0.4). Taking
the model estimated means and 95% confidence
intervals on the transformed scale and backtransforming them on to the original scale gave
the data shown in Table 19.
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TABLE 20 Comparison of specificities in the prompted and
unprompted conditions for all readers on all films meeting the
study 2 criteria (means and 95% CIs)

Specificity
There was a significant effect of the roller
(F2,68 = 23.4, p < 0.001) and of the prompt
(F1,34 = 6.0, p = 0.019), but not of the interaction

This analysis assessed whether performance varied
by reader type. The breast clinicians were excluded
as there were too few of them to perform any
meaningful analysis, so this analysis was conducted
on 18 radiologists and 15 radiographers.

Sensitivity
There was a significant effect of the roller
(F1,31 = 15.3, p < 0.001), but not for any of the
other effects (p-values > 0.1).
Specificity
There was a significant effect of the prompt by
roller (F1,31 = 4.3, p = 0.047), but not for any of
the other effects (p-values > 0.07).
There were no statistically significant effects of
reader type, or interactions with reader type, for
sensitivity or specificity. In this study,
radiographers were as accurate as radiologists and
equally unaffected by using R2.

Impact on poorly performing readers
This analysis assessed whether R2 was of more help
for poor readers. The readers were divided by their
average sensitivity scores (mean on transformed
scale) across all conditions (to avoid any regression
towards the mean effects) into two halves: 18 less
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TABLE 21 Mean (95% CI) sensitivity and specificity for the two studied conditions and the simulation of double-reading

Sensitivity
Specificity

Single-reading

Single-reading with CAD

Double-reading

0.77 (0.73 to 0.81)
0.85 (0.81 to 0.87)

0.80 (0.76 to 0.84)
0.86 (0.84 to 0.88)

0.81 (0.79 to 0.84)
0.88 (0.86 to 0.90)

TABLE 22 Means and 95% CIs for the comparisons between single-reading and reading with CAD and between single- and
double-reading

Increase in sensitivity
Increase in specificity

Single-reading with CAD
compared with single-reading

Double-reading compared with
single-reading

0.03 (–0.0027 to 0.064)
0.01 (–0.0033 to 0.034)

0.04 (0.014 to 0.077)
0.03 (0.0099 to 0.062)

able readers and 17 better readers. This was then
used as a between-subject factor in the analysis.

Sensitivity
There was a significant effect of the roller
(F1,33 = 18.4, p < 0.001) and of reader skill
(F1,33 = 67.2, p < 0.001), but not for prompt
(F1,33 = 2.7, p = 0.11) or any of the interactions
(p-values > 0.2). For the key interaction between
prompt and reader skill, F1,33 = 1.2, p = 0.3.
Specificity
There was a significant effect of the roller
(F1,33 = 60.9, p < 0.001) and of reader skill
(F1,33 = 13.9, p = 0.001), but not for prompt
(F1,33 = 3.1, p = 0.086) or for any of the
interactions (p-values > 0.18). For the key
interaction between prompt and reader skill,
F1,33 = 0.7, p = 0.4. There is no evidence that use
of R2 affects good and worse readers’ sensitivities
or specificities differently.

Simulation of double-reading
Data from the performance of individual readers
working without CAD were used to simulate the
effect of double-reading with arbitration. For each
pair of readers the result was taken to be recall if
both agreed on recall, no recall if both agreed on
no recall, and if they disagreed, the result was
determined using the judgement of a third reader,
selected at random.
Confidence intervals on the data were generated
using a bootstrapping technique in which means
were calculated in each of the three conditions
(single-reading, single-reading with CAD and
double-reading) for 999 random simulated
samples generated from the sets of scores. The
95% confidence interval was taken to be the range
between the 25th and 975th means. Again, means
© Queen’s Printer and Controller of HMSO 2005. All rights reserved.

were calculated following a logit transformation
but the critical values are presented here following
an inverse transformation. The results are shown
in Table 21.
The same bootstrapping technique was used to
calculate 95% confidence intervals for two
comparisons, one between single-reading and
single-reading with CAD and one between singlereading and double-reading. The results are
shown in Table 22.
Double-reading increased sensitivity compared
with single-reading. The sensitivity for singlereading with CAD was greater than that for singlereading; however, since the lower end of the 95%
confidence interval for the difference was below
zero, it was not statistically significant. The mean
specificity was also improved both by CAD and by
double-reading; again the difference due to
double-reading was statistically significant, whereas
that due to CAD was not.

Why are the prompts ignored?
Study 2 involved 35 readers and 40 cases of
correctly prompted cancer. There were six missing
observations, hence 1394 reports of a film reader
using correctly placed prompts to interpret cases.
Of these, 305 were not recalled. Several factors
were considered that may affect whether or not a
prompt was recalled. Two factors relate to the case:
difficulty and size of lesion. Figure 1 shows a plot
of failure to recall against the percentage of
confident ‘no recall’ decisions (readers had a
choice between ‘definitely no recall’ and ‘discuss,
probably no recall’, ‘discuss, probably recall’ and
‘definitely recall’). When readers were less
confident about their decision in the unprompted
condition, they were more likely to act on a correct
prompt and to recall the case in the prompted
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Results

35

No. of 'confident' decisions in
unprompted case

30
25
20
15
10
5
0
0

5

10

15

20

25

No. of times prompt ignored
FIGURE 1 Number of times a cancer case was given a confident ‘no recall’ decision in the unprompted condition, plotted against the
number of times the prompt was ignored

TABLE 23 Effect on impact of three characteristics of prompts

% of emphasised prompts
% of calcification prompts
No. of prompts per case

1st quartile
(n = 11)

2nd quartile
(n = 10)

3rd quartile
(n = 9)

4th quartile
(n = 10)

91
36
4.4

60
30
4.6

30
33
3.8

50
40
2.6

condition (Pearson’s coefficient of correlation =
0.85, p < 0.001).
There was no correlation between the size of the
lesion, as assessed at biopsy, and the rate of failure
to recall (Pearson’s coefficient of correlation =
–0.9, p < 0.9).
Three factors relating to the prompts were also
considered: whether or not the prompt was
emphasised, whether or not the prompt was for
calcification and whether or not there were any
distracting prompts. The 40 cancers were divided
into four quartiles according to the rate of failure
to recall in the prompted condition (Table 23).
Prompts in the first quartile were ignored on zero
to three occasions, in the second on 4 to 7
occasions, in the third on eight to 11 occasions
and in the fourth on 12 to 21 occasions.
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Readers were much less likely to ignore
emphasised prompts (Mann–Whitney Z = 2.2,
p = 0.029). There was no evidence that prompts

for calcification were more likely to be responded
to (Mann–Whitney Z = 0.33, p = 0.74). There was
a slight trend towards cases with more prompts
being more likely to be recalled correctly
(Spearman’s r = –0.29, p =0.07).
Three factors relating to the reader were
considered: years of experience, prior expectation
and ability. Data were collected from 31 of the
readers about the number of years that they had
been working in the screening programme. Thirtythree of the readers completed a questionnaire
after using the system in study 1, in which they
rated the value of the ImageChecker on a scale of
1–100. This score was used as an index of the
reader’s expectations. Mean sensitivity achieved in
study 1 was used as a measure of ability. For each of
these three factors a test was done for a correlation
with the impact of the prompting system on each
reader. Impact was measured as the improvement
in sensitivity in the prompted condition compared
with the unprompted condition. None of the three
factors considered correlated with impact.

Health Technology Assessment 2005; Vol. 9: No. 6

Chapter 4
Economic assessment
Introduction
Background
Accurate estimates of cost-effectiveness are
increasingly required before the introduction of
health technologies. Such estimates quantify
whether the benefits, such as improved quality of
life and/or survival, are sufficient to justify the
scarce resources required. Screening technologies
are no different to other technologies in this respect
and therefore estimates of the cost-effectiveness of a
new screening programme, or changes to an
existing screening programme, are required.
Assessment of screening technologies does,
however, raise some specific issues when estimating
their cost-effectiveness. In particular, there is a need
to address the harms of any screening programme
(such as false-positive and false-negative outcomes)
in addition to any potential benefits arising from
early detection. Furthermore, in the UK, decisions
about screening programmes tend to be made at
national level rather than by individual GPs or
clinicians. Consequently, formal screening
programmes require substantial investment and this
generates a further need to produce estimates of
cost-effectiveness.
In the UK, the report that led to the introduction
of the NHSBSP1 was one of the earliest costeffectiveness studies to estimate a cost per qualityadjusted life-year (QALY) through a combination
of estimates of costs, quality of life effects and
survival. When the NHSBSP was introduced it was
recommended that economic components should
be built into future studies of potential changes to
policy options since the costs and benefits of
screening would be affected by any change. Today,
the focus of breast screening policy, and thus of
cost-effectiveness, is on how the NHSBSP can best
be delivered.

Costs and benefits associated with
computer prompts in breast screening
Computer-aided prompts represent one policy
option to explore in attempting to improve the
delivery of the NHSBSP. The introduction of
computer prompts would be associated with a
number of different costs and benefits. On the cost
side, introduction of computer-aided prompts
would require investment in image processors and
© Queen’s Printer and Controller of HMSO 2005. All rights reserved.

this may represent a significant capital investment
across the NHSBSP. Additional costs may be
associated with training of staff to use the
prompting system as well as time taken to digitise
films. There are, however, two areas with the
potential to realise cost savings using computer
prompts. The first is that if the time taken to read
films using computer prompts is lower than
conventional reading methods this may result in
cost savings. The second is that if the recall rate
for assessment is lower with computer prompts
than conventional reading methods this may result
in cost savings.
If computer prompts reduce the specificity of the
test then more women will experience false-positive
outcomes and the associated quality of life effects
of a false alarm. Furthermore, if computer prompts
reduce the sensitivity of the test then more women
will experience false-negative outcomes and the
associated quality of life effects of false reassurance,
as well as the quality of life effects associated with
the fact that the cancer may only be detected at a
more advanced stage and may therefore require
more intensive treatment. Further changes in costs
and benefits may arise if computer prompts affect
not only the rate of cancer detection but also the
type of cancers identified. If computer prompting
detects cancers with better prognoses, cost savings
may arise as a result of lower treatment costs and
benefits may arise in terms of improved quality of
life and survival. In a prospective study using
computer prompting, Freer and Ulissey found that
a high proportion of the additional cancers
detected with computer prompts were DCIS and
therefore had a better prognosis, but they did not
consider the impact of this on the cost-effectiveness
of prompting.34
To date, no study has estimated and compared the
costs and benefits associated with the use of
computer prompts in mammography.

Previous research on costeffectiveness of breast screening
Despite the fact that there has been no costeffectiveness analysis of computer-aided prompts,
there has been considerable interest in the cost
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and cost-effectiveness of breast screening policies
in many countries. This interest stems from the
fact that the implementation (and running) of a
breast screening programme is likely to involve
substantial investment for governments or health
insurance organisations. Two of the earliest studies
estimating the cost-effectiveness of introducing a
breast screening programme were in the UK1 and
in The Netherlands.40 Since these studies were
published, the cost-effectiveness of introducing
breast screening programmes has been estimated
in many other countries.41–44
In recent years, the focus of interest in the costeffectiveness of breast screening has been on how
breast screening services are delivered. These
include studies exploring the cost-effectiveness of
the age of screening,45,46 the screening test47 and
digital mammography.48 In the UK, recent costeffectiveness studies have explored a range of
reading policies, including the number of views
and the number and combination of readers.49–53
All of these studies concluded that increasing the
number of views or increasing the number of
readers was cost-effective. The interest in the UK
in exploring the cost-effectiveness of reading
policies may have arisen as a result of using such
policies to reduce false-negative rates and improve
the accuracy of cancer screening in general.
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compared with other health technologies. Only
estimation of a cost per life-year gained or cost
per QALY can achieve that. Hence, this study
estimates both a cost per cancer detected and a
cost per QALY, so that a range of comparisons can
be made. Estimation of outcomes beyond cancers
detected also allows consideration of quality of life
effects of cancer, recurrences for cancer and lifeyears gained through cancer detection.
The second key feature of the methods adopted in
the cost-effectiveness studies of reading policies is
that, with the exception of the study by Wald and
colleagues,49 all studies synthesise costs and
effectiveness data from a number of sources and
are not based on trial data. Hence, although this
study is based primarily on effectiveness data from
archived films, it is not unusual for costeffectiveness studies to be based on nonrandomised studies.

Methods
Aims and scope of cost-effectiveness
analysis

Studies on the impact of cost-effectiveness of the
number of views and number and combination of
readers are relevant to the design of a costeffectiveness analysis of computer-aided prompts.
The aim of this section is not to provide a
systematic review of these studies; rather, it
highlights the points that have influenced the
methodology adopted in this report.

The aim of the economic analysis was to estimate
the cost-effectiveness of mammographic film
reading using computer prompts. The costeffectiveness analysis used estimates of sensitivity
and specificity from the reading studies reported
in Chapter 3 and combined these estimates with
estimates of health service costs. The study
adopted a health service perspective for the
estimation of costs since these types of cost
represent the main difference between prompted
and unprompted reading. Cost estimates were
derived from five breast screening centres.

Almost all previous studies adopted an
intermediate outcome measure (cancers detected)
as the main outcome measure and thus presented
a cost-effectiveness ratio measuring the cost per
additional cancer detected. The only exception is
the study by Wald and colleagues which, in
addition to a cost per cancer detected, estimated a
cost-effectiveness ratio of cost per year of life
saved.49 This latter estimate was, however, based
on a crude assumption that the 24% increase in
cancer detection would result in a 24% increase in
lives saved. Although the number of cancers
detected is a commonly reported outcome
measure, it can only be used to judge the relative
cost-effectiveness of a technology compared with
technologies that have also estimated a cost per
cancer detected. It cannot allow a judgement as to
the relative value for money of a technology

Two forms of cost-effectiveness were estimated.
The first was a cost per cancer detected at
12 months. This figure can be compared with
previous estimates of cost per cancer detected for
mammographic reading policies to indicate the
relative value for money of computer prompting.
The second was a cost per QALY at 10 years. This
latter estimate used a modelling approach to
extrapolate from cancers detected. The aim of the
extrapolation method was to estimate the gain
from detecting any additional cancers (life-years or
QALYs) and to quantify any changes in longer
term costs as a result of any additional cancer
detection. The cost per QALY figure can be
compared with estimates of cost per QALY of
other health technologies or threshold costeffectiveness ratios to determine the relative costeffectiveness of computer prompting.
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TABLE 24 Description of studies and comparisons made in the economic assessment
Characteristic

Study 1

Study 1
(double-reading simulation)

Study 2

Study 2
(virtual roller)

No. of cases

180

180

120

163

Selection of cases

‘Representative’

‘Representative’

‘Selected’: previously
missed by film reader
and corrected
prompted by R2

As study 2 with the
addition of cases from
study 1 meeting the
criteria for study 2

No. of cancers

60

60

40

?

Comparison made
in economic
assessment

Prompted
versus
unprompted

Double-reading
(unprompted) versus
single-reading (prompted)

Prompted versus
unprompted

Prompted versus
unprompted

The main study was powered to detect differences
in sensitivity and specificity, rather than to detect
differences in economic end-points, such as cost
per cancer detected and cost per QALY. As this is
often the case for cost-effectiveness studies, the
recommended approach in such situations is to
estimate uncertainty around the cost-effectiveness
estimates, since it is possible that the lack of
significance in the effect difference may have
arisen as a result of insufficient power to detect
differences.54

may save costs if savings arise as a result of
reading costs, total assessment, total treatment and
future costs. The methods used to estimate these
potential changes are now described (treatment
costs and future costs are explained in the section
on cost per QALY). Cost differences between
prompted and unprompted reading are presented
as a cost per 1000 women screened. All costs are
presented in 2001/02 prices. All future costs are
discounted at 3.5%, the rate recommended by HM
Treasury since April 2003.55

The comparisons made in the economic
assessment are summarised in Table 24, along with
a summary of key features of the studies discussed
in detail in Chapter 3.

Equipment, training and digitising costs
In estimating the average equipment cost per
screen it is important to consider the number of
computer prompting installations required per
centre. A conservative estimate would be to assume
that each screening centre would require one
computer prompting system (the R2
ImageChecker), but such an assumption would
limit the generalisability of results since the size of
the screening centre is known to vary widely.55 If
screening centres are large then they will require
more than one ImageChecker to be able to keep
up. To estimate the number of installations and
hence equipment cost per screen, an estimate of
the throughput of the ImageChecker and an
estimate of screening unit size are required.

Health service costs
Overview
The key potential changes in health service costs
arising with the introduction of a computer
prompted system compared with an unprompted
system are:
●

●

●

●
●

●

additional equipment costs of R2 ImageChecker
(including maintenance costs)
additional costs of training staff to use
prompting system
additional staff time taken to digitise films for
prompting
change in film reading time
change in total assessment costs resulting from
any change in recall rate
change in total treatment and future costs
resulting from any change in cancer detection
rates and/or prognosis of cancers.

It is clear that although prompting will be costincreasing in terms of additional costs associated
with equipment, training and digitising time, it
© Queen’s Printer and Controller of HMSO 2005. All rights reserved.

In the authors’ experience, it is difficult to process
more than 180 cases per week with a single
digitiser. The average number of weeks for which
a screening centre is open is 49 weeks per year.55
Hence, the average throughput of one
ImageChecker is 8820 cases per year. The size of
screening centre can be estimated from data from
the same survey.56 Centre-specific data on the
number of screens was divided by the average
throughput of R2 (8820) to estimate the number
of installations required per centre. Clearly, capital
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investments are ‘lumpy’ in that the number of
screens divided by the throughput of an
ImageChecker is unlikely to be a whole number
and will therefore have to be rounded up to reflect
the real number of installations required. In this
study, the following rounding procedure is used.
If, after dividing the number of screens by the
throughput of the ImageChecker, the number of
installations required is estimated to be greater
than zero and less than or equal to 1.3 then 1 is
assumed to be required; if greater than 1.3 or less
than or equal to 2.3 then 2; if greater than 2.3 and
less than or equal to 3.3 then 3. These numbers
are then used to estimate the average equipment
costs. Any lower number of installations would
affect the efficiency of the current screening
centres and screening programme as a whole.
Centre-specific data on the number of women
screened and number of installations required are
combined with capital costs (now described) to
estimate the average equipment cost per screen.
The capital costs of the ImageChecker system are
estimated based on list prices, converted to annual
equivalents using the equivalent annual cost (EAC)
method. Annuity factors are based on a 3.5%
discount rate.55 The capital cost of the
ImageChecker is £108,000 (NHSBSP 2001). The
lifespan of equipment (7 years) is based on
manufacturers’ estimates. The maintenance costs
per machine are £10,000 per annum.57
The introduction of a prompting system requires
staff to be trained in its use and generates
additional staff time costs. These costs are
estimated on the basis of a radiographer and
radiologist within a screening centre having a
3-hour training session with retraining every
3 years. The time is then weighted by cost per
hour of a radiologist (£45.11) and a radiographer
(£13.71).58 The average training cost per screen is
calculated based on the average number of
radiographers and radiologists per screening
centre (average of 4.89 radiographers per centre
and 0.89 radiologists per centre) as well as the
number of centres (97).55 Since training costs span
3 years they are converted to an annual cost using
the equivalent annual cost method, annuitised at
3.5%. The total annual training cost for the
NHSBSP is divided by the number of women
screened per year to estimate the average training
cost per screen.
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Computer prompting generates additional costs in
terms of the time spent scanning and digitising
films before the system is able to place prompts.
The time involved in digitising one case (four

films) is 4.5 minutes, based on experience of
digitising the films for the study. The time taken
to digitise is then weighted by the cost per hour of
a radiographic assistant (£5.90) to estimate staff
costs of digitising.58
For the simulation of double-reading, based on
study 1 data, comparing double-reading (one
radiologist and one radiographer) with singlereading (one radiologist using computer
prompting), only the latter option includes the
additional costs of equipment, training and
digitising associated with computer prompting.

Reading time
A potential area of cost saving with computer
prompting is if the time taken to read films using
the prompted system is shorter than with the
unprompted system. Several approaches were
considered for estimating reading time. Initially,
observational work was considered as the
preferred approach to estimating reading time.
Given, however, that it would not have been
possible to observe all 40 readers reading three
rollers each using both prompted and
unprompted conditions (240 reading sessions), the
option was either to observe a subsample or to ask
readers to self-report their reading times. The
latter approach was adopted to allow the
maximum number of observations on reading
time. Each reader was asked to record the time the
reading of the roller started and the time the
reading finished. Other details of the reading
session were also recorded, such as whether the
reader was disturbed and the time of day. The
average time taken to read a roller (containing 60
cases, four films per case) was estimated for each
reader type. The average time was then weighted
by the cost per hour of a radiographer (£13.71)
and radiologist (£45.11) to estimate the reading
time costs. The estimate of reading costs used in
the base-case analysis is an average of the reader
types.
For the simulation of double-reading, based on
study 1 data, comparing double-reading (one
radiologist and one radiographer) with singlereading (one radiologist using CAD), the following
approach was adopted to estimate reading costs.
For double-reading, the average time cost of
radiologists (unprompted) plus the average time
of radiographers (unprompted) was used as the
reading time cost. Although radiographers take
longer to read films, the unit cost of their time is
lower. For single-reading, the average time cost of
radiologists (prompted) was used as the reading
time cost.
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FIGURE 2 Screening pathways

Other screening costs and assessment costs
Other screening costs, such as the costs of
invitation and the costs of films, consumables and
screening equipment, do not differ between
prompted and unprompted. The unit cost of these
screening costs is £25.40.58 This unit cost excludes
reading costs.
The total assessment costs between prompted and
unprompted costs may differ if the recall rate
differs. The unit cost of assessment was taken from
a study of the costs of assessment from five
screening centres.58 The unit cost estimate was
estimated by weighting the costs of individual
assessment procedures by the proportion of
women having those procedures, and represents
an estimate of cost of assessment. The unit costs
included staff time in running the assessment
session and in the administration of results,
consumables per procedure [films for
mammography, needles, syringes for fine-needle
aspiration (FNA), laboratory processing for FNA],
equipment per procedure (screen taking,
processing, reading), ultrasound machine (for
ultrasound), stereotactic machine (for FNA),
buildings and overheads. The unit cost of
assessment is £69.04.

Cost per additional cancer detected
Decision analysis
Cost data were combined with data on the
sensitivity and specificity of prompted and
© Queen’s Printer and Controller of HMSO 2005. All rights reserved.

unprompted systems to estimate a cost per cancer
detected up to the point of detection, and to
provide an estimate of cost-effectiveness in the
short term.
Figure 2 shows the pathways leading to four
screening outcomes: true positives, false negatives,
false positives and true negatives. The decision
analysis was split into ‘cancer’ and ‘no cancer’ so
that the sensitivity and specificity estimates from the
reading of the test sets could be entered directly.
For each of the four screening outcomes, costs
were assigned. Costs for the true-positive outcome
represent the cost of the screen using either the
prompted or unprompted system plus the cost of
assessment. (Treatment costs for true-positive cases
are addressed when estimating future costs and
benefits, discussed below.) Costs for the falsenegative outcome represent the cost of the screen
using either the prompted or unprompted system.
This is because false-negative cases are not
detected until later and at this stage it is not yet
known that the case is actually cancer. (Falsenegative costs and outcomes are addressed when
estimating future costs and benefits, discussed
below.) Costs for the false-positive outcome
represent the cost of the screen using either the
prompted or unprompted system plus the cost of
assessment. Costs for the true-negative outcome
represent the cost of the screen using either the
prompted or unprompted system.
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Sensitivity and specificity estimates from the
respective studies reported in Chapter 3 were
entered into the model to determine costs and
recall rates. A further variable, ‘prevalence’, was
entered into the model to determine the number
of cancers detected. The test sets used in the
studies contained a higher proportion of cancers
than would normally be the case in a routine
screening situation. If the ratio of cancers to
control cases in the test sets was used to estimate
the number of cancers detected from computer
prompting in routine screening, it would greatly
exaggerate the number of extra cancers detected.
Therefore, an estimate of a prevalence of breast
cancer in the population to be screened is
required. Several estimates are available for
prevalence. The screening programme detects
around 6.6 cancers per 1000 women screened.4 In
addition to this, a proportion of cancers is missed
at screening (estimated to be between 10 and
25%5). This produces estimates of prevalence of
between 0.77 and 0.88%. Other studies have
suggested that the ratio of cancers to control cases
in the test sets is in the order of 1:200,59
suggesting a prevalence of 0.5%. Given the
uncertainty regarding the prevalence, the model
used a range of 0.5–0.8% for prevalence with a
base case of 0.65% and the uncertainty in the
prevalence was addressed in a sensitivity analysis.
Overall, therefore, the model assumed that the
sensitivity and specificity achieved during
experimental conditions would be replicated in
routine screening, but that the prevalence of
breast cancer is 0.65%.
The decision analysis model produced estimates of
additional costs and any additional costs per any
additional cancers detected, based on the
sensitivity and specificity estimates reported in
Chapter 3. A cost per cancer detected was
estimated by dividing the additional costs by the
additional cancers detected.

Cost per QALY gained
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Overview of modelling approach
The decision analysis produced estimates of a cost
per cancer detected, but the results could not be
used to judge the relative cost-effectiveness of
computer prompts compared with other health
technologies because they gave no indication of
what was gained from detecting any extra cancers.
To address this gap, a modelling approach was
adopted to extrapolate from a cost per cancer
detected to a cost per QALY. Modelling is
increasingly being used in economic evaluation
and is often required to extrapolate from shortterm to long-term outcomes, since long-term

outcomes are most relevant for decision-making.
An approach that is commonly used in economic
evaluation to model long-term outcomes is
Markov modelling. It is particularly appropriate
for economic evaluation since it allows future costs
and outcomes to be estimated simultaneously.60
In the context of breast screening, Markov models
have been used to estimate the cost-effectiveness of
digital mammography and the cost-effectiveness of
extending screening to women aged 40–49 years.61
Extrapolation from intermediate outcome measures,
such as cancers detected, to final outcome measures,
such as life-years gained, was used in the trial of
one- and two-view mammography,49 although the
methods used were quite crude as the estimation of
future costs and benefits was based on an
assumption that the same percentage rate of
increase in cancers detected achieved with two views
would apply to the rate of mortality reduction.
In this study, a Markov model was used to estimate
long-term costs and outcomes at 10 years between
prompted and unprompted reading. The
approach has several features. First, the model
extrapolates from cancers detected to QALYs
gained using prognosis at time of detection as the
predictor of future survival. Since there is no
evidence that computer prompting changes
prognosis, the model assumes that computer
prompting does not affect prognosis and
effectively this means that any differences in future
costs and life years between prompted and
unprompted reading arise as a result of the
number of cancers detected. Second, the model
takes into account cancers arising from both truepositive and false-negative outcomes. Third, the
model takes into account the likelihood of breast
cancer recurrences and the costs and quality of life
effects associated with recurrences. Finally, the
model allows future costs to be estimated. This is a
particularly important issue for breast screening,
since screening may prevent treatment for latestage breast cancer, with a possible reduction in
treatment costs.

Prognostic index
The indicator used to predict future costs, lifeyears and QALYs is the Nottingham Prognostic
Index (NPI).62 The NPI is assigned at diagnosis
and incorporates three prognostic factors: tumour
size, nodal status and histological grade. The NPI
is derived from a Cox regression model and is
estimated as follows: (0.2 × Size + Lymph-node
status + Grade). The NPI is a continuous index,
but can be categorised into three main prognostic
groups: good, moderate and poor. In addition to
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TABLE 25 Prognostic groups identifiable using the NPI
Prognostic group

Score

DCIS
Good
Moderate
Poor

NA
NPI ≤ 3.4
3.4 < NPI ≤ 5.4
NPI > 5.4

NA, not applicable.

these groups, a further group for DCIS is
identifiable. Consequently, there are four potential
prognostic groups (PGs) into which a woman can
be classified at diagnosis (Table 25).
The key advantage of the NPI over other staging
indicators, such as tumour, node, metastasis
(TNM) staging, is that it includes grade of cancer,
a factor that has been shown to correlate highly
with prognosis.63 The NPI has been shown to be
stable62 and the factors that comprise the NPI
have been shown to pick up the effects of
screening.64 A further advantage of using the NPI
is that DCIS (non-invasive cancers that are
commonly detected with breast screening) are
identified separately. The NPI is increasingly
being used as the surrogate end-point for breast
screening trials (e.g. the breast screening
frequency trial in the UK).65

Prognosis of cancers in studies 1 and 2
Table 26 reports the PGs of the cancers in studies 1
and 2, and shows that the prognosis of cancers is
similar between studies. It also shows the PGs of
cancers detected at screening,66 which found that
22% of cancers were non-invasive and 78% were
invasive. Of the 4195 invasive cancers, 46% were
of good prognosis, 27% were of moderate
prognosis and 5% were of poor prognosis. Table 26
suggests that the test sets differ from cancers in
the screening programme in terms of the lower
proportion of poor prognosis cancers being
included in the test sets.
In terms of the modelling, the key issue is whether
prompting with the R2 ImageChecker detects
cancers with a different prognosis. Freer and
Ulissey found that the additional cancers detected
by computer prompting were primarily DCIS, so it
is important to determine whether the
ImageChecker is able to detect cancers with
prognoses other than DCIS.34 Examination of the
cancers in study 1 shows that the ImageChecker
missed one out of 14 cancers with DCIS, nine out
© Queen’s Printer and Controller of HMSO 2005. All rights reserved.

TABLE 26 Prognosis of cancers in studies 1 and 2
Prognostic
group

Study 1
n (%)

Study 2
n (%)

Screening
programme
%

DCIS
Good
Moderate
Poor
Missing

14 (23)
31 (52)
13 (22)
1 (2)
1 (2)

13 (30)
22 (50)
8 (18)
0 (0)
1 (2)

22
46
27
5
0

of 31 cancers with a good prognosis and five out of
13 cancers with a moderate prognosis. R2 detected
all other cases. Examination of the cancers in study
2 shows that the ImageChecker missed one out of
13 cancers with DCIS and two out of 20 cancers
with good prognosis, but detected all other cases.
Although the numbers are small, they suggest that
the ImageChecker picks up most DCIS cancers, but
is also able to detect cancers with other prognoses.
In the absence of any other evidence, it can be
concluded that since the ImageChecker is picking
up the range of prognoses, the cancers that it
detects are broadly similar to those detected by the
screening programme. Hence, the conservative
assumption made in the modelling is that
prompted and unprompted reading detects
cancers of the same prognosis, and that any
differences in the cost-effectiveness of prompted
and unprompted reading arise through differences
in sensitivity and specificity.

Key features of the Markov model
Details of the Markov model are presented in
Appendix 3. This section highlights some of the
key features of the model. The model begins at
the point where breast cancer has been diagnosed
and NPI assigned. There are five states in the
model: breast cancer diagnosed, local recurrence,
regional recurrence, distant recurrence and dead.
A Markov model is estimated for each PG.
Life-years and QALYs are produced by the model
by entering data on survival benefits and quality of
life effects. Each PG has a different probability of
moving from the breast cancer diagnosis state to
the different recurrence states, and has a different
probability of death. DCIS is assumed to confer no
survival benefit and therefore the probability of
death following breast cancer is the same as othercause mortality. Utilities are attached to each state
in the model based on the literature (further
details on sources are presented in Appendix 3).
Life-years and QALYs are discounted at the
recommended rate of 1.5%.67
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Future costs are produced by the model by
entering data on the costs of treatment in each
state. Each PG has a different initial treatment cost
arising from different treatment protocols by PG.
All treatment costs include primary treatment,
recurrences and follow-up. Costs are discounted at
the recommended rate of 3.5%.56
The Markov model begins with all patients in the
breast cancer-diagnosed state at the age of
50 years. A cycle length of 1 year is chosen since
follow-up after breast cancer diagnosis and
treatment is annual. The model is run for ten
cycles to estimate costs and life-years at 10 years.
The proportion of cases entering each PG is
assumed to be the same for both prompted and
unprompted reading. The sensitivity and
specificity of prompted and unprompted reading
are used to determine the number of cancers that
are true positive and false negative. The truepositive and false-negative cancers are assumed to
have different prognoses, since false-negative
cancers are detected at a later stage than truepositive cancers. The proportion of true-positive
cases in each PG was taken from Table 26 (22%
DCIS, 46% good prognosis, 27% moderate
prognosis and 5% poor prognosis). The
proportion of false-negative cases by PG was taken
from a study of symptomatically detected
cancers,68 which found that 3% of cancers were
non-invasive and 97% were invasive. Of the 306
invasive cancers, 24% were of good prognosis, 52%
were of moderate prognosis and 21% were of poor
prognosis. All false-negative cases are assumed to
arise in the first year of the model.
The costs, life-year and QALY estimates from the
model for prompted and unprompted reading are
then used to estimate additional costs, additional
life-years and additional QALYs between
prompted and unprompted. A cost-effectiveness
ratio is calculated as the additional costs divided
by the additional life-years or QALYs between
prompted and unprompted.

Sensitivity analysis and
presentation of results
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One-way sensitivity analysis is performed on the
cost estimates. In a one-way sensitivity analysis,
median reading times are entered and the impact
on the difference in screening costs between
prompted and unprompted is observed. The
estimates of the cost of the computer prompting
equipment are also explored in the following way:

by increasing the discount rate to 6% (the
recommended rate until 2003), decreasing it to
0% to explore the results without discounting, and
assuming a 25% reduction in the list price of the
computer prompting system.
In addition to the sensitivity analyses on costs, a
series of one-way sensitivity analyses is performed,
leaving costs and life-years undiscounted.
Rather than perform a large number of one-way
sensitivity analyses, uncertainty in the costeffectiveness estimates is explored by performing
probabilistic sensitivity analysis. The aim of the
probabilistic analysis is to address all uncertainties
simultaneously. For example, the analysis
addresses the uncertainty in the prevalence of the
breast cancer as well as the uncertainty in
sensitivity, specificity and costs at the same time.
The probabilistic analysis uses Monte Carlo
simulation methods to estimate uncertainty in the
results. Details of the probabilistic analysis are
presented in Appendix 3.
A cost-effectiveness acceptability curve69 is
calculated to indicate the probability of computer
prompting being cost-effective at a function of
what a decision-maker’s threshold costeffectiveness ratio might be. A £30,000 threshold
is used, as this is often perceived to be the
threshold ratio in the UK.

Results
Costs
Table 27 presents the difference in health service
costs per 1000 women screened between
prompted and unprompted reading. The cost of
equipment is the main difference between
prompted and unprompted, and the table shows
that computer prompting increases the cost of
equipment by £4016 per 1000 women screened.
Computer prompting also increases cost through
training and digitising costs. In terms of reading
costs, with the exception of study 1 (simulation of
double-reading), there is only a minor cost saving
arising from prompted reading. This reflects the
slightly shorter mean time taken to read prompted
rollers. Given, however, that there was no
statistically significant difference in the time taken
with prompted and unprompted reading, this cost
saving is uncertain. For study 1 (simulation of
double-reading), savings in reading cost arise as a
result of the fact that the total time of singlereading (one radiologist using the computer
prompt) is less than the total time of double-
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TABLE 27 Difference in health service costs of prompted and unprompted reading by study
Type of cost

Study 1

Study 1 (double-reading simulation)

Study 2

Study 2 (virtual roller)

Equipment
Digitising
Training
Reading
Assessment
Total difference

£4,016
£435
£773
–£16
£0
£5,209

£4,016
£435
£773
–£245
£5,497
£10,476

£4,016
£435
£773
–£16
–£671
£4,538

£4,016
£435
£773
–£16
–£1,361
£3,848

TABLE 28 Cost per cancer detected per 1000 women screened, by study
Additional costs, cancers,
cost per cancer detected

Study 1

Study 1 (double-reading
simulation)

Study 2

Study 2
(virtual roller)

Costs
Cancers
Cost per cancer detected

£4,016
0
NA

£10,476
0.13
£80,587

£4,538
0.195
£23,272

£3,848
0.13
£29,600

reading (one radiologist and one radiographer).
Any savings in reading costs by single-reading are
offset by the higher costs of the computer
prompting equipment and the increase in
assessment costs. The assessment costs reflect any
change in recall rate in the studies and the
prevalence of breast cancer in routine screening.
In study 1, there was no change in recall rate and
therefore there were no assessment cost increases
or decreases. For study 1 (simulation of doublereading), there was an increase in assessment costs
resulting from a higher recall rate with singlereading (one radiologist reading with CAD) (this is
consistent with the lower specificity observed for
single-reading) and this led to the highest costs
relative to the others.
Overall, computer prompting is cost-increasing,
with the minimum cost increase being £3848 per
1000 women screened. If no changes in assessment
costs arise and a minor reduction in reading costs
is found, then the additional cost of computer
prompting is £5209 per 1000 women screened.
One-way sensitivity analysis on the costing
methods showed that, if median reading times,
rather than mean times, are used as the basis for
estimating reading costs, the total difference in
health service cost between prompted and
unprompted reading rises from £5209 per 1000
women screened to £5220. When equipment costs
are discounted at 6% and 0%, the total difference
in equipment cost between prompted and
unprompted reading changes from £4016 per
1000 women screened to £4262 and £3692,
respectively. If the list price of the ImageChecker
© Queen’s Printer and Controller of HMSO 2005. All rights reserved.

changes from £108,000 to £81,000 then the
increase in equipment costs falls from £4016 to
£3375 per 1000 women screened.

Cost per cancer detected
Table 28 reports the additional cost per additional
cancer detected (additional costs divided by
additional cancers detected). These results are
based on the costs in Table 27, as well as the
estimates of sensitivity and specificity from the
studies reported in Chapter 3 and the prevalence
of breast cancer.
Table 28 shows that, as would be expected from the
results on sensitivity and specificity reported in
previous chapters, the additional number of cancers
detected by computer prompting is small. Since
study 1 did not detect any additional cancers, a cost
per cancer detected cannot be calculated. For each
of the other studies a cost per cancer detected is
shown and, since the additional cancer detection
rate with computer prompting is small, the cost per
cancer detected ratios are high, with the highest
being for study 1 (double-reading simulation)
because of its higher costs. The interpretation of
these figures is discussed in more detail in Chapter
5 (section ‘Economic assessment’, p. 37).

Cost per life-year gained and
cost per QALY
Table 29 reports the estimates of costs, life-years
and QALYs by study, per 1000 women screened,
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TABLE 29 Cost per life-year gained and per QALY per 1000 women screened between prompted and unprompted, by study at
10 years
Additional costs,
life-years, QALYs

Study 1

Study 1
(double-reading simulation)

Study 2

Study 2
(virtual roller)

Costs (undiscounted)
Costs (discounted)
Life-years (undiscounted)
Life-years (discounted)
QALYs (undiscounted)
QALYs (discounted)
Cost per life-year gained (undiscounted)
Cost per life-year gained (discounted)
Cost per QALY gained (undiscounted)
Cost per QALY gained (discounted)

NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

£10,200
£10,232
0.13
0.11
0.13
0.10
£78,461
£93,018
£78,461
£102,320

£4,123
£4,171
0.19
0.17
0.20
0.16
£21,700
£24,535
£20,615
£26,069

£3,571
£3,603
0.13
0.11
0.13
0.10
£27,469
£32,755
£27,469
£36,030

12,000
10,000
8,000

Differences in costs
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FIGURE 3 Cost-effectiveness plane (costs and life-years discounted)

10 years after detection of cancer. The cost
estimates include the costs of screening and
assessment up to the point of cancer detection, as
well as the future costs of treating breast cancer
and any recurrences. The future costs and lifeyears associated with study 1 are not modelled
since study 1 did not detect any additional
cancers.
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Table 29 shows that the incremental cost per QALY
gained (discounted) for study 2 is £26,069, but for
study 2 (virtual roller) and study 1 (doublereading) the discounted cost per QALY ranges
from £36,030 to £102,320. This suggests that,

based on the results from study 2, with a
discounted cost per QALY of £26,069 there may
be a possibility that computer prompting is costeffective (since this estimate is below the perceived
threshold ratio in the UK of £30,000 per QALY).
The estimates shown are, however, point estimates
of costs, life-years and life-years gained, and do
not represent the uncertainty in the estimates.
Figure 3 presents the results of the probabilistic
sensitivity analysis for study 2. This addresses
uncertainty in the parameters in the model and
plots the results of 5000 simulations of costs and
life-years (both discounted). The point estimate of
cost-effectiveness is shown in black; the data
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FIGURE 4 Cost-effectiveness acceptability curve

points surrounding it (shown in grey) indicate
the degree of uncertainty. If there was no
uncertainty about whether computer prompting
was cost-effective, all data points in the figure
would fall into the top-right quadrant of the
figure, suggesting that computer prompting
costs more but is also more effective than
unprompted. The majority of data points fall in
the top half of Figure 3, indicating, as observed
earlier, that computer prompting is cost-increasing
compared with unprompted. It is also important
to note that, looking at the top half of the
figure, a considerable number of the data points
fall on either side of the y axis (cost difference),
which suggests that there is no significant
difference between prompted and unprompted in
terms of effectiveness (based on study 2 data).
Overall, Figure 3 shows that, based on study 2

results, computer prompting is generally
cost-increasing, but there is uncertainty over the
direction of effectiveness between prompted and
unprompted.
Figure 4 shows the cost-effectiveness acceptability
curves for computer prompting for both life-years
(dotted line) and QALYs (based on study 2 data).
The figure shows that, if a decision-maker was
prepared to pay £30,000 per QALY (the perceived
threshold value of cost-effectiveness in the UK),
there is a 50% probability that prompted is more
cost-effective than unprompted reading.
Conversely, there is a 50% probability that
unprompted is more cost-effective than prompted
reading. Further interpretation of these results is
discussed in Chapter 5 (section ‘Economic
assessment’, p. 37).
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Chapter 5
Discussion
he aim of this project was to assess the
potential of CAD as an aid for the screening
programme. Specifically, the intention was to test
two hypotheses: (1) that a single radiologist
supported by CAD would perform as well as two
radiologists double-reading; and (2) that a
radiographer using CAD performed as well as a
radiologist. If there was a significant impact due to
the prompts such comparisons could provide
valuable information that could form part of an
economic assessment of the likely value of CAD.
However, if there was no significant impact due to
CAD, although useful data could be obtained, if
the study failed to detect an impact due to CAD,
no direct assessment of its impact could be made.
The study could therefore be viewed as having two
underlying questions, the primary question being
whether or not the CAD prompts improved the
film readers’ sensitivity, with a secondary question
being whether or not it had a differential impact
on radiologists and radiographers. It therefore
seemed sensible to attempt to answer these
questions first, since this would maximise the
study power. In the rest of this chapter the results
are considered, first in relation to the primary
question and then in relation to the secondary
question. Some other lessons learnt about CAD
and about the evaluation of software in rapidly
changing fields are also noted.

T

Impact on readers’ sensitivity and
specificity
In study 1, no evidence was found that the
prompts provided by the R2 ImageChecker
affected readers’ sensitivities or specificities. To
ensure that the set was challenging, a number of
false-negative interval cancers was included. The
set of 60 cancers was made up of 20 false-negative
interval cancers and 40 screen-detected cancers.
Cancers of each category were taken at random
from those available in a participating screening
centre. The resulting set was felt to be an
appropriate test, including both obvious and very
subtle cancers. However, analysing this set of 60
cancers and the data from study 1, the 60 cases
can be divided into three groups. There are 15
too-difficult cases, where there is no possibility of
detecting an improvement due to prompting
© Queen’s Printer and Controller of HMSO 2005. All rights reserved.

because the ImageChecker failed to prompt the
cancer. There are 31 too-easy cases, where there is
no real scope for detecting an improvement
because more than 90% of readers detected the
cancer in the unprompted condition. There are,
therefore, only 14 cases on which there is any real
scope for detecting improvements. Looking at just
these cases, the power of the study is greatly
reduced (simulations suggest a power of around
50% to detect a 5% improvement in sensitivity).
Therefore, a second study was carried out using a
data set of 120 cases that contained 40 different
cancers that were missed by at least one radiologist
at screening, but which were prompted by the R2
ImageChecker. Thirty-five film readers (all of
whom had participated in study 1) read the films
in this set both with and without computer
prompts. The results of this study seem to confirm
those of study 1. Although there was an effect, also
found with cases from study 2 that met the criteria
for study 1, whereby the prompts improved both
sensitivity and specificity, it was small and only the
impact on specificity was statistically significant.
Using the data from this study to simulate doublereading showed a significant improvement of
double-reading over single-reading without CAD.
This suggests that the study was adequately
powered.
The authors can therefore be confident that the
computer-aided prompts provided by this version
of the ImageChecker do not have a significant
impact on film readers’ sensitivity, certainly when
reading these kinds of artificial roller under test
conditions.
This is consistent with other results reviewed in
Chapter 1 (section ‘Tests of the impact of systems
on radiologists’ decision-making’, p. 5), such as
those of Brem and Schoonjans,32 but runs against
the general tenor of findings in evaluations of
prompting systems. Studies such as those by
Funovics and colleagues29 or Thurjfell and
colleagues28 have found in favour of the
ImageChecker. These studies were, however, much
less powerful than the present study and should
not be regarded as demonstrations of an effect
due to prompting. The present authors believe
strongly that conclusions should not be drawn
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from studies involving only two or three
radiologists. The current negative results also
contrast with some of the earlier studies conducted
in university research laboratories which used
ROC analysis to investigate the impact of
prototype prompting systems, for example Chan
and colleagues.33 This may reflect a difference in
the analysis. An increase in the area under the
ROC curve may reflect a slight impact of the
prompts on the confidence of the decision-maker
over a range of operating points, rather than a
significant change in their behaviour with respect
to a real clinical decision.
The rest of this section considers some of the
possible explanations for this result, focusing first
on three characteristics of the tool that may have
undermined performance, and then on the
possible weaknesses of the research paradigm used.

Possible explanations for the negative
result
Insensitivity to subtle cancers
Study 2 used cases that had been missed in the
past by the first reader in normal double-checking.
Checking the records for 1 April 1999 to 31 March
2000, 262 screen-detected cancer cases were
found, 31 of which were missed by the first
reader, but only 19 (61%) of which were prompted
by R2. In other work this group again found a
sensitivity of 60% to missed cancers.5 These
missed cancers included 19 out of 35 classified as
having ‘minimal signs’, so a low figure is perhaps
unsurprising. Nevertheless, the tool needs to be
able to detect the kinds of cancers that are
currently missed in the screening programme if it
is to be valuable.
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at missed cancers where a visible radiological
abnormality was misclassified as benign and found
that ten out of 24 (42%) misinterpreted invasive
cancers were asymmetries.70 In five out of the 15
cancers missed by R2 in study 1 the primary
radiological sign was an asymmetry. In other work
it was found that on ten out of 35 missed cancers
the primary abnormality was an asymmetry and
the R2 ImageChecker failed to prompt five out of
ten asymmetries.5 Although asymmetries are much
less common than microcalcifications and masses,
they are much harder to interpret and are
therefore overrepresented in cases of cancer
missed at screening. Given the current state of
play in CAD, they therefore represent a significant
challenge for future research.

Specificity of the prompts
The authors believe that around 25% of
radiologically visible cancers are missed at
screening.5 If the number of cancers detected per
1000 cases is 6.7, the number of visible cancers
would be 8.9, with the number missed being 2.2.
However, two facts need to be taken into account
when assessing the potential contribution of CAD
to the detection of these missed cancers. First,
there is evidence that at least 40% of false-negative
interval cancers correspond to lesions that were
seen by radiologists and misclassified as benign.70
Low specificity prompts are unlikely to affect
decision-making in these cases. Second, the
present data suggest that the sensitivity of CAD on
false-negative interval cancers is as low as 60%.
Taking these two facts into consideration, the
number of prompts for cancers that would
otherwise not be detected is probably less than
one prompt per 1000 cases.

Most of the current algorithms used in CAD
analyse each mammogram separately. Yet the
complexity and variability of mammographic
appearances are so great that there can be no
absolute basis for the detection of abnormalities.
The task cannot be reduced to a simple set of
pattern recognition exercises. Radiologists know
this; they are taught that the most effective basis
for assessing a mammogram is to compare it with
another mammogram from the same woman.
Radiologists compare current with previous films
and look for signs of change, and compare left
and right breasts and look for asymmetries.
Significant progress in CAD now requires that
these two comparison tasks are tackled.

A radiologist reading 5000 cases per annum will,
in a year, see 10,000 prompts, of which maybe
only five will be prompts for cancers that he or she
had not detected. If every radiologist detected five
additional cancers per annum, this would be a
significant intervention, but the likelihood is that
these prompts will be so swamped by false
positives that they will fail to generate a recall
decision.

There is evidence that the detection of
asymmetries between left and right breasts merits
particular attention. Blanks and colleagues looked

CAD as an aid to decision-making
Comments made by participants in this study
suggest that the current low specificity of the

The latest version of the ImageChecker, which
only became available after this research was
completed, is able to provide the sensitivity of
earlier versions with 30% fewer prompts. This may
enhance its impact on film readers’ sensitivity.
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prompts means that they are not valuable as aids
to decision-making. This is significant because
some authorities suggest that as many as half the
cancers missed at screening are missed not
because the radiologist failed to spot the
abnormality, but because he or she made the
wrong decision in deciding whether or not to
recall it.70
Film readers’ self-reports indicate that, although
they questioned the value of the tool in general,
they did believe that it improved their decisionmaking on certain classes of cases, notably
microcalcifications. The experimental data do not,
however, bear this out. It was not the case that
prompts for microcalcifications had a greater
impact on decision-making than other prompts.
This suggests that readers were aware of the
impact on the prompts on a number of salient
cases. These cases were not significant by
comparison with the much larger number of cases
where film readers were not aware of having
changed their mind in between the two
conditions. It is clearly important to interpret film
readers’ self-reports carefully.
The data from study 2 were analysed on a case-bycase basis. The analysis suggests that the prompts
have a greater impact in more difficult cases. The
positive impact of CAD in this study was greater
on specificity than that for sensitivity, suggesting
that the film readers were using the prompts to
help in their decision-making, but not in the way
one might expect. Taking these conclusions
together with the responses of participants, it
seems that film readers were more inclined to use
the absence of prompts as confirmation that a case
was benign than to rely on them as indicators of
abnormality.
Further work on improving the role of CAD as an
aid to decision-making as well as detection is
clearly required. Karssemeijer and colleagues
simulated combining radiologists’ judgements with
the output of CAD algorithms and their results
suggest that improved decision-making would
result, but there is a need to show that this can be
done in practice.71 New implementations of CAD,
such as the latest version of the ImageChecker,
give the user more information about the degree
of certainty associated with a prompt, and this
may have an impact on their role as decision aids.

Weaknesses of the research paradigm used
The authors would like to stress the caveat that the
conclusions of this work are only valid if the
method is sound, and they are aware of its
© Queen’s Printer and Controller of HMSO 2005. All rights reserved.

limitations. Rutter and Taplin compared test and
clinical performance in a generic mammographic
interpretation task (not involving computer
prompts) and found no correlation between
accuracy in the two conditions and only weak
correlations in overall preponderance to call a
mammogram positive.72 Their study was limited
by the small number of film readers involved, but
clearly the present method is imperfect. If the
method is fatally flawed, then a great deal of
radiological research as well as quality assessment
exercises such as the PERFORMS self-assessment
programme are also fatally flawed.
A number of specific criticisms can be made of the
study. The researchers have listed those of which
they are aware and made some observations about
their likely significance.
●

●

●

The readers had only limited experience of
using the machine. They were, however, given a
tutorial based on the material that the company
provides for new users and, in addition, they all
completed a practice session before data
collection began. The authors do not believe
that their posited inexperience had a significant
impact on the results. One might expect that
inexperienced users might rely too much on the
prompts and unnecessarily recall benign
patients. This did not seem to be the case.
The sample of films was small and heavily
weighted towards cancers. The sample sizes
used were justified in the power calculations
made in the original proposal and the
subsequent request for an extension. They are
comparable to those in studies of other
interventions. It is true that, as in many other
studies, the sample was heavily weighted
towards cancers. Not weighting samples makes
this form of research extremely expensive. This
weighting could have affected the expectation
that a prompt was associated with a cancer. If
this were true, then it would have appeared to
improve the specificity of the system, since a
higher proportion of cancers implies a lower
proportion of normal cases and less scope for
false prompts. Despite this, poor specificity was
the principal difficulty that the readers had with
the system.
Using the study 1 data to simulate doublereading did not show an improvement over
single-reading. The performance of the readers
was surprisingly strong and consistent, with the
effect that pairing readers to simulate doublereading did little to improve overall sensitivity.
It was concluded from an analysis of these data
that, to carry out a fair evaluation, the study
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needed to look at a further 120 cases, including
40 cancers specifically selected to maximise the
potential for an improvement due to CAD.
Analysis of the data from study 2 showed an
improvement when double-reading was
simulated.
There was not a great difference in reading
times for the two conditions. It is difficult to
infer too much from the timing data in this
study because readers in both conditions were
not just looking at films but also recording their
observations on detailed data entry forms. The
form was also used as the prompt sheet, in the
prompted condition. One could argue that
much of the additional work that readers had to
perform in the prompted condition was
subsumed within the data collection tasks that
the experiment required for both conditions. It
is true that readers in the prompted condition
still had to take a second look at the image if
any of prompts suggested additional areas of
search. The timing data show that users did not
take much longer on cases when the prompts
were available. It may be that they did not
spend as long as one might expect on the
second look. However, the system has to be
judged as it is actually used, not as the
manufacturers might like it to be used. No
other study of CAD has used such a large
sample of readers and nothing suggests that
their behaviour is atypical.
There was also concern that the relatively small
interval between readings in the test and control
conditions may have reduced the effect. If this
were the case one would expect that CAD would
have had a greater effect on those who were
randomised to complete the intervention
condition after the control condition. However,
analysis of the data shows that there is no
significant effect attributable to the order in
which the conditions were completed.

Film readers participating in this study were not
reading under normal conditions. Their vigilance,
concentration and decision-making thresholds
would all have been affected by the knowledge
that the balance of cancers and normals was
artificial and that the results were being used in an
experiment. The authors accept that CAD may
have an effect in routine use that will not be
detected in studies such as this. However, it is
likely that if the impact of the prompts was as
great as some previous studies have suggested,
then an effect would have been observed on the
data. The unavoidable conclusion of study 2 is that
film readers will ignore a large percentage of
correctly placed prompts.

A fuller understanding of the impact of the
prompting system requires a study of a very
different type. There are highly significant
questions that cannot realistically be answered
using archive data. These concern issues to do
with the practicality of integrating the computer
processing of films into the workflow of a busy
screening unit, as well as issues such as that raised
above about the impact on the recall rates of
radiologists and radiographers using the
computer-aided prompts for data sets with realistic
frequencies of cancers. A further set of questions
can only be answered by a study in which
participants use the machine over a substantial
period: is there a learning effect for the use of the
machine?
Questions such as these can only, realistically, be
answered by an evaluation of the impact of a CAD
system in routine use. The researchers are,
therefore, replicating the prospective study of
Freer and Ulissey with a larger group of
radiologists and radiographers using doublereading in the context of a UK screening
programme.34 Ethical permission for this study
was obtained on the basis of the results of study 1,
showing that use of the ImageChecker was unlikely
to be detrimental to patient care. This is
important because of the differences between the
UK and US screening populations and processes,
and also because the findings of the Freer study
may be regarded as inconclusive given the high
proportion of DCIS in the additional cancers. The
initial cancer detection rate in the Freer study is
very low compared with that in the NHSBSP,
perhaps reflecting the lower incidence of cancer in
their younger population, and the increase in
recall rate found by Freer and Ulissey would have
serious consequences for the UK screening
workload. It is worth noting that although this will
be a prospective trial, it will not be an RCT, and
although it may reveal that there is an effect
attributable to CAD it will not provide
unambiguous evidence of the size of the effect.

Why are the prompts ignored?
On 22% of the observations of readers looking at
correctly prompted cancers in study 2, the case
was not marked for recall, despite the presence of
an accurate prompt. Several factors may affect
whether users respond to prompts. The prompts
seemed to have more influence in difficult cases. It
is, however, difficult to assess this if the same data
that are used to assess impact are also used to
assess difficulty. An average of only 54% of readers
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call the most difficult ten cases correctly, and the
difference between the prompted and
unprompted conditions in these cases averages
9.8%. There is a clear correlation between failure
to recall a prompted cancer and the confidence
with which the case was dismissed in the
unprompted condition.

that the grounds for this anxiety do not apply to
trained radiographers working in the UK
screening programme.

Film readers’ self-reports indicate that, although
they questioned the value of the tool in general,
they believed that it improved their decisionmaking in certain classes of case, notably
microcalcifications.73 The experimental data did
not, however, bear this out. There is no evidence
of a difference between the impact of prompts for
calcifications compared with masses. One factor
that seemed to affect the impact of the prompts
was the use of a circled prompt to indicate
increased confidence. Although these emphasised
prompts were not always correct, readers were
much less likely to ignore them.

The data from study 1 were used to run a
simulation of double-reading with arbitration. The
results of double-reading without CAD were then
compared with single-reading with and without
CAD. The original intention had been to present
this simulation as a test of the hypothesis that
single-reading with CAD was equivalent to doublereading without CAD. In practice, the results of
the simulation are undermined by the fact that no
difference was found between reading with and
without CAD. Therefore, although the simulation
appears to show that double-reading is no better
than single-reading with CAD, at least in terms of
sensitivity, one should not be too trusting of this
result given that the simulation also appears to
show that double-reading is no more sensitive
than single-reading. The conclusion may be drawn
that the real differences between the conditions
are not revealed in these data since the
performance of the film readers was less variable
than in real life, an effect that will tend to erode
the benefit due to double-reading.

Impact on professional groups
No significant difference in recall rate was found
between different professional groups of reader
(p = 0.2). This is consistent with other studies, such
as those of Haiart and Henderson10 and Cowley and
Gale, which have showed that trained radiographers
perform as well as radiologists.12 Pauli and
colleagues also found that radiologist/radiographer
double-reading gave similar sensitivities to doublereading by radiologists.11
The readers were divided into two groups based
on their average sensitivity scores, to see whether
CAD had a greater effect on readers with lower
sensitivities. No evidence was found that use of the
ImageChecker affected more and less able readers
differently.
Cowley and Gale reported that both breast
clinicians and radiographers are slower than
radiologists at reporting films.12 This was also
found in the present study. However, no significant
difference was found in time taken to read films in
either the prompted or the unprompted condition
(p = 0.6).
Overall, the results provide strong supporting
evidence for the claim, now quite widely accepted,
that appropriately trained radiographers can play
a valuable role in interpreting screening films.
Manufacturers of CAD systems have in the past
been wary of attempts to use CAD as an aid for
untrained film readers. The authors’ experience is
© Queen’s Printer and Controller of HMSO 2005. All rights reserved.

Modelling the impact of CAD on
the screening programme

Repeating the exercise with the study 2 data, an
impact due to double-reading was shown, which
was greater than that for single-reading with CAD.
It is difficult to interpret the results of this
simulation, however. Looking at the three
conditions, single-reading, single-reading with
CAD and double-reading, there is only one
difference that is statistically significant: that
between single-reading and double-reading. It
does not follow from this that single-reading with
CAD is equivalent to double-reading, although it
should be noted that the figures obtained for
sensitivity in these two conditions were close.

Economic assessment
There are several limitations with the
methodological approach adopted. The estimates
of time costs associated with computer prompting
are based on experimental conditions and, were
computer prompting to be adopted in routine
screening, the time costs may be very different.
However, reading time costs do not represent a
large proportion of the change in total cost
between prompted and unprompted reading.
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TABLE 30 League table of cost-effectiveness estimates of changing the number of views/reading policies in breast screening in the UK
Study
(options compared)

Additional costs
per 1000 women
screened
(2001/02)

Additional
cancers per
1000 women
screened

Additional costs
per additional
cancer detected
(2001/02)

Non-consensus double-reading versus single-reading53
Non-consensus double-reading versus single-reading52
Two view versus one view50
Two view versus one view49
Two view double-reading versus one view double-reading51
Prompted versus unprompted (study 2)
Prompted versus unprompted (study 2 virtual roller)

£2,168
£1,862
£2,796
£9,532
£4,796
£4,538
£3,848

1
0.66
0.5
1.32
0.6
0.195
0.3

£2,168
£3,387
£5,523
£7,221
£7,993
£23,272
£29,600

The study 1 simulation of double-reading found
that the costs of double-reading (one radiologist
and one radiographer) were lower than those of
single-reading (one radiologist with CAD). If the
double-reading option using one radiologist and
one radiographer could improve its levels of
sensitivity and specificity relative to single-reading,
then having radiographers as second readers may
provide a better alternative than computer
prompting and be able to address the shortage in
radiologists.
Although there are important quality of life effects
associated with screening, these were not included
in the model of cost per cancer detected. Given,
however, that the cost per cancer detected is based
on a 12-month duration, inclusion of quality of life
effects in the model would have a very small
impact on the overall outcome.
The model of cost-effectiveness did incorporate
quality of life effects, but it has a number of
limitations. One is that transition probabilities
between types of recurrence and between
recurrence and death were not available by PG
and were assumed to be constant across PGs. A
further limitation is that patient-specific resource
use (and hence costs) could not be estimated and
consequently treatment cost estimates had to be
based on average treatment protocols. This meant
that variation in cost within PGs could not be
addressed. By using probabilistic sensitivity
analysis, however, variation in costs and transitions
was addressed.
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The model assumed that all false-negative cases
arise in the first year of the 10-year model. This
assumption was made because there is no other
information on the timing of false negatives.
Although the timing of detection was not
addressed in the model, the differences in the

number of false negatives between prompted and
unprompted were taken into account.
Despite these limitations, however, the modelling
approach used here is an advance over previous
studies that have either not modelled life-years
gained or used crude approaches.

Comparisons with cost-effectiveness of
other technologies
The relative cost-effectiveness of computer
prompting can be judged by comparing the cost
per cancer detected with computer prompting
with the cost per cancer detected estimated in
other breast screening studies in the UK. Table 30
presents a league table of estimates of costeffectiveness from a number of studies exploring
the cost-effectiveness of the number of
views/reading policies in breast screening in the
UK. The league table presents the additional
costs, additional cancers and the additional cost
per additional cancer detected (cost-effectiveness).
Cost estimates from the original studies have been
uprated using the Hospital and Community
Health Services index (as reported in Netten and
Curtis74). Notwithstanding the fact that the studies
have used different methodologies to estimate
costs and cancers detected, the league table
provides a useful comparison of results across
studies. For comparison purposes, Table 30 also
shows the cost-effectiveness of computer
prompting estimated from this study.
Comparing the previous estimates of cost per
cancer detected with the results from this study
shows that computer prompting has a higher cost
per additional cancer detected than previous
studies (which ranged from £2168 to £7993 per
additional cancer detected). The number of
additional cancers detected with computer
prompting is, however, much lower than the
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number detected in previous studies. Computer
prompting detects at best 0.195 cancers per 1000
women screened and at worst zero additional
cancers detected, compared with a range of
0.5–1.32 cancers detected per 1000 women
screened in previous studies. This suggests that
the high cost per cancer detected from computer
prompting arises from the fact that computer
prompting does not detect many additional
cancers, rather than from its additional costs.
A high cost per cancer detected compared with
other studies suggests that computer prompting
does not represent good value for money.
The relative cost-effectiveness of computer
prompting can also be judged by estimating the
probability of computer prompting being costeffective relative to threshold cost-effectiveness
ratios. Long-term cost-effectiveness at 10 years for
study 2 found that the probability of computer
prompting being cost-effective was 0.50 at a
threshold ratio of £30,000 per QALY. This can be
compared with a recent estimate of the probability
of cost-effectiveness for a screening intervention
(aortic aneurysms) which reported screening for
aneurysms to have a 0.55 probability of being costeffective at 4 years, but at 10 years the costeffectiveness was significantly greater.75 Even if a
decision-maker were willing to pay twice as much
as perceived thresholds of cost per QALY, which
they may be given the shortage of radiologists, the
probability of computer prompting being costeffective only rises to 0.53 as a result of the
uncertainty surrounding its effectiveness relative to
unprompted.
Overall, the cost and cost-effectiveness analysis has
shown that computer prompting is cost-increasing
and the cost-effectiveness is uncertain. For study 1,
no difference in sensitivity and specificity was
detected, suggesting that computer prompting is
cost-increasing and provides no additional benefits,
and is therefore not cost-effective. For study 2, as a
result of the small but non-significant difference in
sensitivity and specificity between prompted and
unprompted reading, additional cancers were
detected, but even the magnitude of these was
small compared with other mammographic
reading interventions. For study 2, the cost per
QALY gained of computer prompting relative to
unprompted is uncertain, reflecting the nonsignificant differences in effectiveness between
prompted and unprompted reading. It can be
concluded, therefore, that until computer
prompting can demonstrate a significant
improvement in sensitivity, the cost-effectiveness of
computer prompting will remain uncertain.
© Queen’s Printer and Controller of HMSO 2005. All rights reserved.

Usability of CAD
No significant problems relating to the digitisation
of the films or their display occurred during the
evaluation. Neither work done by the study team
nor the ergonomic evaluation performed by the
team from Edinburgh revealed any problems
suggesting that the digitisation and display of
films for use with CAD could not be integrated
into workflow.
The project revealed two issues that may pose
significant threats to the acceptability of CAD. The
first is the lack of reproducibility. The nature of
this problem needs to be set out with some care.
Each time a film is put through the digitiser a new
digital image is created. If the same film is put
through twice the resulting digital images will
appear identical but will be different, since the
alignment of fine detail with the digitising array
will have changed. The fact that the algorithms
will respond to the digital images differently is
surprising to radiologists and causes concern. The
problem is not that the lack of reproducibility is
evidence that the device is performing less well
than the manufacturer’s claim. There is no reason
to doubt the figure of 86% sensitivity. The
problem is, rather, that it shows that the behaviour
of the system will always be unpredictable (one can
never learn which cancers will be the missed 14%)
and that this represents a challenge to those
working with it. In the authors’ judgement this is a
difficulty, but not a conclusive argument against
the use of the machine.
The second point concerns the users’ understanding
of the basis for the system’s operation. There are
numerous occasions in modern medicine where
clinicians have to use tools of such complexity that
they must be regarded more or less as black boxes.
This can be problematic if the output from the
system is in effect a measurement that has only
statistical validity and which then has to be used
by the clinician in a decision that is made in part
on the basis of clinical judgement. Users were
uncomfortable with the fact that they could not
explain some of the system’s prompts. Readers
need to have an idea of the ways that the system
behaves and what it has prompted and why. The
training given to users must provide the basis for
this understanding, but needs to be grounded in
the radiologists’ way of working and not an
attempt to explain the technology. A working
understanding, however, is only likely to emerge
through familiarity with the machine. Research on
users who are not well acquainted with the tool
may not, therefore, be valid.
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Evaluation of rapidly changing
technology
The proposal for this research was written almost
exactly 5 years before the submission of the final
report. That delay is clearly inappropriate in a
field where technology changes suddenly and
dramatically. One of the most robust findings of
this work is that the low specificity of the prompts
means that they fail to have the impact one might
expect on readers’ sensitivities. On 13 March 2003
a new version of the R2 ImageChecker was
installed at St George’s NHS Trust that generates
30% fewer false prompts than the version of the
software evaluated in this study. Clearly, this will
go some way to rectifying the problem, but to
delay the report while a further study was
designed, performed, analysed and written up
would have been inappropriate.
The evaluation of rapidly changing technologies
requires (1) short, focused studies that answer
specific questions about specific systems, (2)
thorough experimental studies to answer underlying
questions about the use of such tools, and (3) much
greater use of modelling exercises to establish the
key performance parameters. The existing funding
mechanisms of the HTA programme seem
inappropriate for studies of type (1). These kinds of
evaluation would perhaps be best supported by
some other mechanism. In the case of CAD the
obvious approach would seem to be to allow
evaluations to be funded directly by the NHSBSP.

The prospects for CAD
It is clear that the performance of the evaluated
CAD tool does not allow its recommendation for
any kind of role within the NHSBSP on the basis of
these results. That should not, however, be the end
of the story. The North American market for CAD
is likely to remain buoyant. CAD manufacturers will
therefore continue to develop and market their
products, and these will be continually reassessed
for their potential as aids to the NHSBSP. Three
factors seem particularly important to consider in
assessing the future for CAD in the UK.

Further research
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The authors are well aware of the limitations of
their work and that several recent prospective
trials in the USA have shown some improvement
attributable to the use of CAD. These trials are not
full RCTs and it is difficult to assess the size of the
effect. As explained above, their methods may
exaggerate the effect due to CAD and their results

may not be applicable to the UK setting.
Nevertheless, there is a real need to replicate these
studies in the UK. This would show whether use of
CAD over a certain period with realistic
frequencies of cancers would allow users to take
more advantage of the prompts. The research
team is carrying out one such study and their
colleagues intend to carry out other studies.

Full-field digital mammography (FFDM)
FFDM machines are now available from a number
of manufacturers, notably GE and Lorad. These
machines are currently five to six times as
expensive as conventional analogue machines and
their purchase is therefore difficult to justify on
financial grounds. The image quality is, however,
felt by many to be superior. The spatial resolution
is not as high as film (although the difference is
relatively small in the case of the Lorad machine),
but the other characteristics of the image are
better: detector quantum efficiency is higher,
allowing better signal-to-noise ratio, improved
resolution of low-contrast detail and lower doses.
The running costs of the machines are lower if
cases are read on monitors, avoiding the costs of
processing and printing. Patient throughput is also
better. Fewer films are lost and fewer repeats
required. These advantages however, have to be
set against significantly higher capital costs, and
the technology is too recent to allow a fair
assessment of the total costs over the lifetime of
the equipment. The NHSBSP has recently made a
substantial investment in analogue machines that
will have a lifespan of at least 10 years, suggesting
that the take-up of digital will be faster in
symptomatic clinics than in screening centres.
Many of these centres will choose to purchase CAD
modules as part of the FFDM reading workstations.
The ergonomics of CAD in an FFDM environment
are very different (films do not need to be
digitised). CAD helps to overcome the difficulties
of detecting subtle calcifications in images with a
lower spatial resolution. The higher cancer
detection rate in symptomatic clinics means that
the low specificity of the prompts is less of an issue.
This experience with the use of CAD is likely to
help to overcome some of the weaknesses
identified earlier in this report.

Improvements to CAD
The CAD algorithms continue to be developed
and improved. The latest version of the R2
ImageChecker has significantly fewer false
prompts than the previous one. There are still
interesting and challenging areas of research to be
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tackled that will allow further improvement,
notably temporal registration. Since the regulation
of software as a medical device is much weaker in
the European Union than in the USA, it is
possible that European centres will gain faster
access to new releases of software than their US
colleagues. Researchers in the UK should be
encouraged to make sure that the early evaluations
of new releases are performed in NHSBSP centres.

Conclusions and recommendations
for future research
This section presents the final conclusions of this
work, and a series of recommendations for further
research is made. The authors indicate, for each
recommendation, whether they believe that the
work is of immediate importance or of longer
term significance.

●

The paradox of CAD is that prompts seem not to
have a strong impact on film readers’
performance, despite their high sensitivity. The
authors believe that this is due to their low
specificity, their relatively poor sensitivity for
subtle cancers and the fact they cannot serve as
aids to decision-making.
Improvements are needed in the overall specificity
of the prompts and in the sensitivity of the
prompts to subtle signs, such as asymmetries.
Improving the specificity of CAD systems is likely
to have a more immediate impact than research
aimed at the detection of subtle lesions, which will
only contribute to improvements in performance
if the resulting algorithms can be incorporated
without any overall loss in specificity. The accuracy
of the algorithms is likely to improve as a result of
incremental changes made by the manufacturers
on the basis of experience currently being
accumulated. One research goal that may help in
this is the registration of pairs of mammograms
(current and previous, left and right breast,
craniocaudal versus mediolateral oblique) in a way
that will allow automated comparison of images,
for example to detect temporal change or
asymmetry. Solving this problem is likely to
enhance the accuracy of CAD substantially.
●

Research recommendation (longer term
significance): the improvement of sensitivity
to subtle cancers, for example through the
registration of temporal sequences of
mammograms. Perhaps the most significant
weakness of CAD is that the prompts do not
provide a guide to decision-making. They are
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●

intended to act as prompts, to guide film
readers’ attention, not as pieces of evidence to
be taken into account in making decisions.
However, a high percentage of the cancers
‘missed’ at screening are actually detected but
are not recalled because incorrect decisions are
made on the basis of ambiguous evidence.
Future research could investigate the decision
processes of film readers. It would be interesting
to see whether film readers could make effective
use of the information that image analysis
algorithms could provide about the likelihood
of abnormality at image locations. Such
research could include investigation of the
range of individual differences and of the
extent to which algorithms can be tuned to
reflect the needs of different individuals.
Research recommendation (longer term
significance): the assessment of the potential
of image analysis as an aid to clinical
decision-making. Although the case for CAD as
an element of the NHSBSP is not made at the
current time, further evaluative research is still
required. The authors are aware of the
limitations of their results. It may be that
readers would be better able to make use of the
prompts if they had longer to become
accustomed to working with them. The prompts
may have an impact in routine use that is not
detectable in an experimental setting.
Evaluations of the impact of CAD tools in
routine use are already under way and their
results should be given careful attention. In
considering these conclusions it is also worth
noting that the algorithms used in the
ImageChecker are periodically revised and the
machines upgraded. Improvements in the
detection software are likely to have a significant
impact on the usefulness of the device. It is also
clear that the market for CAD will be
significantly enhanced by the progressive move
towards digital mammography, a move that has
already begun in symptomatic clinics.
Research recommendation (immediate
significance): that new releases of CAD
software be assessed for their value as aids in
breast cancer screening. Future evaluations
should consider prospective designs. One
further recommendation may be made: the
NHS should also consider carefully its approach
towards the assessment of technologies such as
CAD. There should be a clearer route to
funding of rapid evaluations. Other studies
should attempt to make more lasting claims
answering underlying questions affecting the
impact of tools. Greater use should be made of
mathematical models and simulations.
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Appendix 1
Data collection form

FIGURE 5 Example of a data collection form used in the study
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Appendix 2
Model for a test of reading accuracy
he mathematical model used in the simulation
program for calculating sample size is based
on that proposed by Pepe and colleagues.37 The
probability of a radiologist r correctly identifying a
positive film i in the control (or preintervention)
condition is represented as:

T

D

Pre

r,i

=

exp{xpreD

+ yi

(1 – exp{xpreD + yi

D

D

+

zrD}

/

+ zrD})

The probability of a radiologist r correctly
identifying a positive film i in the postintervention
condition is represented as:
PostDr,i = exp{xpostD + yi
(1 – exp{xpostD + yi

D

D

+ zrD} /

+ zrD})

The x parameter is derived from the sensitivity of
the average radiologist on the average film and
calculated for the control and intervention
conditions as follows:
xpreD = ln{SpreD/(1 – SpreD)}
xpostD = ln{SpostD/ (1 – xpostD)}

where SpreD is sensitivity of the average radiologist
on the average film in the control group (or before
the intervention), and SpostD is the sensitivity after
the intervention.

The y parameter is used to represent the variation
in the difficulty of different images and is defined
as:
yiD = ln{UiD/ (1 – UiD)} – xpreD

where UiD is a random variable with a uniform
distribution in the range (SpreD – aD, SpreD + aD).
The z parameter represents the variation between
the readers and is defined as:
zrD = ln{UrD/ (1 – UrD)} – xpreD

where UrD is a random variable with a uniform
distribution in the range (SpreD – bD, SpreD + bD).
The above equations are used to calculate, for
each image as read by each observer, the
probability of a correct interpretation. The
simulation generates a random number between 0
and 1 for each observation, and tests it against the
calculated probability to determine how it would
be interpreted. After running the simulation for
the total number of observations in both pre and
post conditions, the mean and standard error of
the change in sensitivities can be calculated for
each reader and a t-test used to decide whether
the simulation provides a positive result. Running
400 simulations gives an estimate of the power of
the design with different sample sizes.
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Appendix 3
Modelling the cost-effectiveness of
computer prompting
K Johnston1 and A Davies2
1
2

Scottish Executive, Edinburgh, UK
Medtap International Inc., London, UK

Long-term cost-effectiveness is estimated
using a Markov model. The model is an
adaptation and extension of an earlier model.76
The main adaptation is a shortening of the
time horizon from lifetime to 10 years and
consequent changes to some transition
probabilities. The main extension to the model
is improved representation of parameter
uncertainty. Data supplied by the Professorial
Unit of Surgery at the City Hospital, Nottingham,
UK, for the earlier study are gratefully
acknowledged.

The purpose of the model is to estimate the future
costs, life-years and QALYs arising from an
increase in the number of cancers detected. The
Markov model estimates costs, life-years and
QALYs for each prognostic group (PG). The
number of true-positive and false-negative cancers
is estimated from the sensitivity and specificity of
prompted and unprompted readings. The
proportion of cancers in each PG is then applied
to the number of cancers for prompted and
unprompted readings. Finally, the costs, life-years
and QALYs of each PG are applied to the
weighted cancers for both prompted and
unprompted readings.
Figure 6 shows the Markov state diagram used for
each PG, with the arrows representing allowable

Local
recurrence

Breast cancer
diagnosed

Regional
recurrence

Dead

Distant
recurrence

FIGURE 6 Markov state diagram
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TABLE 31 Annual transition probabilities differing by prognostic group
Transition/PG

DCIS

Good

Moderate

Poor

BCD to LR
BCD to RR
BCD to DR
BCD to dead

0.0038
0.0054
0
0

0.0096
0.0068
0.0049
0.0039

0.0109
0.0155
0.0155
0.0200

0.0280
0.0257
0.0764
0.0567

BCD, breast cancer diagnosed; LR, local recurrence; RR, regional recurrence; DR, distant recurrence; DCIS, ductal
carcinoma in situ.

transitions. The model begins at the point where
breast cancer has been diagnosed and the NPI
and PG have been assigned. There are five states
in the model: breast cancer diagnosed, local
recurrence, regional recurrence, distant recurrence
and dead.
The three types of recurrence refer to the
following: local recurrence is recurrence in the
ipsilateral breast or mastectomy flaps, regional
recurrence is recurrence in the regional
lymph nodes (i.e. internal mammary, axillary
and/or intraclavular nodes), and distant
recurrence is spread of disease beyond the
above sites.
The first state in the model refers to breast cancer
diagnosis and the primary treatment received
following the breast cancer diagnosis. It is not
possible to return to the breast cancer diagnosed
state after movements to any of the recurrence
states. Once in any of the recurrence states, it is
possible to move to more severe recurrence states,
but it is not possible to move backwards to less
severe recurrence states. The transitions allow
patients to be in remission from breast cancer,
equivalent to remaining in any of the recurrence
states. Although patients may progress
through the different states of recurrence, the
Markovian assumption means that transitions
are independent of what happened in any
previous cycle. For example, the probability of
transiting to the dead state is independent of the
number of regional recurrences that have
occurred.

Probabilities
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The probabilities of moving from the breast cancer
diagnosed state to the different types of
recurrences differ by PG and are derived from a
database from the Professorial Unit of Surgery at
the City Hospital, Nottingham. The database
contains follow-up data on 1264 women by PG for

8 years and has information on both recurrence
and survival. The database was used to estimate
annual transition probabilities. Analysis of
breast cancer survival by PG was conducted
using a life-table analysis up to 8 years. This
provided estimates of the number of women alive
at the end of each interval. The estimates were
extrapolated from 8 to 10 years using an
exponential function (i.e. assuming the hazard
function is constant with time for the additional 2
years). The estimates were then compared with
other published evidence on survival by NPI
group for other cohorts of women77 to assess
validity.
As the average mortality in the cohort included
the additional risks due to recurrence, the baseline
cancer mortality without recurrence was adjusted
to maintain consistency with the cohort survival
when relative risks from the literature for mortality
associated with recurrence were applied.78 The
annual probabilities of dying were then calculated
for each PG before recurrence. For the DCIS PG,
no survival benefit was assumed and therefore the
transition probability of death following breast
cancer was equivalent to the rate of other-cause
mortality.
Table 31 reports the transition probabilities to
dead from breast cancer diagnosis for each PG. A
transition probability of zero indicates that it is not
an allowable transition.
The database was not able to provide information
on probabilities of transitions between different
types of recurrence by PG. In the absence of any
other information, transitions linking recurrence
and survival are assumed to be the same for each
PG and are obtained from the literature.78,79
Data on probabilities of death by other causes
are derived from life tables of deaths of females
in England and Wales in 1995 from the Office
of National Statistics. Table 32 reports the
transition probabilities assumed to be the same
by PG.
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TABLE 32 Annual transition probabilities for recurrences and death
Transition

Transition probabilities

LR to RR
LR to DR
LR to death
RR to DR
RR to death
DR to death
Other-cause death aged 50–59 years
Other-cause death aged 60–69 years
Other-cause death aged 70–79 years
Other-cause death aged 80–84 years
Other-cause death aged ≥ 85 years

0.0400
0.2258
0.2152
0.2258
0.2438
0.7450
0.0091
0.0266
0.0423
0.0719
0.1166

Costs and utilities entered into
the model
The costs of treating breast cancer following a
breast cancer diagnosis were estimated from the
City Hospital, Nottingham. The Nottingham
database does not record patient-specific resource
use and only has information on the type of
primary treatment for breast cancer, but no
details of the treatment. Consequently,
standard treatment protocols for the City
Hospital were used to estimate treatment costs.
Costs were estimated for primary treatment,
recurrences and follow-up. Annual costs were
estimated and attached to the appropriate
Markov states and transitions. Table 33 reports
these costs. Initial state costs accrue at the
beginning of the model, incremental state costs
accrue each time a state is entered, and transition
costs accrue each time the movement between
states occurs. The source of the unit costs of
surgery and outpatient visits is the Nottingham
City Hospital finance department. The source of
the unit costs of adjuvant hormone treatment and
chemotherapy treatment is the British National
Formulary.
Utilities (required to estimate QALYs) were
derived from the literature. The utility for
the breast cancer diagnosed state was 0.94.83
The utilities for recurrences were sourced
from Hillner and Smith:79 0.7 for local
recurrence, 0.5 for regional recurrence and
0.3 for distant recurrence. Table 34 summarises
the methods used by the studies to estimate
utilities.
Costs are discounted at 3.5% in the model55 and
life-years are discounted at 1.5%.67
© Queen’s Printer and Controller of HMSO 2005. All rights reserved.

Solving the model for
PG-specific costs, life-years
and QALYs
The Markov model begins with all patients in the
breast cancer diagnosed state at the age of 50
years. A cycle length of 1 year was chosen since
follow-up after breast cancer diagnosis and
treatment is annual. For transition events, halfcycle corrections were applied. The model was run
for ten cycles to estimate 10-year costs (10 years
was chosen as a period over which transition
probabilities were most valid). The Markov model
was built using DATA Professional (version 7)
software and replicated in Excel. The costeffectiveness model was evaluated using a cohort
analysis and second order Monte Carlo simulation
to address uncertainty (described further below).
Table 35 presents the costs, life-years and QALYs
for each PG. Costs are presented in 2001/02
prices. The figures show the expected pattern,
namely, that costs increase as severity of prognosis
increases with life-years, and QALY showing the
opposite pattern.

Probabilistic sensitivity analysis
Probabilistic sensitivity analysis84 was used to
estimate parameter uncertainty in the model and
thereby quantify uncertainty surrounding the cost
per life-year and cost per QALY figures. The
analysis imposed distributions on parameters and
performed 5000 simulations (generating 5000
average costs, life-years and QALYs for both
screening strategies). The differences between
prompted and non-prompted in costs, life-years
and QALYs were calculated and were then plotted
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TABLE 33 Costs entered in the model
State

Type of cost

Annual cost (2001/02)

Primary treatmenta
Primary treatment of DCIS
Primary treatment of good prognosis
Primary treatment of moderate prognosis
Primary treatment of poor prognosis

Initial state cost
Initial state cost
Initial state cost
Initial state cost

£3331
£3355
£4117
£4167

Follow-upb
Follow-up after primary

Incremental state cost

Treatment for recurrencec
Treatment for LR
Treatment for RR
Treatment for DR

Transition cost
Transition cost
Transition cost

£2855
£3797
£5989

Follow-up after recurrenced
Follow up after LR and RR
Follow up after DR

Incremental state cost
Incremental state cost

£186
£4948

Palliative care
Palliative care

Transition cost

£3158

£81

a

Primary treatment costs are based on proportions having different treatment combinations of surgery and adjuvant
treatments. Surgery costs include the costs of operation (anaesthesis time, theatre time, overheads and consumables) and
ward costs, and are as follows: £3033 for mastectomy, £2930 for lumpectomy and £2994 for subcutaneous mastectomy.
Adjuvant hormone treatment is tamoxifen 20 mg per day for 5 years and four outpatient visits per year (£264, discounted).
Adjuvant chemotherapy treatment is based on CMF (cyclophosphamide, methotrexate and 5-fluorouracil) repeated at 28day intervals for six cycles (£1117) with six outpatient visits per year. Adjuvant radiotherapy consisted of radiotherapy to
the breast (50 Gy, 25#, for breast conservation and simple mastectomy, cost of £1585 and 45 Gy, 15# for subcutaneous
mastectomy cost of £868) with four outpatient visits per year.
b
Annual outpatient visit £81.
c
The costs of treating recurrence are based on the proportions having different investigative procedures and
treatments.80–82 Investigative procedures for local and regional recurrence are core biopsy (£111) or open biopsy (£1039).
Investigative procedures for distant recurrence are bone scan (£99), liver ultrasound (£25), computed tomographic scan
(£87), chest X-ray (£19), biochemistry tests (£8), skeletal survey (£32), blood count (£6) and magnetic resonance imaging
(£52). Costs of treatment for local and regional recurrence are based on surgery and adjuvant treatment costs above.
Costs of distant recurrence are based on proportions having first line chemotherapy (£2399) and second line
chemotherapy (£5162).82
d
Follow-up after local and regional recurrence is based on two outpatient visits per year and one mammogram (total cost
of £194); follow-up of distant recurrence involves second line chemotherapy (£5162).82

TABLE 34 Summary of methods used by studies to estimate utilities
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Health state

Source

Mean value

Method of estimation

BCD

Jansen et al., 199883

0.94

Estimated using standard gamble and time trade-off methods
Derived from survey of 61 patients
Measured on a scale 0 (dead) to 1 (good health)

LR

Hillner and Smith, 199179

0.7

Estimated using visual analogue methods
Derived from a survey of oncologists and nurses. Sample size
not stated
Measured on a scale 0 (dead) to 1 (well)

RR

Hillner and Smith, 199179

0.5

Estimated using visual analogue methods
Derived from a survey of oncologists and nurses. Sample size
not stated
Measured on a scale 0 (dead) to 1 (well)

DR

Hillner and Smith, 199179

0.3

Estimated using visual analogue methods
Derived from a survey of oncologists and nurses. Sample size
not stated
Measured on a scale 0 (dead) to 1 (well)
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TABLE 35 Costs, life-years and QALYs at 10 years by prognostic group

Costs (undiscounted)
Costs (discounted)
Life-years (undiscounted)
Life-years (discounted)
QALYs (undiscounted)
QALYs (discounted)

DCIS

Good

Moderate

Poor

£4,981
£4,689
9.32
8.62
8.69
7.26

£6,298
£5,785
8.82
8.16
8.13
6.83

£9,055
£8,236
7.68
7.14
6.95
5.89

£13,707
£12,390
5.15
4.85
4.33
3.80

TABLE 36 Distributions imposed on probabilities
Parameter

Expected value

Distribution

death from DR
death from LR
death after RR
BCD to death
BCD to death
BCD to death
BCD to death
of DR after LR
of move to DR after RR
of DR in DCIS group
of DR in good group
of DR in moderate group
of DR in poor group
of LR in DCIS group
of LR in good group
of LR in moderate group
of LR in poor group
of RR after LR
of RR in DCIS group
of RR in good group
of RR in moderate group
of RR in poor group

0.75
0.22
0.24
–
0.00
0.02
0.06
0.23
0.23
–
0.00
0.02
0.08
0.00
0.01
0.01
0.03
0.04
0.01
0.01
0.02
0.03

Beta
Beta
Beta
Fixed
Beta
Beta
Beta
Dirichlet
Dirichlet
Dirichlet
Dirichlet
Dirichlet
Dirichlet
Dirichlet
Dirichlet
Dirichlet
Dirichlet
Dirichlet
Dirichlet
Dirichlet
Dirichlet
Dirichlet

on a cost-effectiveness plane (where the y axis is
the cost difference and the x axis is the life-year
difference).
Tables 36–38 summarise the distributions imposed
on parameters in the model (probabilities, costs
and outcome-related parameters). In many cases
the distribution imposed is the Dirichlet
distribution, which is used because there are
multiple branches.85 As each reader’s sensitivities
and specificities are likely to be negatively
correlated,37 correlation between sensitivity and
specificity under both strategies is accounted for in
the simulation, based on the observed correlations
in study 2 data.

Cost-effectiveness acceptability
curve
In addition to uncertainty arising from parameter
uncertainty, a further source of uncertainty
in cost-effectiveness figures concerns the
maximum (or ceiling) cost-effectiveness ratio
that a decision-maker is willing to pay. This
uncertainty was represented by plotting costeffectiveness acceptability curves over a range of
ceiling cost-effectiveness ratios, to indicate the
probability that the computer prompting strategy
is cost-effective at a given ceiling of willingness to
pay per unit of health benefit, i.e. life-years or
QALYs.
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TABLE 37 Distributions imposed on cost parameters
Parameter

Expected value

Distribution

Cost of one cycle in DR
Cost of 1 year on DR follow-up
Cost of one cycle in LR
Cost of recurrence follow-up
Discount rate for costs
Cost of palliation
Cost of primary treatment DCIS
Cost of primary follow-up in BCD
Cost of primary in good
Cost of primary in moderate
Cost of primary in poor
Cost of one cycle in RR

5989.00
4948.00
2855.00
186.00
3.50%
3158.00
3331.00
81.00
3355.00
4117.00
4167.00
3797.00

Gamma
Gamma
Gamma
Gamma
Fixed
Gamma
Gamma
Gamma
Gamma
Gamma
Gamma
Gamma

Parameter

Expected value

Distribution

Discount rate for outcomes
Utility of breast cancer diagnosis
Utility of DR
Utility of LR
Utility of RR
Age-specific all-cause mortality
Age-specific all-cause mortality
Age-specific all-cause mortality
Age-specific all-cause mortality
Age-specific all-cause mortality
Prevalence
Sensitivity of unprompted
Specificity of unprompted
Sensitivity of prompted
Specificity of prompted

1.50%
0.94
0.30
0.70
0.50
0.01
0.03
0.04
0.07
0.12
0.65%
0.78
0.86
0.81
0.87

Fixed
Beta
Beta
Beta
Beta
Beta
Beta
Beta
Beta
Beta
Uniform
Beta
Beta
Beta
Beta

TABLE 38 Distributions imposed on outcome parameters
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