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Preface

This working paper is part of a collection of background papers that has been prepared for
the first workshop of researchers and funders of Project Retrosight. Project Retrosight is
investigating the payback on cardiovascular disease (CVD) research in four countries
(Australia, Britain, Canada and New Zealand) over the last 20-25 years. Each country
involved in the project will produce a series of case studies based on research conducted in
the early 1990s and the outputs and outcomes of that research. The case studies will use
the Payback framework used by the UK study team in previous studies of biomedical
research in the UK and abroad.

This paper looks at some of the research into how science drives innovation from the last
fifty years, and presents a summary of the key themes that emerge. It also contains an
annotated bibliography of some the key papers. It is currently a work in progress,
concentrating on the landmark papers, and those with particular relevance to the
Retrosight project. This document will be updated and developed as the project progresses.

RAND Europe is an independent not-for-profit policy research organisation that serves the
public interest by improving policymaking and informing public debate. Its clients are
European governments, institutions, and firms with a need for rigorous, impartial
multidisciplinary analysis. This report has been peer-reviewed in accordance with RAND’s
quality assurance standards1 and therefore may be represented as a RAND Europe product.

For more information about RAND Europe or this document, please contact:

Edward Nason
Analyst
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Cambridge. CB4 1YG. UK
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CHAPTER 1 Summary

This review sets out some of the key themes that have emerged from the evaluation of
scientific research over the past fifty years (Figure 1). It aims to provide an initial historical
context to the Retrosight Project. It is currently a work in progress, concentrating on the
landmark papers, and those with particular relevance to the Retrosight project. One
intention was to return to some of the earlier studies, and look at the nuance of their
conclusions. This was done because many of the early studies were on a scale that has never
been repeated and it often seems that the nuances of their findings have been lost in their
repeated distillation. In returning to the earlier studies, it is clear that there is less
disagreement between them, than has often been suggested.

The review will be expanded in the course of the Retrosight project to include a more
comprehensive overview of recent literature, but hopefully it already provides a helpful
introduction for researchers less familiar with the concepts and ideas of research evaluation.
Annexed to this summary is an annotated bibliography that provides a more detailed
summary of each of the papers.

Many of the studies that influenced thinking in biomedical research policy have not been
conducted on biomedical research, arguably the largest ever study, Project Hindsight,
examined military research (Sherwin and Isenson 1966; Sherwin and Isenson 1967).
However, because of this influence and the cross-fertilization of methods and analysis,
some of these non-biomedical studies are included in this review.

Interest in understanding the contributions of research blossomed in the late 1960s and
1970s with a series of large studies, including ‘The Sources of Invention’; Project
Hindsight; the TRACES study; and the work of Comroe and Dripps (Jewkes, Sawers et al.
1958; Sherwin and Isenson 1967; Comroe and Dripps 1976; Smith 1987b). These studies
aimed to demonstrate the importance of research by looking at the genesis of many
individual innovations, and a major theme was the comparison of basic and applied
research. These studies had numerous weaknesses, some of which were addressed by later
studies such as the TRACES study and its extension the Battelle study (Illinois Insitute of
Technology 1968; Walsh 1973; Smith 1987b). Interest then shifted to smaller studies
aiming to understand more about how research had its effects and to unpick the process of
dissemination and translation. In the late 1980s a new theme emerged where researchers
attempted to calculate a rate of return, an economic valuation, of the benefit of bodies of
research. This discussion primarily concerns the initial stages of that evolution.
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A brief history
I will return to the methods and findings of these studies in more detail later but first I
provide a brief chronology. ‘The Sources of Innovation’ published in 1958 used case
studies to look at 61 innovations, ranging across science and including streptomycin,
insulin and the electron microscope (reviewed in Smith 1987b). This set the scene for
Project Hindsight, which was funded by the US Department of Defence and expended 40
researcher years of work comparing succeeding generations of military equipment and
cataloguing the research that had enabled the development of the latter generation.
Hindsight’s apparent conclusions on the importance of applied research were seen as a
challenge by both the supporters and practitioners of basic research and a number of
studies were carried out in response. The National Science Foundation commissioned first
the TRACES study and then an
extension of this work entitled
‘Interactions of Science and
Technology in the Innovative
Process’, published by Battelle
laboratories in 1973, which I shall
refer to as the Battelle study.

Looking specifically at biomedical
research two clinicians Comroe and
Dripps carried out what has
become a seminal study, examining
the research basis of improvements
in cardiovascular care. All of these
studies had in common the use of
case studies to investigate how
publicly funded research fed into
and drove the development of new
products and processes.

There was also a parallel stream of
work emerging looking at
innovation in the commercial
sector including such work as the
SAPPHO project at the Science
Policy Research Unit that examined
72 pairs of successful and
unsuccessful innovations in
companies to investigate the key
factors in supporting innovation
(Rothwell, Freeman et al. 1974).

In 1987 reviewing the state of the
field Richard Smith, then editor of
the British Medical Journal, suggested that there was still a dearth of evidence about how
the innovation process worked and called for more research on research (Smith 1987b;
Smith 1987a). Subsequently, two strands of work have become clear, the first starting with
‘Academic Research and Industrial Innovation’ has looked to put a monetary value on the
research endeavour and calculate a ‘rate of return’ (Mansfield 1991). The second area of

Figure 1: Timeline of key papers included in the review
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work has investigated how different ways of organising research affect the outputs, for
example: the concentration of funding, or the balance between funding ideas and people.
Providing the context for this work have been largely descriptive studies ones that aim to
identify funding and publication trends and provide a context for more detailed
consideration of science policy (Dawson, Lucocq et al. 1998). By combining a case study
approach with an investigation of different characteristics of the research funded, project
Retrosight combines ideas, and draws inspiration, from a number of these themes.

Methods
Alongside the shift in emphasis of the studies has been changes and developments of the
methods employed. The early large scale studies relied on identifying an innovation,
breakthrough or product, and building a family tree of the ‘research events’ or publications
that fed into it. To compare the contribution of different forms of research – often mission
directed versus non-mission research – the events or publications that arose from each type
of research were counted up, making the assumption that each event was of equal value.
Some studies presented these family trees of innovation diagrammatically as historiographs,
an example from the TRACES study can be seen in Figure 2. Later studies tried to refine
this method by identifying a subset of events, or publications, that were considered
‘decisive’, and analysing the make up of these events (Battelle 1973).

Later studies used more conventional case studies to examine particular advances, or more
recently to follow research from the bench to the bedside (Hanney, Frame et al. 2003).
Case study frameworks, such as the payback model, have been developed to provide a
common structure for case studies to facilitate cross case analysis (Buxton and Hanney
1996; Wooding, Anton et al. 2004). Others have developed methods to quantify various
aspects of case studies to allow for more quantitative hypothesis testing (Bozeman, Rogers
et al. 1999). In contrast others have used very loosely structured narratives to try and
develop an improved historical understanding of the process of research, the Wellcome
Trust witness seminars are an example of these, bringing together a group of experts
involved in a particular advance to recollect discuss, and disagree, with the resulting debate
being transcribed and published (Christie and Tansey 2001).

In parallel to these qualitative approaches, more quantitative approaches such as
bibliometrics and economic analyses have been developed (Mansfield 1991; Dawson,
Lucocq et al. 1998). These provide their own insights, but have their own weaknesses,
leading to suggestions that the most powerful methodologies should combine a number of
techniques, making use of ‘triangulation’ – the idea that if a number of sources of evidence
point to the same conclusion it is more likely to be correct (Cronin and Normand 1998;
Buxton, Croxson et al. 1999).
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Consistent themes
Despite the fact that many of the early studies are often presented as contradicting one
another, looking across almost half a century of research a number of consistent ideas and

Figure 2: An example historiography (or family tree) from the TRACES study of the research events leading to the development of the
contraceptive pill
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themes emerge. Scientific accountability is often thought of as a recent one; however, it is
clearly articulated in the opening paragraphs of Project Hindsight from forty years ago:

No matter how much science and technology may add to the quality of life, no matter how
brilliant and meritorious are its practitioners, and no matter how many individual results that
have been of social and economic significance are pointed to with pride, the fact remains that
public support of the overall enterprise on the present scale eventually demands satisfactory
economic measures of benefit. The question is not whether such measures should be made, it is
only how to make them.

The idea has subsequently been refined, often being expressed as a social contract, but the
underlying idea remains the same: science needs to demonstrate not only the benefits that
it enables but also that it is producing those benefits efficiently and effectively (Martin and
Salter 1996).

So it is perhaps surprising that a complementary theme to that of accountability is one
bemoaning the dearth of good research on research. The issue is noted repeated, although
not often as bluntly as by David Smith the secretary to the task force reviewing options for
the Medical Research Council National Institute for Medical Research, (quoted in
Blackman 2004):

We’ve been looking … for any hard data that helps us look at the relative merits of different
models… and we’re not finding it.

Turning to findings about research itself it is agreed that the so called ‘Linear Model’ of
research: where basic research feeds applied research feeds development and production is
not the only, or often the pre-eminent, form of innovation. Summarising the discussions
Smith presents, what he terms the ‘Market Pull Model’ where a recognised need drives the
innovation process (Smith 1987b). He cites the example of the Interscan aircraft landing
system: in 1968 the International Civil Aviation Organisation requested submissions to
design a new aircraft landing system and by coincidence a threatened Australian radio-
physics department saw responding to this tender as a way to remain financially viable.
They then used the technology of radio-astronomy to develop the new system. There is
also agreement that many innovations will fall in the grey area between those two extreme
models of innovation.

As well as suggesting that the linear model was inadequate the studies agree that the
concept of breakthroughs, or crediting breakthroughs to one individual, is unrepresentative
of the vast majority of innovation, most of which is built from the combination of many
incremental developments in understanding.

From the very start of this work there was growing realisation that the benefits of research
are wider than the knowledge produced and published in academic papers, a view
subsequently confirmed by survey work examining the key dissemination routes in
innovation (Arundel, van de Pall et al. 1995). The early studies, such as Hindsight and
TRACES focussed on what they term ‘events’ in the pathway of innovation – these include
research papers, but also extend to patents, research board meetings, and transfer of know-
how between laboratories. It is only when we reach Comroe and Dripps that the focus
narrows to quantifying only academic papers. Subsequently, the idea of diversity develops
into the idea of classifying different types of benefit from research, using categories such as
those found in the Payback Framework or other similar classifications (Buxton and
Hanney 1996; Martin and Salter 1996).
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Key factors in the innovation process that are repeatedly identified include the importance
of what are often termed ‘Technical Entrepreneurs’, champions for an innovation, whose
interests often span from applied research or practice through to interests in basic research,
allowing them to both identify needs from practice, and shape the fundamental research
needed to underpin advances. These individuals are first identified in the early studies, in
both public and private research, and continue to appear in slightly different forms in
much of the modern work (Battelle 1973; Rothwell 1977; Roessner, Carr et al. 1998;
Buxton and Schneider 1999).

Alongside the importance of particular individuals there is a recurring theme that identifies
the importance of cross-fertilization or interaction between different fields or areas of
knowledge in seeding innovation (Irvine and Martin 1894; Illinois Insitute of Technology
1968).

One apparently contentious issue is the relative merits of basic and applied research, or in a
biomedical setting: basic and clinical research. The issue is complicated by the use of a
startling variety of different definitions, a feature that will be returned to. However, despite
the apparent, sometimes vocal disagreements presented in the summaries of the studies,
looking at the data presented most studies agree that it is far harder to trace the influence
of more basic research and that the majority of the benefits from basic, undirected research
accrue on a timescale greater than 20 years (Sherwin and Isenson 1967; Illinois Insitute of
Technology 1968; Comroe and Dripps 1977; Grant, Green et al. 2003a).

Challenges
By reviewing the previous work in the area it is clear that there are a number of challenges
to carrying out research on research, some of these have been overcome and others remain.
This section considers some of the limitations of the previous studies and how subsequent
studies have addressed these limitations.

Perhaps the most obvious limitation of the early work, in this context, is that much of it
did not look at biomedical research, Project Hindsight, for example was concerned almost
exclusively with chemistry, physics and engineering. It is not clear how similar different
fields of innovation are – although the work examining the National Science Foundation’s
contribution to enabling innovation suggested significant differences in structure between
the government and industrial research sectors such as telecoms and medical technology
(specifically the development of Magnetic Resonance Imaging) which was reflected
differences in the innovation pathways (Roessner, Carr et al. 1998).

The appropriate type of innovation to study has also been a contentious issue: Project
Hindsight looked at generational changes in military hardware, for example how a mark 56
mine changed into a mark 57 mine, rather than the type of developments that have
allowed aircraft to be replaced by unmanned drones. Because of this it has been criticised
for underplaying the role research that causes fundamental changes in approach. In
contrast, many of the later studies, including Comroe and Dripps and TRACES, tried to
identify the high profile block buster innovations – such as the development of drug
treatments for hypertension and oral contraceptives. Leading to the counter charge that
these studies may have underplayed the role of incremental innovation, or the application
of ideas that may appear obvious with hindsight, and that this may bring the bulk of
societal benefit. The shopping trolley has been cited as an example of a trivial innovation,



RAND Europe Introduction (or other Chapter title)

7

but one that enabled the building of supermarkets and the catalysed the massive changes in
society that have resulted (Walsh 1973). The studies looking at blockbuster innovations
have also been criticised for concentrating on technological innovation – magnetic ferrites
and oral contraceptives, for example – although some studies have attempted to address
this by examining the genesis of more abstract innovations such as input-output economic
analysis (Battelle 1973; Walsh 1973).

In addition to concerns about the type of innovations that have been investigated concerns
have been raised about how the particular innovations examined have been selected. Often
it is not clear how the innovations were selected. In other studies they have been selected
by the funders of the study, leaving the selection open to allegations of bias (Sherwin and
Isenson 1967; Illinois Insitute of Technology 1968; Battelle 1973; Comroe and Dripps
1977; Roessner, Carr et al. 1998). Concerns about bias also touch on how particular
‘research events’ or publications were classified, not only were different definitions used by
different studies, different types of researchers were doing the classifications: Project
Hindsight was carried out primarily by government scientists from Department of Defence
laboratories or contractors, whereas, the TRACES study was carried out by university
researchers contracted by the National Science Foundation.

A recurring challenge for the field has been devising, and documenting, robust and
repeatable methods. Comroe and Dripps are probably the worst offenders: they do not
clearly explain how they identified the 10 key advances in cardiovascular medicine; or how
they recruited and selected the experts that helped them identify the key areas of
knowledge that supported these advances. Furthermore their method to identify key papers
was based almost entirely on the opinions of the authors themselves. These deficiencies
became very apparent when Grant et al attempted to replicate the study in the field of
Neo-natal intensive care (Grant, Green et al. 2003b). However, Comroe and Dripps are
far from being the only offenders. Project Hindsight identified ‘research events’ but it is
not clear how they tested whether this process was robust or consistently applied to each
case study. And the relatively recent work of the Research Value Mapping project, despite
detailing a subtle potentially valuable method of quantifying the inputs and outcomes of
case studies, fails to adequately present how this method was applied or the analysis that
lies behind the study’s conclusions(Bozeman and Klein 1999; Bozeman, Rogers et al.
1999).

Many of the studies seek to compare the contribution of basic and applied research,
unfortunately, few of the studies use the same definitions. Table 1 places the definitions
used in the studies against three areas of research: basic, applied and developmental. This
process is complicated by different studies using differing subdivisions. For example,
Project Hindsight divides research between science and technology events, the boxes at the
top of the Hindsight row. It then subdivides science events into ‘Undirected’ and
‘Applied/directed’, the two boxes below the science category. The Battelle and TRACES
studies used the same definitions, so are presented in the same row of the table. These
definitional differences are often significant. Hindsight considers insights coming out of
applied research that are subsequently used in another area to have arisen from applied
research; whereas the TRACES study appears to consider such findings to have come from
non-directed research, because the research was not directed at the problem in question.
For example, one of the events noted in Project Hindsight was Norbert Wiener’s theory of
correlation and detection for radio links this was developed when Wiener was working on
anti-aircraft fire control, but was subsequently used for the jamming resistant guidance
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radio link for the Bullpup missile. Hindsight considers this directed research although the
findings were applied to solve a separate problem. In contrast the TRACES report
considers ‘Investigation of the menstrual cycles, their disorders and the use of hormones in
their alleviation of such’ non-mission research as it was not directed at producing an oral
contraceptive, the innovation in question. The Comroe and Dripps study is the only one
of the studies to consider the relative contributions of basic and clinical research but the
definitions used were so idiosyncratic as to call into question the relevance of their
conclusions.

Table 1: Comparison of definitions used for types of research

Although many of the studies classify the research giving rise to publications or ‘research
events’ none of the studies consider the context in which the research was taking place.
Project Hindsight notes one of its events as the formulation of a new version of neoprene
with a high tear strength (research event 0448). The study classifies this event as applied
research because it was carried out in response to a specific engineering need. However, the
context of this work is not considered: where did the knowledge to allow the formulation
of the new neoprene come from? Was the reformulation possible because the laboratory
was also carrying out basic research into the properties of rubbers? (Naval Ordnance
Laboratory (White Oak) 1966)

All of the work considered in this section so far has been retrospective – that is it has
worked back from the final product or impact to the research that supported it. This
approach has the advantage of providing a clear ‘finishing line’ for each innovation –
although there can be discussion about what this line should be, should it be, for example,
first therapeutic use or point of widespread adoption. However, the retrospective approach
makes it harder to consider what has been referred to as the ‘denominator’, or the full
range of research from which innovation could have arisen (Smith 1987a). For example it
is possible that basic research provides far more of the findings that feed into new medical
treatments, but that much of basic research does not produce any such findings, so when
considered in terms of money spent basic research is less efficient in providing medically
relevant findings. Or to consider an alternative speculation, it is possible that even if
clinical research contributes more findings to medical advance, it may be so much more
expensive than basic research that it is less cost efficient.
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Later approaches that have attempted to calculate the overall return from medical research
attempt to address this question (Mansfield 1991; Access Economics 2003). The use of
approaches that work prospectively, i.e. work forward from research, rather than back from
innovation, also attempts to address the issue of including the dead ends and cul-de-sacs of
science (Hanney, Frame et al. 2003; Wooding, Hanney et al. 2004). So far these
approaches – which characterise the Retrosight approach – have always taken a historical
view, taking research from the past and following it through to the present day. No funder
has yet put in place a system to monitor the developments accruing from research on a
prospective basis.

All the studies acknowledge that the contributions of research, particularly basic research,
can occur over long time scales. The different timescales examined often go a long way to
explaining the differences in the headline conclusions that are attributed to the studies.
Project Hindsight catalogued ‘research events’ reaching back 20 years from the contract
date for the new generation of military hardware. It reported that 75% of the events were
‘applied science’. The TRACES study looked back 50 years and reported that only 33% of
events were ‘mission oriented’, however, ‘non-mission’ research peaked 20-30 years pre-
innovation, suggesting that if the time frame was reduced to 20 years the findings would
not be so strikingly dissimilar to Hindsight. Comroe and Dripps looked back as far as they
could, sometimes including research from more than 50 years earlier, their chronology of
articles for the development of electrocardiography includes a key article by Benjamin
Franklin published in 1752. Unhelpfully, Comroe and Dripps do not provide a time
distribution of the key papers they identified. They did identify 111 representative ‘lags’
between discovery and application – although again they do not specify how these lags
were selected – 57% of these lags were over 21 years and 18% more than fifty, again
suggesting that the difference in the balance between their figures and Hindsight may be
more one of timescale than disagreement.

A more general objection to these techniques based on identifying a family tree of ‘research
events’ or papers is the assumption that each event or paper has equal value – the ‘zero
order assumption’. A process that builds up a family tree of causality in this way is bound
to increase the weight of whatever research occurred earlier in time as the roots of the tree
get wider and wider as the ancestors of each idea are flowed back in time. The Battelle
study attempted to address the ‘zero order assumption’ by identifying ‘key’ or ‘decisive’
events, but did not detail how this distinction was made. In comparing all events and
decisive events the fraction of ‘mission oriented’ changes little although the fraction of
‘non-mission’ events falls from 34% for all events to 15% for ‘decisive’ events.

Reviewing the papers discussed above it is striking that many of the issues grappled with
when evaluating research 40 years ago are still relevant today and that many of the points
will inform how we carry out the Retrosight project.
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CHAPTER 2 Annotated bibliography

This chapter contains brief summaries of key research paper, reports and studies. Where
the original paper or report was unavailable the source for the summary is noted.
Comments from the author of this review are in square brackets. The headings for studies
where the original report or paper could not be consulted are set in italics.

2005 Using categorisations of citations when assessing the outcomes from health research

Aim: Paper examined whether different citations could be categorised by importance
(critical -> peripheral) and function (review, develop etc).

Key Messages: Citations have very different meanings [but do profiles for citation for papers
differ – ie is the assumption that citations can be treated as similar okay?]

Categorising citations is difficult beca use don’t get good inter-rater reliability.

Self citations are seen as being important to support arguments in subsequent papers, so
can be argued as important.

Strengths:

Large sample of citations and six coders.

Weaknesses:

Discrepancies in coding not analysed in detail e.g. spread of other classifications used for
‘considerable’.

No use of discussion between coders and recoding to see if agreement increased.

Coders had very different expertise.

Sources: the paper (Hanney, Frame et al. 2005)

2004 The Right Research Mix

Aim: An article from the Scientist looking at how to find the perfect combination of
research models, labs and funding.

Summary:

There is little evidence about what works:

‘In April 2003, the UK’s Medical Research Council established a task force to assess possible
future research models for the council’s NIMR. “We’ve been looking … for any hard data that
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helps us look at the relative merits of different models,” says MRC task force secretary David
Smith, “and we’re not finding it.”’

Suggests that current trend is to build institutes for integrative biomedical science housing
biologists, physicists, computer scientists and engineers under one roof. This change driven
by changing nature of biology – hence old lessons may no longer apply.

Notes that Robert May paper (May 1997) suggested that specialised institutions are less
effective in terms of citation production than generalised universities – [but correlation was
at country level and hence may have been driven by other factors eg language]. Finding
contradicted by study on BBSRC institutes that shows them out-performing universities in
14 of 22 fields examined (noted in (Miflin 1997)).

Lists reasons for institutes:

o Subject areas universities aren’t good at – because doesn’t fit teaching divisions eg
toxicology, nutrition

o Can more quickly be set up in response to scientific opportunities or emergency.
o Can cluster projects around big bits of kit.

Universities may have advantage of ‘fresh ideas and the wonderfully naive but important
questions’. HHMI’s President Thomas Cech. HHMI is setting up Jamelia farm to
experiment with funding people not projects.

EMBL enforces constant turn over of people by having max 9 year stay and has very young
demographic.

Sources: the article (Blackman 2004)

2003 From Bedside to Bench: Comroe and Dripps Revisited

Aim: An attempt to replicate the methods used by Comroe and Dripps (C&D) and apply
them to the development of neo-natal intensive care, and when this proved impossible to
develop an alternative methodology.

Also published as a paper: 'Basic research and health: a reassessment of the scientific basis
for the support of biomedical science' (Grant, Green et al. 2003a)

Key Messages:

There was not enough detail in the original study to allow the methodology to be repeated,
but they did develop and apply an alternative methodology.

Examining neo-natal intensive care using alternative, related, bibliometric methodology
they determined that after a lag of 17 years, between 2-21% of research was basic.

The authors concede ‘However, we would also be the first to accept that there are significant
limitations to the revised methodology and conclusions that we present in this report’.

Background bibliometrics showed an increase in fraction of Wellcome Trust funded papers
that are classified as ‘Basic’ and decrease in papers with clinical address as one of the
authors.

Since 1978 support for basic research has increased in the G7. In UK research council
expenditure increased from 91/92 of £444 million (42% total civil R&D) to 98/99 of
£769 million (61% total civil R&D).
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Strengths:

Detailed and repeatable methodology.

Looked at a number of advances so can do comparisons.

Weaknesses:

No clear finishing line for advance – ie when looking 17 years back it is not clear what
stage of development of each advance is being looked back from, for example ante-natal
steroids may have reached widespread use at a different time to mechanical ventilation.
Study makes assumption that ‘finishing line’ is research occurring 1995-9.

Sensitivity and accuracy of bibliometric filters – these were based on boolean matches on
journal titles, paper title and article type. They tested the ‘Antenatal Steroid’ filter – as
likely worst case example as it was intersection of 2 filters with additional key words – first
generation was checked by an expert and 20% of papers were considered ‘irrelevant’.

Accuracy of classification of papers to basic or clinical.

Distribution of dates for papers in generation 4 is very broad – so although median date is
17 years ago, spread of dates is large.

Methods and scale:

Two phases of study: trying to repeat C&D; and deriving alternative method.

Phase 1: Attempt to repeat C&D

Stage 1: Identified leading advances in neonatal intensive care with three round modified
Delphi survey; round 1: Witness seminar participants; round 2: Witness seminar invitees
who did not attend and 50 randomly selected paediatric practitioners; round 3: all
remaining paediatric practitioners (response rates for all there around 50%). C&D asked
’40 physicians’ and a further ’40-50 specialists’ – unclear how these where selected.

Stage 2: C&D worked with consultants to identify essential bodies of knowledge for each
advance, then surveyed the literature and selected 529 ‘key articles’. Most of these terms
are left relatively vague and undefined. C&D built ‘chronological tables’ of these
knowledge areas.

Grant et al attempted to refine this technique. They attempted to draw up ‘developmental
maps’ that identified both key event and researchers, this was done using desk research,
reviewed with experts and then sent out for review to 15 members of final Delphi panel.
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Two problems became apparent with the approach: how to identify ‘essential bodies of
knowledge’; and how to systematically identify the publications associated with this body
of knowledge. In the first case, identifying the body of knowledge, – if net drawn to
narrow get standard: basic discovery, animal trials, human trials; but draw the net wider
and problem becomes hard to contain: “For example in studying the development of
antenatal steroids it became apparent that the knowledge existed in the clinical community
for some time, but was only comprehensively implemented – and thus became an advance
– when meta-analysis systematically combined previous trials. In this case, therefore, the
statistical methodology developed by Peto and colleagues for combining trial data was an
essential body of knowledge.”

Systematic identification (ie in a repeatable way) of the relevant papers was also impossible,
and it wasn’t clear how ‘key’ papers could be identified.

Stage 3: C&D classified articles into basic/clincal – but didn’t do inter-rater reliability.
This study did not reach this stage.

Phase 2: New method

Grant et al decided to use a bibliometric technique to map contribution to advances. ‘Just
as it is possible to build up a family tree by identifying a child’s parents, grandparents and
so on, it is possible to create a ‘genealogy’ for a clinical practice guideline or, in the current
case, for a clinical advance, using citation analysis.” To select a starting set they used a
bibliometric subject filter (ie title words, journals etc) to identify contemporary research in
the area of each advance between 1995-99. Took top 5% cited papers in each generation
to seed next generation back. Analysis of funders, CHI research level, knowledge cycle time
(time to citation), research setting (based on addresses). Papers were only allowed to be in
one generation – ie the first time they were picked up, if a paper was cited both by first
generation and second generation papers, it was counted only as a second generation paper.
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Results:

Wide variety of level of contribution of basic research to clinical advance (2-21% at
median 17 years).

Level of ‘basic research’ (either by CHI or research location) increases as you work back
through generations of citation.

[Comparing location of research versus CHI research level does not give clear correlation –
suggesting problems with at least one of the methodologies. (Personal communication
from Jonathan Grant)]

Sources:

The report (Grant, Green et al. 2003b) and paper (Grant, Green et al. 2003a)

2003 From bench to bedside: Tracing the payback forwards from basic or early clinical research
– A preliminary exercise and proposals for a future study

Aim: To explore the possibility of tracing research prospectively, with hindsight, i.e. taking
research that was done in the past and following it forward through time to present day
patient impact. While doing this to combine bibliometric and narrative approaches to
understand how the original research developed.

Key Messages:

That the ‘prospectively with hindsight’ approach is feasible and reveals useful information
about the translation of science. And that if this approach is to be used that traditional
citation analysis is not sufficient to understand mechanisms of impact.

Identified the possibility of ‘translators’ or ‘bridges’: scientists whose work spans clinical
and basic science who are the key to developing basic science into clinical benefit.

That this approach would benefit from application to a spectrum of case studies, and in
order for this to happen a standardised case study framework is necessary.

Strengths:

Detailed analysis and a range of techniques applied to understand the development of
research allows triangulation between the information provided by each method.

Weaknesses:

Single case study that may not be generalisable of other research translation.

Methods:

Took the research outputs of George Alberti’s team from 1981 and analysed how
information had flowed from these publications and researchers. A bibliometric analysis
was carried out and the flow of knowledge was also followed by developing ‘critical
pathways’ – essentially narratives of a field’s development highlighting the important
events.

The bibliometrics was extended to try and look at the meaning of individual citations – the
citations of the first generation papers were examined and classified into categories of
importance (i.e. how important was the first generation to the research reported in the
second generation paper). The citations were also classified to examine in what form the
citation contributed to the argument of the second paper and where the citation occurred.
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Finally the clinical or basic nature of the paper was determined by reading the paper – to
compare with the CHI research level classification.

For the qualitative work interviews were carried out with Alberti and his close
collaborators; other co-authors were surveyed.

Results:

Twenty nine papers formed the 1st generation, cited by 799 2nd generation papers and
12891 3rd generation papers. The average number of citation of 1st generation papers was
high, but highly variable, ranging from 1-76. The half life of citation was also highly
variable, from 2 to 11 years. The CHI research levels were spread across the four research
levels showing the breadth of Alberti’s work and he also had a higher than average number
of co-authors and addresses per paper.

Over the generations the proportion of basic and clinical papers did not change, and for
the papers examined the CHI research level correlated well with the ‘observed’ type of
research described.

For the citations by second generation papers (623 of 799 papers examined), only 9% were
seen as Considerable or Essential importance (the top two categories), and the level of
importance of the citations in second generation papers did not correlate with the number
of citations the first generation paper received; however, self-citations were more likely to
be seen as important. The classification of citations did not have very good inter-rater
reliability.

In the qualitative analysis the field of papers was extended to include another 10 papers
from the 1970s and 80s that Alberti felt had had most impact. Most papers were found to
have had a small and incremental impact; however, some stood out as having more
significant impacts.

Alberti’s breadth of research, from clinical to basic, was seen as a key element in allowing
the effective translation of basic research findings into the clinical context and translating
clinical difficulties into basic science problems.

The qualitative approaches illustrated some of the limitations of the bibliometrics – for
example a number of surgery papers that were not highly cited but were seen as being
important in changing practice.

Sources: The executive summary of (Hanney, Frame et al. 2003)

2003 Exception returns: the value of investing in health R&D in Australia

Aim: Estimate economic payback of research to Australia. Tries to estimate split between
public and private rate of return, public rate is always lower, on average 50% of private
sector. Benefits split similarly between ‘wellness’ and ‘longevity’.

Key Messages:

Investment in R&D has surpassed all other sources of rising living standards.

Gains associated with cardiovascular disease totalled over $1.7 trillion.

Cardio vascular research is the area that does best with 365% annual rate of return.

Nearly all areas are positive, but blood and musculoskeletal are 0…-1% in base case.
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(Rates of return are summarised in Table 43.)

Strengths:

Large scale study looking at many areas of research

Weaknesses:

Final numbers very sensitive to assumptions made in modelling, e.g. biggest assumption is
fraction of improvements in health and reduction in mortality derived from research – they
admit there are no solid estimates but use 30%, 50% and 70% as best guesses.

Assume national contribution is equal to fraction of global output (2.5%).

Methods and scale: Estimate value of life and extensions of life, calculate fraction that comes
from research.

Sources: The report (Access Economics 2003)

2001 Origins of neonatal intensive care in the UK

Aim: Witness seminars aim to bring together several people associated with a particular set
of circumstances (in this case neonatal intensive care) to discuss, debate and agree or
disagree about their memories; in order to build up an oral history.

Summary:

A fabulously detailed account of development of an area, but very resource intensive and
not immediately amenable to comparative analysis.

Sources:

The report (Christie and Tansey 2001)

1999 Assessing the 'Payback' from AHFMR-funded research

Aim: To test whether the Payback Framework could be applied to the medical research
funded by the Alberta Heritage Foundation and whether the information gained would be
useful to the Foundation. The two key developments were applying the framework outside
a UK context and applying the approach to clinical and basic research (previously it had
been used primarily on health services research).

Key Messages:

Broader context of medical research was similar in UK and Alberta, but much of health
research interest is relatively recent, so much emphasis has been on capacity building and
education. Furthermore the economic benefits of developing science and R&D capacity
are also seen as important endpoints by the government of Alberta.

The approach was suitable for examining clinical and basic research –but needs some
further refinement. The integration of some bibliometric element could be a useful
addition.

Strengths:

Proof of principal demonstration of application of Payback framework in non-UK context
and in clinical and basic research.

Weaknesses:
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Small number case studies across very broad areas of research.

The case studies presented “would probably require further work to complete and validate
them”.

Methods and scale: Initial scoping work to identify differences in Alberta context, followed
by a series of case studies of individual research projects/investigators. Seven case studies
were carried out: three on HSR and HTA research (the HTA case study examined two
different projects, so could almost be considered two case studies) and four on clinical and
basic research projects.

Results: Over time some researchers moved towards more problem-led approach to
research, while others remained curiosity driven. Why different researchers reacted in
different ways was not clear.

They identify a need to develop the Payback framework to encompass a more nuanced
view of ‘Research Paybacks’:

‘This is a step hat needs more analysis but at first sight the following categories emerge:

o specific pieces of knowledge that fill caps in understanding and so enable a further line
of research to be pursued

o development of broad research methods, or techniques, or methods
o development of possible therapeutic interventions that need proper evaluation and

testing
o transfer of ideas from one therapeutic area, or organ, or disease system, to another

outside the range of the original research.
Alternatively, it might be conceptualized in terms of two types of influence that research might
have on subsequent research. It may produce incremental knowledge: bit by bit filling
knowledge gaps, or providing building blocks for subsequent research, or identifying dead ends.
Alternatively, it may produce dramatic conceptual change: a breakthrough in how a
problematic issue is perceived, refuting or challenging previous research or current preconceptions
and requiring a major readjustment of how to proceed.’

Two case studies of particular interest to the Retrosight project:

Case study 6, looked at ‘Electrophysiology of the heart’ – the research was to characterise
mouse heart cell electrophysiology and use this information to build a computer model of
the human atrium, to improve understanding of pacemaker activity and conduction. At
the end of the payback study no applications of this work had occurred, but there was
interest from pharmaceutical companies.

Case study 7, looked at ‘Lipid metabolism’ – basic research on the biosynthesis and
metabolism of lipids to develop an understanding of the causes of atherosclerosis. As part
of the work they cloned and characterised the enzyme triacylglycerol hydrolase and
identified a role for it in modulating lipid secretion from the liver. Again there were no
applications of the work when the payback study was carried out.

Sources:

The report (Buxton and Schneider 1999)
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1999 The Research Value Mapping Project.
Paper: “The case study as research heuristic: lessons from the R&D value mapping project”
Report: “The research value mapping project: qualitative – quantitative case studies of
research projects funded by the office of basic energy sciences”

Aim: To develop a method to investigate the full range of benefits from research that
captures the richness of the data, but still allows quantitative examination of the data.
RVM (Research Value Mapping) developed to address methodological weaknesses of case
studies, but preserving richness and context. Cases are scored by multiple coders and
resulting scores tested for reliability, these scores are then used to test hypotheses about
research.

Key Message:

That pilot case studies are useful.

Basic research produces more patents than applied research.

Few clearly drawn conclusions

Strengths:

Large number of case studies (24)

Each case study both ‘tells a story’ and also provides a number of systematically measured
(ie reliability tested scores) that can be used for comparative analysis.

Tries to use a broad definition of value that captures wide range of benefits and considers
developing capacity for future research an valuable outcomes – but little evidence of how
this was done.

They tried to develop metrics for the different sorts of inputs and outputs, eg for inputs
funding for the project, number of personnel involved; along with dummy variables eg was
technology transfer office involved in project (0 or 1), did project require development of
new fabrication process (0 or 1) – but fail to present these in detail. For outputs they used
a hierarchy (or possibly hierarchies) of achievement:

Weaknesses:

It is not clear how ‘Lessons of BES funding’ [assumed to be conclusions of study] are
linked to the analysis, the report does not present the ‘analysis’ as such, there are no scoring
tables or such. For example ‘Stable BES funding is invaluable to the field’ – everyone said
it was important, but they have not looked at an examples without stable BES funding.
‘New organisational designs contribute to project effectiveness’ – they suggest that variety
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and flexibility in institutional structures has resulted in impacts that are more far reaching
and diverse that those from ‘more conventional projects’ – but it is not clear that they
looked at an ‘more conventional projects’ , no graphical or tabular comparison is given.
And so on.

The Reports ‘Findings’ [p16 – 22 of report] are generally presented without consideration
of the counterfactual or possible confounding factors, for example: “The projects without
students were more likely to be in the 100 or more scientific article category, but were less
likely to have patents, licenses, or to have developed new technology processes.” Not clear
how much more likely, or whether projects without students had other important
characteristics in common eg size, location, funding type, industrial partners.

Study conclusions

The report has a series of detailed findings, that are not prioritised or synthesised, most are
presented as ‘interesting observations’, for example: “Five of the six highly producing
projects [more than 100 papers] had more than ten persons. High producers were also
more likely to involve persons from outside their own laboratory (five of six). Overall, only
11 of 24 projects had more than 10 persons.” They also note that projects with basic
research focus have more patents than projects with applied or developmental research
focus – but do not compare the relative size of the projects.

Methods: A series of twenty four case studies of research programmes funded by the Office
of Basic Energy Sciences. Which are then scored for various characteristics (both input and
output). They built a database of case studies that relied categorising aspects of the case
studies eg motivation of investigator; quantitative measures eg number of papers published;
and quantified measures. However they never provide detail on how this was done [this
may be dealt with in their other publications but I cannot locate them]. The idea of this
approach was to allow cross case analysis.

Case studies are of research streams from very large bodies of research: large institutions
over a long period eg superconducting wire and magnet technology at Brookhaven
National Laboratory. Cases are physics and engineering. The projects are defined by theme
or subject rather than picking particular piece of funding.

Results: The paper concludes that:

‘Prototype case studies are particularly useful for helping set boundaries for later studies,
identifying the ways in which the research setting affects research findings, making judgements
about the accessibility and availability of data, and determining respondents’ reactions to the
research and the researchers.’

The paper’s introduction discusses the usefulness of case studies, and goes on to review
how they have been used to investigate research: ‘that case studies are good for explaining
the unique, but not up to the task of providing generalisable explanations’ (Dyer and
Wilkins 1991) and that ‘a hallmark of good theory is parsimony, but given the typically
staggering volume of rich data [in a case study], there is a temptation to build theory which
tries to capture everything’ (Eisenhardt 1989).

The paper explains how previous case study research on research has moved through four
phases – although each phase builds on the last they have not made the earlier approachers
obsolete:
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1) historical descriptions – tracing back innovations to their fundamental supporting
inventions.

2) research ‘event’ based – building a family tree of ‘research events’ that lead to an
innovation.

3) matched comparisons – taking ‘matched’ successful and unsuccessful innovations and
tracing the comparing their development (eg project SAPPHO)

4) in an attempt to increase methodological rigour and objectivity case studies were
combined with economic and bibliometric techniques.

They observe that project boundaries often exist only for purposes of administrative
convenience, but do not reflect boundaries of expertise or collaboration. They discuss
‘knowledge value communities and alliances’ as an alternative unit of analysis. This is an
attempt to identify the communities of knowledge producers and users (scientists,
manufacturers, lab technicians, students) who “pursue a unifying knowledge goal (eg
understanding the physical properties of superconducting materials) but to diverse ends (eg
curiosity, application, product development, skills development)”. They then define the
“knowledge value alliances” as a more tightly concentrated grouping contributing resources
to the endeavour and who interact directly. This concept is related to, or possibly a
restatement of, the concept of networks of researchers and users in a particular field. These
KVC are suggested to grow and change as interest in a subject changes. The idea is that
KVC transcend institutional boundaries and allow a more holistic understanding of the
research process. [However, as they are so ill defined they seem unsuitable as a unit of
analysis, however, the characteristics of the network in which a researcher or research team
operate could be an important aspect to investigate.]

The initial pilot case studies produced a number of conclusions relevant to the Retrosight
work:

o Necessity of being flexible about ‘unit of analysis’ – stemming from the fact that
often thematic boundaries of the work may not coincide with pieces of funding or
administrative boundaries (eg inter-institutional collaboration). Although the
paper recommends flexibility it doesn’t deal with how this should be
implemented to ensure consistency.

o Cannot examine work of one funder in isolation, which means other sources of
funding must be examined to understand how the work was supported.

o There are different types of funding: ie project, personal, institutional and some
allow more flexibility for the scientists. For example personal funding that moved
with the investigator (eg funding from the Department of Energy’s Office of
Basic Engineering Sciences was attached to the individual so if their research
interests evolved and they decided they would be better suited in a different
institutional context they could move to a more appropriate institution and take
their funding with them).

o Long time lines – they suggest this should be address by following some stories
forward from research an others back from application.

o Proprietary considerations – sometimes a full assessment of impact requires
information about commercial benefits, often this information is held by
companies as trade secrets.
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o Apparent ‘dead-ends’, on closer inspection often have benefits or further research
which they inform of trigger. In order to take advantage of this they have added
questions to their protocols specifically to examine apparent ‘dead-ends’.

Paper also provides a list of issues that prototype case studies can address, although no
particular approaches or insights for how to address them:

o What is the appropriate boundary for the study?
o Which unit of analysis?
o What is the best ‘time slice’?
o Where is the data located?
o What are the prospects for data access and collection? – how likely is it that the

data can be accessed.
o What hypotheses are suggested by the pilot case studies [or previous work] and

can the remaining research be tailored to address them?
o What about ‘instrumentation effects’ due to case analyst variance? ie how much

does variation in the person doing the case study affect the case study output?
o How does one cope with the demands of the particular field research setting? eg

security clearance at Federal labs
o What is the attitude of the researchers being studied? are they positive or negative

about evaluation
Sources: The paper (Bozeman and Klein 1999) details the first two case studies of the
project, the report (Bozeman, Rogers et al. 1999), a draft of the final report, presents the
overall conclusions of the study.

1999 Assessing the Payback from Health R&D: From ad hoc Studies to Regular Monitoring

Aim: Summary of issues around research evaluation in biomedical research.

Key Messages:

Useful summary of issues.

There are increasing demands for accountability – both to justify spending and to improve
it.

Criteria for effective evaluation system identified as: good coverage of and relevant to
funder’s objectives; relevant to funder’s decision processes, encourages accurate
compliance, minimises unintended consequences, acceptable costs.

Attribution is hard to deal with.

Strengths:

Useful summary of issues and references.

Weaknesses:

The report is a revised version of the background paper for an international workshop in
Nov 1999 convened to provide the UK Department of Health with advice on monitoring
Health R&D, however it does not ‘attempt to reflect the very interesting and useful
discussions held at the workshop’.

Methods: Review
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Summary: Uses the payback categories to organise discussion and reviews methods for
assessing in each category. Highlights the ‘immense problems’ of dealing with attribution
and lags, but doesn’t provide solutions for them.

Classifies assessment methods into 4 types: Expert review; Bibliometrics; Economic
Analysis; Social Science methods (questionnaires, case studies).

Review of other public sector evaluation mechanisms – suggests two camps: performance
indicators and measurement versus targets and audit. The former is more appropriate for
research.

Discussion of what appropriate unit for research assessment is (project, programme,
fellowship, institute). Report doesn’t reach any conclusion, but notes that evaluation has
been applied at most levels of aggregation.

Final chapter presents possible system for UK Department of Health, notes that more
information is needed for management than for justification. Three elements of suggested
system: annual (electronic) payback survey to researchers; supplementary information
collected from bibliographic databases; and sample of research examined using social
science approach for deeper understanding and to verify other streams. Looking at grey
literature is suggested. Question of aggregation mentioned, but not addressed, ‘it might be
necessary to ask researchers to apportion the contribution made to specific outputs from
various funding streams’. Methods of aggregation not addressed in detail. Useful mapping
of Outputs, outcomes and measurement methods (p40).

Attribution identified as area for further study, as was network analysis and also the overall
benefit of the monitoring system (however, how this would be assessed was not addressed).
Attribution is identified as important – but not dealt with in detail: ‘Whether the system is
decision relevant depends in part on solving the problem of financial attribution. The UK
Department of Health may wish to identify the separate and additional impact its funding
makes to payback from R&D. In this case it is necessary to find a means of apportioning
funding to outputs and outcomes. In this case information will be needed about the different
funding streams contributing to each publication, each grey output, each higher degree and each
patent. This information should (or could) be supplemented by an estimate of the proportion of
each output able to be attributed to each funding source. This is an ambitious requirement,
raising conceptual and practical problems. It is likely to be difficult for researchers to attribute
proportions of each output to different sources, and it may be resented by researchers,
undermining the criteria of having a system that encourages compliance. It may, however, be a
necessary task. It could be made more palatable if it were required by all funders, and could in
the long-term perhaps become information that was routinely noted in publications. We propose
the feasibility and acceptability needs to be tested.’ (p43)

Sources: The report (Buxton, Croxson et al. 1999)

1998 Mapping the landscape: national biomedical research outputs 1988-95

Aim: To provide an overview of recent trends in biomedical funding and publications in
the UK, with some international comparisons.

Key Messages:

Civil R&D spend has remained static at around 1.7% of GDP, despite decreases in govt
spending.
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UK share of scientific publications is more or less static. Biomedicine is just over half of
UK scientific output.

UK share of cardiology, genetics, nursing and ophthalmology have increased over the eight
years, gastroenterology has fallen.

National and international collaboration has increased over the eight years.

In 1995 UK government still biggest acknowledged funder (34%) but private foundations
catching up fast (32%). Industrial sector has also increased output 14-17%.

Fraction of papers reporting basic research has been growing slowly (30% in 1995), for
research councils and Wellcome Trust this proportion is 50% and has been growing
rapidly.

Strengths:

Very large scale bibliometric analysis

Weaknesses:

Standard bibliometric weaknesses of accuracy of classification, meaning of citations etc.
Detailed discussion of caveats given in discussion on page 52.

Methods and scale: Analysis of the 215000 UK publications from the Science Citation
Index and Social Science Citation Index of the Institute for Scientific Information that had
been collected into the Research Outputs Database and had their funding
acknowledgements coded into the database. The papers were analysed by funding sources,
authors, addresses and subfields.

Results: Cardiology has 19,809 papers in the eight years examined and the UK contributes
8.9% of the papers. The field is expanding globally at 2.6% and in the UK at 4.3%.

When subject areas are compared by fraction of papers acknowledging support from
industry, Cardio ranks 3rd of 20, and 2nd when definition is narrowed to pharmaceutical
industry. In contrast it ranks in the bottom 5 for both UK Govt and research councils.

Sources: The report (Dawson, Lucocq et al. 1998)

1998 Methodologies for evaluating R&D programmes - a literature review

Aim: To identify key publications and organisations which can provide information on
approaches to evaluating R&D. The emphasis is on identifying approaches that have
relevance to health services and health research.

Key Messages:

There is a dearth of literature on evaluating R&D programmes at the strategic level.

There is a spectrum of research from basic to applied, evaluation is harder at the basic end
of the spectrum.

Attribution is complex, but although value of research is hard to demonstrate, if research is
flawed (eg Methodologically) it can be shown it should have no value.

There is widespread agreement that all criteria should have quantitative and qualitative
information bases and that single indicators can be misleading.
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Notes some agreement on figure of 1% spend on evaluation: ‘There is some agreement
about how much an organisation should spend on programme evaluation. (Gibbons and
Georghiou 1987) suggested that the cost of an evaluation should amount to about 1% of
the programme budget, and the National Institutes of Health in the US has consistently
devoted 1% of its budget to evaluation (Martin and Irvine 1989).

Because of focus on programme level and strategic evaluation, this paper is not particularly
relevant for the Retrosight project.

Strengths:

Apparently extensive coverage of literature and opinion.

Weaknesses:

Focus on strategic and programme level evaluation.

Methods: Extensive searching of literature databases, snowballing of contact in the UK and
abroad and location of relevant grey literature suggested by contacts.

Summary: The paper takes a very wide view of evaluating R&D strategy and looks primarily
at the programme level – including identification of priorities, communication with
stakeholders including other funders and provision of research support.

They list and review a series of the main criteria that have been used/suggested for research
evaluation: quality of science; relevance; impact; productivity; and structure and process.
They also briefly review the techniques that can be used to collect the information: peer
review; bibliometrics; social science methods and economic methods.

Sources:

The report (Cronin and Normand 1998)

1998 The role of NSF’s support of engineering in enabling technological innovation (Phase II)

Aim: ‘to conduct a systematic examination of the antecedent discoveries, events, people,
interactions, and conditions that lead to the evolution of the 12 most significant engineering
innovations to have emerged in the preceding decade to: (1) document NSF’s involvement in
bringing about the innovations; and (2) evaluate the significance of NSF’s role in the broader
context of the innovations’ development.’

Key Messages: The importance of human capital and individuals:

‘Indeed, if there is a single, consistent pattern that stands out across all six cases, it is the critical
role played by human capital in the form of individual inventors (eg MRI, Internet, optical
fiber), technical entrepreneurs (eg CAD/EC, cellular phone), and students trained in the state-
of-the-art who could continue to push technical advance in all three sectors of the economy
[government, industry and university].’

Basic science support’s most influential role may be in training and supplying expert
researchers for applied and directed role in industry, rather than direct supply of ideas or
techniques. This flow may also have been important in carrying ‘cutting edge’ practices
and techniques into industry.

The importance of networks and knowledge sharing:

‘The cases reveal clearly the importance of ‘invisible colleges’: scientists and engineers who share
results and know-how via networks that span both cooperating and competing institutions.
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Isolation appears clearly as the enemy of innovation.’ (but not clear that they had case studies
illustrating isolation.

Little evidence for pipe-line model of innovation (‘linear model’), only seen in one case
study: MRI and even here it was not clear-cut.

Intellectual property: ‘Without too much exaggeration, one can conclude from these six cases
that the innovations evolved successfully in spite of, rather than because of, intellectual property
protection’. [Interesting examples are summarised in executive summary of phase II.]

The study appears to be a reaction the GPRA, although this is not stated in so many
words.

Strengths: Twelve detailed case studies

Considers influence of IP and management practices

Long time view – 35-50 years

Weaknesses: Unclear exactly how case studies were selected.

Considers innovation very much as pathways and mile stones rather than as a funnel.

Retrospective.

Methods: Started 1995. Looked at MRI, Reaction Injection Moulding, The internet in first
year. CAD applied to electronic circuits, optical fibre communication, cellular telephones
in second year. Also an overview of the evolution of NSF’s engineering support systems,
which was initially to determine what ‘basic engineering research’ looked like, but then
expanded to encompass applied research and thematic research approaches.

Innovations selected by using ‘independent Technical Review Panel, jointly with SRI’.
Data sources: literature review, key informant interviews, NSF archives.

Looked over a 35-50 year timescale at the innovations.

Report considers not just the pathways of innovation, but also how NSF funding and
management practices influenced them. It provides a useful framework for thinking about
how institutions support research: education; direct research support; direct contribution
to the knowledge base; direct contribution to the research infrastructure; direct
contribution to supporting technology; organisational leadership; facilitation of interaction
and communication.

The report considers the role of IP protection and its consequences in some detail.

Results: The research landscape has changed significantly over the time of the study (and
varies by sector) for example in mobile communications in 60s and 70s most work was
done by firms, but in 80s firms started to take more interest in university collaborations
rather than carrying out all research in house.

Some of the areas – eg telecoms – there was very little academic work in the 1960s so little
capacity for it to feed in and influence subsequent innovation.

Against linear model: in fibre optics, much of the basic research was done to explain
phenomena that the applied research had uncovered.

There is a suggestion that basic research may have provided the context for researchers who
also provided consultancy and input to industrial researchers (particularly in the field in
which academia had most input: CAD/EC).
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Sources: Executive summary of Phase II report (Roessner, Carr et al. 1998)

1997 The role of NSF’s support of engineering in enabling technological innovation (Phase I)

Information for this study is covered by Phase II report in 1998.

Executive summary of Phase I (Roessner, Bozeman et al. 1997)

1997 Quality and Efficiency of basic research in molecular biology: a bibliometric analysis of
thirteen excellent research institutes (Herbertz and Müller-Hill 1992)
Key Messages:

Using citations per publication a measure of qualiy and costs per citation as efficiency they
analysed 13 institutes active in molecular biology. Showed no appreciable difference
between those supported by grants and those supported by institutional block grant.

Sources: Reviewed in (Grant 1997)

1996 The relationship between publicly funded basic research and economic performance

Aim: To understand the links between basic research funding and economic performance,
and develop that into an understanding of the appropriate level of spending on basic
research.

Key Messages:

They suggest that a new ‘social contract’ is emerging in which “public and government
expect more direct and specific benefits from their investments in [basic] research”.

The review is hampered by different people’s definitions of basic, applied, strategic
research.

That there is a positive benefit to investment in economic research, but considerable
dispute about the size of that benefit.

That the relationship between technology, companies and basic research is very different in
different fields – there is great heterogeneity. Level of benefit appears to be affected as
much by the attitude of the companies as the strength of the research.

That much of the flow from basic research to technology is facilitated by personal links
and mobility.

Internationally: that no country uses a systematic metric to determine an appropriate level
of spending on basic research, and no country has effective way of assessing VFM of basic
research.

Strengths:

Reviews wide range of UK and international literature

Weaknesses:

Emphasis is on macro level and sectoral analysis rather individual pathways, looks across all
sectors – it is not specific to healthcare

Considers narrow definition of economic performance – i.e. does not include
improvements in public health
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Methods: Literature review, looking at links between basic research and economic
performance at a macro level.

Results: They have been hampered by having to use other people’s definitions of different
types of research. Their preferred definition of basic research: “‘curiosity driven’ research
(experimental or theoretical research undertaken primarily to acquire new scientific or
technical knowledge for its own sake) and ‘strategic’ research (undertaken with some
instrumental application in mind although the precise process or product is not yet
known)”. However, the literature they review uses: ‘science’, ‘academic research’ and
‘research’.

They discuss the three methodologies used in the literature:

1. econometric studies (suited to answering the question, but hard to apply in the
this case given unclear links and small level of attribution and long time scales of
expected payback);

2. surveys (of research managers) provide more detailed information than
econometrics. and can reveal the importance of R&D across different industrial
sectors. But as they are normally completed by research managers, the respondents
may be biased in favour research;

3. case studies provide a detailed understanding but can never be 100%
comprehensive and are hard t generalise – but only case studies provide a detailed
tracing of the links between basic science and economic benefits.

They then consider these approaches in turn:

Econometric assessments: Measuring benefits due to technology improvement has
traditionally be hard for economists. Most work focuses on investment in R&D by firms
(rather than public sector investment) but many suggest very high levels of payback (4-
40%) raising the question of why commercial firms don’t invest in more R&D, and
suggesting that the studies are failing to account for the full failure rate. Most significant
study is (Mansfield 1991), looked at seven US industrial sectors – made various heroic
assumptions such as “where advance was based on academic research its absence would
have delayed innovation by 7 years”. Overall conclusion was that average rate of return of
public R&D is 28% for social return on R&D (“the present value of the stream of benefits
associated with the research equal to costs” otherwise phrased as “the annual profit rate on
society’s investment in academic research”.).

Surveys and case studies: provide data to develop a classification system for the benefits of
basic research, and suggest that only minority of benefit flows from new knowledge, the
categories they suggest for capturing benefits that will lead to economic benefits are:

o new information
o new instrumentation and methodologies
o technological skills – which can be applied in other areas when researchers move
o access to networks of experts and information
o improved problem solving skills
o ‘spin-off’ companies

They present a research agenda including the suggestion of further surveys and case study
based research to systematically analyse the relationship between basic research and
technology.
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See section 6.3 for introduction to the genesis of the chemical and pharmaceutical
industries. The chemical industry emerged to exploit the discoveries of German academics
in the late 19th century, the first ‘science based industry’ and Bayer was first firm with in
house laboratory. Various work done on these firms and the pharma companies that came
out of them showed the importance of the virtuous circle of success breeding success
(reviewed in the SPRU report).

Development of ‘social contract for basic research’. From 1945-80s industrialised nations
had relatively relaxed attitude towards expected benefits. Characterised view put forward
by US Presidential science adviser Vannevar Bush in 1945: “governments put money into
basic research and out will come, at some time or other, contributions to wealth, health
and national security”. Little concern about what and when, but budget tightening in
demands for scrutiny broke down this consensus. UK was one of the first to go in the
1970s, model endured longest in US and German, only breaking down in the 1990s.

Part of new contract is Foresight (first in Japan in 1970s, then in 1980s with France and
Sweden, US and Britain in first half of 1990s). Starts to build expectations of predictable
tangible benefits from basic science.

Sources: The report (Martin and Salter 1996)

1995 PACE report: innovation strategies of Europe's largest industrial firms: results of the PACE
survey for information sources, public research, protection of innovations, and government
programmes (final report)

Aim: Investigation of how large firms carry out innovation

Key Messages: Publication is not primary route to dissemination

Methods: Survey receiving 640 responses across 16 industrical sectors (111 from UK) of
firms performing formal R&D with turnover in excess of 1.5 billion ECUs. Completed by
R&D managers in separate units in each large firm.

Results:

Source of Method % rating as important
(average)

% rating as important
(Pharma)

Publications 58.4% 90%

Informal Contacts 51.6% 88%

Hiring 44.4% 66%

Conferences 43.9% 85%

Joint Research 39.5% 51%

Contract Research 36.3% 51%

Temporary Exchanges 14.1% 27%

Respondents asked to rate importance on 7 point scale, percentages are respondents rating
higher than 5 – important.

Sources: The report (Arundel, van de Pall et al. 1995)
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1992 The effects of resource concentration on research performance.
Aim: To examine the effects of resource concentration on research.

Key Messages:

Positive critical mass effect – but only up to a group size of 3-5 academics with post docs,
post grads and technical staff
No economies of scale above this level.
Large well funded, well lead research groups produced more pubs of higher impact and get
more international recognition than smaller groups [3rd conclusion seems to at least partially
contradict second one].
Summary: ‘In 1992, the Australian Research Council reviewed the Special Research Centres
Program and the Key Centres of Teaching and Research Program and concluded that the
paucity of hard data made it impossible to objectively ;measure the effectiveness of each
programme. Thus the Australian national Board of Employment, Education and Training
(ANBEET) commissioned a study to look at the effects of resource concentration on research
performance. The objective of the study was to examine 3 hypotheses: 1) the critical mass
hypothesis which posits a minimum group size for effective research and a direct relationship
between size and impact. 2)The critical time hypothesis that the ability of top researchers to
pursue research on a full-time basis produces disproportionately improved productivity and/or
impact. 3) the risk strategy hypothesis that longer-term secure funding supports a higher level of
high-risk, high return research, when compared with shorter term competitive funding.’

‘The report was based on three components i) a lit review on research concentration ii) details of
a study from SPRU that looked at factors affecting research performance in the UK, with an
emphasis on department size iii) an exploratory analysis of evidence on performance from
Australian universities.’

‘They also identified key factors affecting research performance, from open ended questions to
academics (SPRU study used as starting point)’

‘Staff calibre, Funds, Time, Leadership, Morale, Equipment/Facilities etc, Teaching, Career
Structure, Support of Management, Staff with similar interests, Institutional location, Hiring
policy, ‘Critical mass’, Group reputation, Technical support, International visibility,
Collaboration, Links with industry. Similar factors were identified in UK and Australian, but
relative importance was different. [Not clear if list is given in order of importance or not].’

Sources: Quoted from (Grant 1997)

1991 Academic Research and Industrial Innovation (Mansfield 1991)

Aim: To estimate the social return (i.e. the return to all of society) on basic academic R&D

Key Messages:

Average rate of return of public R&D is 28% for social return on R&D, but it varies by
sector. (“the present value of the stream of benefits associated with the research equal to
costs” otherwise phrased as “the annual profit rate on society’s investment in academic
research”.)

Strengths:

Looks a seven sectors of the US economy

Weaknesses:
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Various assumptions described as ‘heroic’ in the SPRU review (Martin and Salter 1996).
Including that where advance was based on academic research its absence would have
delayed innovation by 7 years, that research carried out around the world 1975-9 will be
incorporated into US products and processes commercialised in 1982-5.

Also sensitivity to time lag used, no accounting of benefits outside US, no accounting for
indirect benefits eg problem solving, only seven sectors examined, average not marginal
rate estimated, data dependent on R&D managers who may be biased.

Methods: Survey data used for econometric analysis

Sources: SPRU review (Martin and Salter 1996), has three pages on the work, section 4.3.
Original publication is (Mansfield 1991)

1990 Predications of scientific performance in clinical medicine
Summary: Dutch study looking at research performance and organisational factors in
university hospitals – found correlations eg between international communication and
research performance, but couldn’t examine causality.

Sources: Reviewed in (Grant 1997), original publications is (Spangenberg 1990)

1989 The impact of different modes of research funding. In: The evaluation of scientific research

Summary: Impact of different modes of funding. A study using historiographic
methodology of TRACES to look at influence of research setting and funding mechanism
of US National Cancer Institute (NCI). 13 key advances tracked and conclusion was that
research setting (large vs small; universities vs medical schools) did not have major impact
on occurrence of advances. All modes of support contributed, but research project grants
and intramural programme being the most effective.

Sources: Reviewed in (Grant 1997), original publication is (Narin 1989)

1987 The correlates of research success
Key Messages:

Undergraduate backgrounds and research success – survey for backgrounds and research
achievements of medically qualified professors in UK medical faculties, showed research
training affects subsequent career.

Sources: Reviewed in (Grant 1997), original publication is (Evered, Anderson et al. 1987)

1987 Comroe and Dripps Revisisted

Aim: Editorial review of previous research on research in biomedical science.

Key Messages:

That the current level of understanding of scientific advance and translation is low, and
based mainly on anecdote.
That previous attempts to improve our knowledge have been flawed.
That there should be more research on research.
Summary:
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Smith argues that the Comroe and Dripps (C&D) study ‘still seems to be the only
“scientific” study of innovations in medicine”.

He notes that although C&D is often cited as demonstrating the importance of basic
research, over half the papers C&D noted were “by their rather eccentric and over-
inclusive definition” the result of clinical research.

He tempers his criticsms of C&D’s “unscientific methods” – how were the top ten
advances identified? why was the link with smoking not one of them? which specialists
were asked? how did they vote? – by noting that C&D were clinical scientists forging a
new field and learning as they went along.

He notes that C&D use separate divisions of clinical and non-clinical and basic and
applied research ie they define a 2 by 2 matrix: research could be clinical or non-clinical;
basic or non-basic. It was quite possible to have basic clinical research. They also take no
account of the denominators – ie how much does different sorts of research cost per paper.
Although C&D freely acknowledge their “ignorance of the denominators” (C&D’s term
not Smith’s) they still conclude that basic research is more than twice as productive as non-
basic research.

Smith notes a key criticism of C&D voiced by (Irvine and Martin 1984) “They did
not…address the crucial question of whether one can identify in a general way the areas of
basic research most likely to yield clinical advances.”

Sources: The paper (Smith 1987a)

1987 The roots of innovation

Aim: Editorial review of research on innovation.

Key messages:

We need to know more about how the invention process happens, there is currently a lack
of evidence.
The relationship between basic science and innovation is unclear.
Synthesis/confluence can be important – the coming together of different research streams.
Source to
Summary: Describes two models of innovation: ‘The linear model’ and ‘The market pull
model’

Atom bomb given as example of linear model (scientists’ questioning of the
indestructibility of the atom in late 19th century, then the basic physics of atom destruction
leading directly to the $2billion US atom bomb programme), Interscan aircraft landing
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system given as model for market pull (in 1968 the International Civil Aviation
Organisation requested submissions to design a new aircraft landing system. By
coincidence a threaten Australian radio-physics department saw this as a way to remain
financially viable and used technology of radio-astronomy to develop the new system).
However, many innovations will not fall neatly into one or other model.

Summary of previous studies on innovation detailed, and criticised. General criticisms are
that all studies are retrospective; and that they concentrate on innovations/inventions
rather than conceptual developments and theoretical insights. Smith suggests this is likely
to favour technologists, over theoreticians.

Projects covered are detailed under their own sections:

o 1958 - The Sources of Innovation
o 1967 - Project Hindsight
o 1968 - The TRACES Study
o 1973 - Battelle Study – Interactions of Science and Technology in the Innovative

Process: Some Case Studies
Smith also touches upon a number of studies that attempted to make the link between
innovation and economic success. He says there is dispute about the importance of
universities and basic science: most studies show a small effect, but this has been disputed.
(Pragier and Ronayne 1965; Langrish 1971; 1972; Langrish, Gibbons et al. 1972)

Smith suggests that the conclusion of Gibbons and Johnson is good summary of the
evidence:

‘…it is apparent that the relationship between science and industrial technology is more complex
than previously assumed by either scientists or economists; there exists a wide variety of potential
forms of interaction. While this settles the issue of whether science contributed to technological
innovation, and provides a justification for maintaining an effective research capability, the
very complexity of the relationship precludes simple calculations of the optimum size or
distribution of the science budget.’ (Gibbons and Johnson 1974)

Sources: The paper (Smith 1987b)

1986 Research funding as an investment: can we measure the returns? A technical memorandum
Summary: “In broad terms, the conclusion was that the various possible approaches were all too
simplistic and potentially misleading.”

Sources: Quoted in (Martin and Salter 1996) original publication is (Assessment 1986)

1984 Foresight in science: picking the winners
Key Messages:

Suggests that most important conclusion of TRACES study may be that cross-fertilization
and diversity of knowledge is most important driver of innovation.

Summary: Discusses TRACES and suggests that most important conclusions may be
around:

‘The diversity of knowledge, and therefore of research required to achieve innovation, … [is] an
important factor… Another important factor inherent in several of the tracings was that of
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communications between scientific disciplines and/or highly effective personal communication…
[Consequently,] organisations which support and guide research must increase their emphasis on
communication particularly among disciplines and between non-mission and mission oriented
research… The continued involvement of a variety of institutions would appear to be a
worthwhile objective to help meet the need for diversity of research.’

Sources: Source: (Smith 1987b), original publication is (Irvine and Martin 1984)

1977 Retrospectroscope – Insights into Medical Discovery

Aim: To reveal and reflect on the process of scientific discovery and innovation

Summary: A collection of anecdotal case studies and musings on the process of scientific
discovery. In the context of Retrosight it may be useful for early stages of some later
inventions; however, it is not well indexed. Comroe was Director of the University of
California’s Cardiovascular Research Institute in San Francisco, as he describes it:

“Some [discoveries] have moved in a straight line – directly to their goal. But the
Retrospectroscope [the book] has found others who, in their later years, told “like it really was”
the story of their earlier discoveries; we learn from them that scientists are human, they take
wrong turns, travel tortuous paths and sometimes arrive because of someone else’s speculation of
unrelated observation, or by chance.”

Strengths:

Variety of cases from many fields of research and medicine.

Weaknesses:

No consistent framework or through over arching analysis

Sources: The book (Comroe 1977)

1977 The characteristics of successful innovators and technically progressive firms (with some
comments on innovation research)

Aim: To review the current state of research on industrial innovation and technically
progressive firms. Intended as ‘innovation checklist for the busy manager’ and preliminary
guide to the literature.

Key Messages:

Explanations for innovation in business are ‘pluralistic and interactive’ – ie there are
number of them and they can clearly act synergistically.
Highlights key success and failure factors for innovation in firms – many of which have
parallels in biomedical research and GRIP.
Details some of the limitations of work that has been carried out, but feels that they do not
completely undermine conclusions.
Presents a method of structuring how you consider innovation factors – ie that they exist
in a multilevel network with interconnecting influences.
Strengths:

Review of wide a range of current literature

Weaknesses:
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From Retrosight perspective, looks solely at innovation in company settings.

Methods: Review of range of current literature – nine studies.

Results: Identifies key factors that are common among the 9 studies into innovation:

1. Good communications and effective collaboration: One of two areas were all
studies agree. Reflects both internal communications and external. Two studies
highlight the importance of individuals as ‘informal’ channels of communication.

2. Innovation as a corporate wide task: innovation is not restricted to the R&D
department but needs links and input from all other departments including
production and marketing.

3. Efficient development work: [Not a well described factor, from the source data in
the paper it appears to mean effective development – e.g. effectively eliminating
bugs and defects prior to production and us] Only seen in four of nine studies, but
seen as important in these.

4. Planning and management techniques: The importance of effectively managing
research – estimating likely markets, presence of cost control procedures and other
effective research management. [Something of a catch all]

5. Quality of management, personnel policy and management style: People related
issues, quality of researchers, technical expertise of top management, open minded
views of top management etc. Identifies importance of top level buy-in.

6. Marketing and user needs: Suggestion that most successful innovation (75% is
figure cited) comes from ‘need-pull’, recognition of user need, not ‘technology-
push’. Even in technology push the examining user need is important

7. Aftersales service and user education: the importance of follow up and support to
adopt new innovation.

8. Key individuals: The importance of a champion for the innovation with sufficient
power to protect it and shepherd it through to production.

9. Other subsidiary factors: willingness to learn from others, resource availability,
importance of both radical and incremental improvements, government help, firm
size.

Considers limitations of previous studies:

1. Project execution versus project selection: the previous studies primarily looked at
how well projects were executed, but not how well they were selected, which must
be an important factor.

2. Endogenous and exogenous measures: studies look at the former and neglect the
later eg government policy, competitive climate, etc

3. Horizontal or black-box explanations: factors are generally not considered as
interlinked, they present a framework for doing this.

4. Major and minor innovations: most studies focus of major or radical innovations,
however, some in industries incremental advance seems to be more important –
textiles is cited as an example. And factors needed to generate different types of
advance might be different.

5. Breadth of coverage: Factors are significantly different (certainly in order of
priority) in different industrial sectors.
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Rothwell suggests a method of structuring how innovation factors interact, by classifying
them into three basic levels, taking an example from Project SAPPHO: “a common reason
for failure, ‘a lack of understanding of user needs’ (Level 1[manifestation]); in terms of
firm behaviour this was explained as ‘a lack of research on user needs’ (Level 2[firm
behaviour]). The most powerful explanation might be found at Level 3 [management
characteristic] in terms of ‘management orientation’, ie the technical or production bias of
key management.” Could be useful in considering uptake of innovation in the health
system.

Sources: The paper (Rothwell 1977)

1977 “Comroe and Dripps”
The report: The top ten clinical advances in cardiovascular-pulmonary medicine and surgery
1945-1975
The paper: Scientific Basis for the Support of Biomedical Science

Aim: Stated aim is “this project began with only one goal: to demonstrate whether objective
scientific techniques – instead of the present anecdotal approach – could be used to design
and justify a national biomedical research policy”.

However from the introduction and summary it is clear that a key motivation in doing this
was to discredit Project Hindsight which they saw as under estimating the contribution of
basic curiosity driven research. In the summary they even go so far as to rebut the
conclusions of Hindsight point by point with the conclusions of their work.

Key Messages:

They felt they had demonstrated that research into the process of biomedical research
could be done.

Off the 663 key articles relating to the top ten advances:

o 41.6% reported research that was unrelated to the goal of later clinical advance;
thus was being pursued “for the sake of knowledge” - .

o Analysed in a different way: 61.5% reported ‘basic’ research (which they, rather
perversely, defined as research aiming to uncover mechanisms), 20% descriptive
clinical work, 16.5% concerned with new techniques, apparatus or procedures,
2% synthesis of earlier work.

o 67.4% done in colleges, universities, medical schools or hospitals.
They provide a specific rebuttal of Hindsight conclusions (although the comparison is
inaccurate as they compare figures for ‘critical events’ vs papers, and the timescales over
which the two studies worked were very different):

o In Hindsight the contribution of university research was small, in C&D it is
major

o In Hindsight only 0.3% of events in Hindsight were from ‘undirected research’,
in C&D it is 41.6%.

o From Hindsight the undirected research was over 50 years [although Hindsight
only looked over 20 years and did not make this conclusion] vs only 18% over 50
years for C&D; however, it is not clear how the C&D discoveries were split into
undirected and directed research.

For some of the advances they examined clinical research dominated in others non-clinical.
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There was lag between discovery and effective clinical use – looking at 111 such lags: 8%
0.1-1 year, 18% 1-10 years, 17% 11-20 years, 39% 21-50 years, 18% more than 50 years.

That although public perception tends to credit breakthroughs to one person (eg polio
vaccine = Salk), in every instance they looked at previous work of hundreds of scientists
was necessary to provide the basic knowledge for the discovery.

They suggest that their research should be looked upon as a pilot study and that a large
scale well funded study is now required to understand the nature of scientific research, to
find mechanisms of accelerating it and the find ways to evaluate past and present
performance.

They felt that the NIH introduced new mechanisms of directed, mission oriented support
in large part due to the DoD study and that as the relevance of Project Hindsight to
Biomedical research as been discredited these mechanisms should be reassessed. They feel
that studies on military weapons have no bearing on research in biomedicine. That NIH
should be given more money to allocate to research “We believe that the first priority should
be to earmark a generous portion of the nation’s biomedical research dollars to identify and then
to provide long-term support for creative scientists whose main goal is to learn how living
organisms function, without regard to the immediate relation of their research to specific human
diseases.”

Strengths:

Looks at large important area of biomedical science.

Weaknesses:

Method is not described in sufficient detail to allow replication – eg how ‘critical advances’
identified not detailed, how ‘key papers’ identified not described.

The contribution of basic versus mission directed research will vary according to your time
window, they never define their time window and sometimes look at research going back
to Ancient Greece – the include a 1752 paper by Benjamin Franklin as key in the
development of electrocardiography.

They look only at published articles, no other types of event. They make the standard zero
order assumption – ie each ‘key article’ has equivalent weight.

They used very strange definitions of different types of research: their definition of clinical
research was overly wide definition of ‘clinically oriented’ involving the slightest mention
of application even if study was entirely in vitro and research claimed it was not clinically
directed. Their definition of basic research only included research that was into the
mechanisms of action – not research that was curiosity driven or solely striving for new
knowledge.

They look at 111 ‘lags’ from initial discovery to clinical application, they suggest these are
‘representative examples’ but they do not detail how they were selected.

They do not look at the relative costs, or the relative amounts of different types of research
occurring at the time (ie to take account of research that did not produce key articles) -
‘the denominator’ – to examine whether what type of research is most efficient in
contributing to health breakthroughs, but this does not stop them concluding “…that basic
research, as we have defined it, pays off in terms of key discoveries almost twice as handsomely as
other types of research and development combined”.
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Methods: Asked 90 physicians and surgeons to pick top 10 advances: open heart surgery,
blood vessel surgery, treatment of hypertension, management of coronary artery disease,
preventions of poliomyelitis, chemotherapy for tuberculosis and acute rheumatic fever,
cardiac resuscitation and cardiac pacemakers, oral diuretics (for treatment of high blood
pressure) and congestive heart failure; intensive care units and new diagnostic tests. [They
do not include the research that linked smoking to heart disease, as noted by (Smith
1987a)]

They identified the essential ‘bodies of knowledge’ for each of the 10 advances – 137
bodies. Eg for open heart surgery they needed: accurate diagnosis, which in turn required
angiograms and catheterisation; heart and lung machines requiring pumps that would not
damage blood, knowledge of the exchange of carbon dioxide and oxygen; and also
prevention of clotting using Heparin. [listed in more detail on p12 of report]

They then screened 6000 scientific articles published in those fields, selected over 3400 of
them for special consideration, and arranged them into chronological tables for each
advance – forming a bibliographic history. Then selected and analysed 663 key articles
(selected with aid of consultants) considered essential for one or more of the top ten
advances. Classify these key articles into categories describing the type of research
described, eg clinical or non-clinical to allow analysis.

Their definition of ‘key papers’ includes various aspects of novelty, but is also stretched to
include ‘the final step in the clinical advance, even though it was an inevitable step
requiring no unusual imagination, creativity of special competence’ eg first in man when
results in animals were clear predictor. They made this decision because sometimes this last
step took a long time – they cite an example in vascular surgery where it became clear what
could be done in 1910 but no one took it until 1940.

They identified ‘key articles’ themselves and also asked other ‘consultants’ to do the same,
the articles identified were different but the fraction that were clinical and non-clinically
oriented (as classified by the authors) was the very similar.

Bizarre definition of ‘clinically oriented’: “Research is clinically oriented if the author,
anywhere in his paper (excluding speculation at the end of his article), mentions, even
briefly, an interest in diagnosis, treatment or prevention of a clinical disorder or in
explaining the basic mechanisms of a sign of symptom of the disease itself. We classify such
work as clinically oriented even if this research was performed entirely on animals, tissues,
cells or subcelluar particles”, and ignored subsequent suggestions by investigators about
‘why I did my research’. [But broadening definition should increase contribution of
clinical research. Classification was only done by Comroe and Dripps.] In some areas of
research they examined clinical research dominated in others non-clinical.

Their definition of ‘basic’ research is even stranger – relating to the idea that research is
only basic if it is striving to determine the mechanisms responsible for observed effects:
“We classify research as basic when the investigator, in addition to observing, describing
and measuring, attempts to determine the mechanisms responsible for the observed
effects.” It can be clinically or non-clinically oriented, it has nothing to do with whether
“the research is ”investigator initiated” or “commission initiated”, whether “undirected” or
“directed”, whether supported by grant or by contract, because who initiated, directed or
supported the research has nothing to do with whether it is basic.” These bizarre
definitions invalidated most of the conclusions of the study, for example “When
Landsteiner, in 1909, found that a nonbacterial material (a virus) caused poliomyelitis in
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monkeys, this again was basic research but, since it was clearly related to a clinical problem
[it is clinically oriented basic research].

They ended up with six categories:

A. Basic research unrelated to the solution of a clinical problem
B. Basic research related to the solution of a clinical problem
C. Clinical oriented research not concerned with the basic biological, chemical or

physical mechanism (eg purely observational work or application of a procedure
practiced in animals, to man)

D. Review and synthesis of published work
E. Developmental work/engineering to create improve or perfect apparatus or

technique for research use
F. Developmental work/engineering to create improve or perfect apparatus or

technique for clinical or other use
Results:

They report President Lyndon Johnson’s speech in 1966: “Presidents … need to show more
interest in what the specific results of research are – in their lifetime, and in their
administration. A great deal of basic research has been done … but I think the time has come to
zero in on the targets – by trying to get our knowledge fully applied … We must make sure that
no life-saving discovery is locked up in the laboratory.” [This doesn’t have to be read as against
basic research, it could be to do with GRIP.]

They provide a strong defence of rational analysis ‘We believe that the nation’s medical
research policy should be based on more than an analysis of weapons-development by the
DoD and informal ‘let-me-give-you-an-example’ anecdotal arguments of concerned
scientists.

As examples of different types of research they describe how Louis Pasteur was employed as
in mission-oriented research – by French government as an industrial troubleshooter: some
of this problems were how to keep wine from turning into vinegar, how to cure ailing
silkworms, how to save sheet dying of anthrax or chickens of cholera. These led to the
discovery of bacteria and the germ theory of disease. An example of non-clinically oriented
research is Roentgen’s discovery of X-rays and their immediate use in medicine.

They compare 0.3% of Hindsight events defined as ‘non-mission oriented’ with their
41.6% of articles that were ‘not clinically oriented’ at the time of research ie they didn’t
mention a clinical problem. As all the end points they looked at were clinical, this
definition is similar to ‘non-mission oriented’. But the problem with the comparison lies in
the timescale and magnitude of the events examined – the timescale is far greater (although
no graph of distribution over time is presented) and the articles describe events/discoveries
are much larger in magnitude – many Hindsight events would barely merit a publication
whereas C&D publications are the key publications in the area.

They found most research was done in colleges and universities – but as they were only
looking at publications this is likely to have skewed their results. They had no effective way
to classify who had supported the research – as they acknowledge that funding
acknowledgements are not accurate or complete.

There is a comparison of the 16 ‘key articles’ they identified in the development of
pacemakers with the 19 ‘Decisive events’ identified in the (Battelle 1973). They present a
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comparison table, the key message is that Battelle had a wider focus than the science hence
include company meetings and patents, whereas Comroe and Dripps do not. There is only
agreement on 9 of the papers.

They examine discovery ‘lags’ between initial scientific discovery and application of new
innovation. To do this they identify 19 steps between initial idea and full application: The
initial idea; Existence of a scientific base in many sciences (physics, chemistry,
mathematics, engineering, social sciences etc.) to provide concepts, technics [sic], and
apparatus needed to test the new idea; “Diffusion” of old and new knowledge of these
sciences into biomedical science; Funds sufficient to test the new idea; evaluation by peer
review; Experimental work on the new idea; new data, conclusions, and a manuscript;
Review by editorial boards; Publication of the first report; Confirmation; Entry of the new
information into the consciousness of clinical investigators; Approval by committee on the
use of volunteers and patients; Clinical investigation; publication of the first clinical
reports; Confirmation; Development. engineering, productions, and testing of new devices
or drugs; Clinical trials; Acceptance by Food and Drug Administration; Education of
physicians; Education of public (by science writers, voluntary health organizations, and
government) to seek diagnosis, prophylaxis, and treatment; Responsibilities of each patient
to continue treatment.
They analyse 111 of these lags which they suggest are a ‘representative examples’ but they
do not detail how they were selected, they acknowledge that they could calculate thousands
of ‘intermediate lags’ (from intermediate stages in development) and they give examples
selected at ‘random and only for purposes of illustration’ of intermediate lags and lags
‘beyond the first effective clinical application – between that and variations or
improvements’. The steps they identify are not directly comparable to those used in other
studies eg Battelle, so comparisons cannot easily be made.

They discuss difficulty of determining length of lags, as it depends of selection of start
point and end point – a fact highlighted by comparison with Battelle study which looked
as some of the same advances, eg antibiotics: Battelle dates from conception of antibiotics
to treat infectious diseases (Fleming, 1929) whereas C&D date from 1877 when Pasteur in
France noted antagonism between bacteria after coinjection into animals and,
independently, Tyndall in England, wrote that mould kills bacteria. Dubos, (Dubos
1976), notes that the technology existed for Pasteur to isolate the bacteria which produced
substances that can inhibit anthrax in the body, and that chemical knowledge was
advanced enough to purify these substances to the level they could have had therapeutic
use in 1880.

Discussion of lags notes that it is important there should be some lag between discovery
and application, to determine presence of side effects, suggesting that lag for thalidomide
and x-rays was too short; however, notes that they cannot produce a number of the
optimum lag.

They present an intriguing series of reasons for lags (report p63 – 75) ranging from
publication in obscure language or under misleading title (Jansky’s identification of blood
groups, published in Czech with the title ‘Hematologic Studies in Mental Patients’);
discovery was ahead of its time (Michael Heidelberger and Walter Jacobs synthesized
sulfanilamide in 1915 as a step towards producing antibiotics – but idea that a substance
this simple could itself inhibit bacterial growth didn’t occur to anyone until 1935);
problems of peer review stifling innovation; failure to understand disease processes
(clinicians failed to recognise need for defibrillation, because they thought only cardiac
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arrest could kill; prior to 1912 clinicians thought it impossible to survive occlusion of
cardiac artery (myocardial infarction) and hence gave no thought to how to treat/diagnose
non fatal blockages).

They go on to make a series of suggestions for decreasing lags including: fund more risky
ideas; making more strenuous efforts to work out what is already known.

Sources: The final project report (Comroe and Dripps 1977) and paper in Science (Comroe
and Dripps 1976)

1974 SAPPHO updated – project SAPPHO phase II
Aim: Investigation of differences between successful and unsuccessful innovations.

Key Messages: Five areas of difference between successful and unsuccessful identified:
innovator understanding of user needs; efficiency of development; characteristics of
managers; efficiency of communications; and marketing and sales efforts.

Strengths:

Large sample of ‘paired’ successful and unsuccessful technological innovations – 29 pairs in
phase I and 43 in phase II.

Weaknesses:

Unclear from abstract

Methods and scale: Unclear from abstract

Results: Unclear from abstracts

Sources: Abstract of paper (Rothwell, Freeman et al. 1974)

1973 Technological Innovation: new study sponsored by NSF takes socioeconomic and
managerial factors into account

Aim: Editorial responding to the publication of the Battelle study (see next reference)

Summary: Highlights that innovation studies often biased by viewpoint: i.e. studies from
mgmt schools find mgmt issues to be important, studies by engineers find technological
issues to be most important.

Heavily spins results of Hindsight, mentions issues of problems with cut off times, but
doesn’t point out that Hindsight authors clearly acknowledged them too.

Suggests TRACES study was a ‘riposte’ to Hindsight

Highlights role of technical entrepreneur, but feels that human and cultural aspects of
innovation still haven’t been fully explored.

Notes that many studies have focussed on technical and blockbuster innovation.
Commenting that some, such as Herbert Holloman from Commerce Department assistant
secretary for science and technology, argue that most advance is incremental; or application
of very simple ideas eg supermarket trolley which made possible self service shopping and
supermarkets.

Read the conclusions of Battelle as “Innovation requires good luck and good management”

Sources: The paper (Walsh 1973)
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1973 Interactions of Science and Technology in the Innovative Process: Some Case Studies by
Battelle Study

Aim: To develop the Hindsight methodology of historical tracing of innovation to
examples outside the military and to developments beyond incremental changes between
an initial version of military hardware and its replacement.

To build on initial TRACES study by going beyond zero order assumption that all ‘events’
have equal significance.

Key Messages:

‘Decisive’ events: 15% non-mission, 45% mission, 39% developmental/application
All events: 34% non-mission, 38% mission, 26% developmental/application
87% decisive events had ‘technical opportunity’ ie linear model, 69% had ‘recognition of
need’ ie ‘market pull’.
‘Technical entrepreneur’ important in 56% of decisive events.
Strengths:

Attempts to get beyond zero order assumption that all events have equal importance.

Analysis extends over 35-50 years.

Attempted to identify factors influencing rate and direction of innovation.

Uses ‘historiographs’ (maybe similar to TRACES and Hindsight) to trace pathways and
network of ‘events’.

Weaknesses:

Only eight case studies from across a wide range of science and innovation, but not clear if
they fully represent the full range of types of innovation.

‘The criteria for the selection of cases were mainly (i) high social impact and (ii) selection
from among a diversity of fields of technology and applications.’ (quoted from Walsh
1973)

It focuses on blockbuster technical innovations.

Does not look unsuccessful projects, or at paired successful and unsuccessful
projects/innovations.

Stops at first market, hence does not explore economically relevant issues of eg why US lost
market in Electron Microscopes almost completely to Japan, despite developing original
technology.

Methods: Commissioned by NSF, for $250,000.

Includes 3 cases studies from TRACES study and 5 additional ones. One case study, on
the green revolution has 3 innovations and hence study covers 10 innovation. Cases are
oral contraceptives; magnetic ferrites; videotape recorders (from TRACES); hybrid grains
and green revolution (three innovations are: hybrid wheat, corn and small grains);
electrophotography; input-output economic analysis; organophosphorous insecticides.

Looks at managerial factors as well as technological ones, identifies and tests 21 ‘success
factors’ and 8 characteristics identified in previous work.

Results: Factors receiving highest rankings were ‘Recognition of a technical opportunity’,
‘recognition of a need’ for a particular innovation and ‘internal R&D management’.
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Identified ‘technical entrepreneurs’ as identified as an important factor in 8 of 10
innovations. The study concluded that ‘If any suggestion were to be made as to what should
be done to promote innovation it would be to find – if one can! – technical entrepreneurs’.

Defined four stages of development of new advances:

1. Preconception. Background knowledge.
2. Conception (“the first description of the idea of medical advance which embodied

the principles substantially as they were finally realized in the [medical] advance.
This usually triggered research and development activities leading to general
availability.”)

3. Start of a direct program (“a succession of closely knit and related activities
initiated when the final goal of general availability is clearly articulated … a
succession of relatively undiverted events leading to general availability.”)

4. Time to substantial use of general availability of a new drug, procedure or product
in any one country.

[Stages of development and comparison with key articles in (Comroe and Dripps 1977)
p57]

Sources: reviewed (Smith 1987b), discussed (Walsh 1973), lags and comparisons of key
articles with decisive events discussed in (Comroe and Dripps 1977), original study report
(Battelle 1973), summary report was produced called ‘Science, Technology and
Innovation’

1968 TRACES Study
Aim: Commissioned by NSF after interim report of Project Hindsight: ‘study to investigate
the manner in which non-mission-related research has contributed over a number of years
to practical innovations of economic or social importance’.

Key Messages:

Much of difference between TRACES and Hindsight number is time scale: almost half
non-mission oriented research finished by 25 years before innovations. Non-mission
research peaked 20-30 years before innovation.

Strengths: Length of history window

Diagrams of innovation pathways

Weaknesses: Small number of cases, unlikely to be representative, and it is not clear how
they were selected.

Academic scientists might be more likely to classify events as non-mission than
government scientists in Project Hindsight.

Looks like classification of non-mission was very broad: from diagram in (Smith 1987b)
reproduced from TRACES report it non-mission seems to have captured anything not
relating to a specific mission, for example, research on the treatment of other diseases was
not considered mission research for contraceptive development.

Clearly funded to show importance of basic research.

Methods: Carried out by Illinois Institute of Technology.
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Traced back over 50 years.

Looked a 5 case studies of technological innovation

Similar approach to Hindsight, but looked at: magnetic ferrites, video tape recorder,
contraceptive pill, electron microscope, matrix isolation.

Developed ‘Historiographs’ diagrams of innovation pathways

Results: 340 events. 70% non-mission, 20% mission, 10% developmental and application.

Universities did 75% of non-mission and 33% of mission oriented.

Sources: Reviewed in (Walsh 1973; Smith 1987b). The original report was unavailable
(Illinois Insitute of Technology 1968)

1967 Project Hindsight - A Defence Department study of the utility of research

Aim: To provide a justification for the amounts of money spent on defence research and to
compare the contribution of different sorts of research over different timescales. The
project set out to quantify this in terms of economic benefits by comparing the relative
costs and effectiveness of different generations of military hardware, and seeking to
determine research’s role in contributing to this improvement.

Key Messages:

Many tiny advances all required for generational improvement in technology, few
blockbuster innovations.
For the 710 events: 9% science events, 91% technology events.
Of science events: 8.7% applied science (either for DoD or commercial need); 0.3%
undirected.
Location of research: 47% of events in industry, 39% in DoD labs, 12% Universities, 4%
other.
They demonstrate the value of mission oriented research on a 10-20 year timescale: “What
the Hindsight study has done therefore, on a scale previously not attempted, is to develop a
strong, factual demonstration that recent, mission-oriented science and technology are a good
investment in the short term - the 10- to 20-year period.”
They conclude demonstrating value of recent undirected science was not possible: “What
we have not been able to do is to demonstrate value for recent undirected science.”
Time scale for take up of applied research is long “In light of our finding that 5 to 10 years
are often required before even a piece of highly applied research is “fitted in” as an effective
contributing member of a large assembly of other Events, it is not surprising that “fragments” of
undirected science are infrequently utilized on even a 20 year time scale.” They also point out
that: "The results of the study do not call into question the value of undirected science on the 50
year or more time scale".
They also assert, but do not claim to have evidence that:
"If scientists would see their efforts in undirected science used on a more substantial scale in a
time period shorter than 20 years, they must put a bigger fraction of their collective, creative
efforts in to organizing scientific knowledge expressly for use by society."
They are clear about the limitations of their research: “It is possible that if systematic
retrospective analyses were to be applied to scientific rather than to engineering accomplishments
a great deal more could be learned about the scientific process.”
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Strengths:

Massive size of study, they examined 20 systems studied using 40 professional man years
(to fund an equivalent project today would cost around £5M). Catalogued 710 events –
and conclusions have not changed substantially since they had catalogued their first 100
event.

Weaknesses:

Looked at generational change between pieces of military equipment, therefore unlikely to
pick up paradigm shifting innovation. However, as the generational timescale for military
equipment was 10-20 years they felt this gave them a solid base to look at the contribution
of research over a 15-20 year timescale.

Methods for identifying ‘events’ are not wholly objective and they do not describe testing
whether different experts identify the same ‘Events’.

Systems selected by DoD therefore could have been biased to improve contribution of
DoD in house research.

Only looked back 20 years (a fact clearly acknowledged in study write-up, but often missed
in reviews)

Classified events, but didn’t examine context/environment in which event occurred: eg
development of new neoprene rubber formulation for increased wear resistance seen as
applied research, but not clear where knowledge/expertise to carry out this formulation
came from eg was there also basic, undirected research going on in the lab that provided
expertise to allow the production of the novel neoprene.

All events treated as of equal importance – ‘zero order assumption’.

Government scientists might be more likely to classify events as mission than academic
scientists in TRACES.

They seem to stop a fairly arbitrary point when working backwards - for instance excluding
an 'Event' in 1936 because 'it substantially antedated the period of interest'. So can argue
they find mainly applied research.

Methods: Enormous study, estimated as 40 person years of work.

Method was to examine changes in equipment from predecessor to successor (average time
between generations was 13 years - hence emphasis on recent developments and bias
against longer range research. But they thought that this still encompasses the last 10-20
years of development.

The found they could trace back to a ‘family tree’ of research 'Events'

The hindsight approach gives an idea of how many 'Events' contribute to each 'End-item'
so allows some addressing of attribution.

They treat all events as equivalent - a 'zero order assumption'

They examined very few non-defence supported events [either events didn't happen in
civilian research or because the military was unaware of them]

Research was classified into ‘Science Events’ and ‘Technology Events’.

Science events: theoretical or experimental studies of new of unexplored natural
phenomena.
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Undirected: where the object of the work is the advancement of knowledge,
without regard to possible application

Applied/directed: where the object of the work is to produce specific knowledge or
and understanding of a phenomena which is needed for some particular use or uses.

Technology events: the conception or demonstration of the possibility of performing a
specific elementary function with the use of established concepts, principles or materials;
the measurement of the behaviour of materials and equipment as required for design; of
the development of new manufacturing techniques.

Hindsight draws the ‘applied science’ boundaries wide, as it considers research that gave
rise to an innovation to be applied even if the application it is put to is different to the
application the research was originally targeted at. For example Norbert Wiener’s theory of
correlation and detection for radio links was developed when Wiener was working on anti-
aircraft fire control, but was subsequently used for the jamming resistant guidance radio
link to the Bullpup missile. In contrast the TRACES work does not appear to consider
research directed at a particular health problem to be directed in relation to another health
technology.

[Notes follow on work about management practices in improving research utilization, but
I have been unable to locate this.]

Results:

Showed that you need many, many small advances to get the major improvement seen
between predecessor and successor (2 -10 fold increase in effectiveness) in the 13 studied
end-items there was never a stand out advance, ie everything contributed.

Median delay for Science Events was 9 years (ie time from event to date of contract for
system development), median delay of technology event was 5 years.

That in the “great majority” of cases the initial recognition of need came from the external
group associated with the design of the system, and then the technical initiative to solve the
problem came from the research performing group – ie most of development was ‘market
pull’, but this may reflect the incremental nature of the developments studied.
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They do not attempt to determine the proportion of generational improvement
contributed by science and technology (as opposed to other changes), but suggested (based
on their examples) that a 1:2 improvement in operational efficiency is achieved by the
succeeding generation of military hardware (the individual estimates vary widely from
1:1.6 to 1:40). Given a military inventory of $80 billion and R&D spend of $10 billion
over the 1946 – 1962 they suggest that the investment has been a good one.

They examine why they have not been able to demonstrate the payback of undirected
science and suggest a number of reasons:

o Short time scale – over a 50 year or more time scale it is clear that undirected
science would have far more substantial contribution.

o The impact of undirected science is primarily through its synthesis and teaching
and not directly into development.

o That undirected science contributes highly trained scientists and engineers and
often supports their motivation – people with advanced degrees are identified as
important contributors to groups responsible for Hindsight ‘Events’.

o “We believe that the Hindsight study has merely reemphasised an old mystery: What is
the process by which science moves into technology and utilization? It is clearly not the
simple, direct sequence taught by the folklore of science.”

Talking about the long time taken for applied research findings to be taken up "One
should not, then, be surprised that in a study covering as little as 20 years undirected work
should not be found to play a significant role".

The study is introduced with the paragraph:

“No matter how much science and technology may add to the quality of life, no matter how
brilliant and meritorious are its practitioners, and no matter how many individual results that
have been of social and economic significance are pointed to with pride, the fact remains that
public support of the overall enterprise on the present scale eventually demands satisfactory
economic measures of benefit. The question is not whether such measures should be made, it is
only how to make them.”

Sources: The paper (Sherwin and Isenson 1967)and one research event report (Naval
Ordnance Laboratory (White Oak) 1966). The original report was (Sherwin and Isenson
1966).

1958 The Sources of Invention
Aim: To understand the process of innovation.

Key Messages:

You can’t predict what is going to work in terms of funding and structure, so you need to
have a wide variety – the key is a mixture.

Suggested the linear model of basic -> applied -> developmental research could not explain
scientific innovation.

Of 61 inventions: 33 resulted from ‘individual research’ and 21 from ‘industrial or mixed
government and industrial research. 7 could not be classified.

‘…the path of innovation is always thorny…and there are no short cuts to success, no infallible
formula…’
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‘The writings on inventions seem to be of extraordinarily mixed quality. There seems to be no
subject in which traditional and uncritical stories, casual rumours, sweeping generalisations,
myths and conflicting records more widely abound, in which every man seems to be interested
and in which, perhaps because miracles seem to be the natural order, scepticism is at a discount.’

Strengths:

Large number of case studies: 61 in first addition, 7 more in second edition.

Weaknesses:

Innovations were ‘biggest’ therefore not representative of the wide range of important
innovations, biased selection of inventions skewed towards independent investigators.
Criticisms in (Freeman 1974).

Too old – Smith thinks science is just too different today. Isolated researchers are
uncommon, multidisciplinary groups and ‘critical mass’ are common.

Methods and scale: 61 case studies from various areas of science, included: streptomycin,
insulin and the electron microscope.

Sources: Reviewed in (Smith 1987b). The original books were unavailable (Jewkes, Sawers
et al. 1958; Jewkes, Sawkes et al. 1969)
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