
le cell anemia. In contrast to the limited 
studies that can be performed in humans, 
these animals provide an  opportunity for 
rapidly exploring an  expanded range of 
inquiry in an  in vivo setting. As such, 
these sickle cell mice are likely to play an  
important role in furthering our under- 
standing of the pathophysiology of sickle 
cell disease and in developing improved 
therapies for treating the more than 
100,000 individuals born each year with 
this genetic disease. 

Note added in broof: With a similar aD- 
a ,  

proach, we haye also created mice that 
express exclus~vely normal human hemo- 
globin (HbA). 
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effective of the G7. Second, we argue that it 
is incorrect to relate the citation ~e r fo r -  
mance of the national science system only 
to government expenditure, because private 
and overseas funders have made an  increas- 
ingly large contribution to public domain 
U.K. science in recent years. 

Mav estimates (1)  return on invest- 
ment for a single year (1991) based on  the 
yearly average number of citations over 
the ~ e r i o d  1981-94 (4). However, expen- 
diture in 1991 will have little effect on  
citations before about 1997 because there 
is commonly a +year lag before papers 
emerge from the funded research and a t  
least a further 2-vear ~ e r i o d  before the 
citation peak is riachid. The  preferred 
analysis would be to compare expenditure 
figures for each year with citations 
achieved (say, 4 to 6 years later) and to 
track this over time. Because May takes 
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-Un~ted Klngdom - -Japan 
---Untied States -..- Germany 
- -* .  Canada *France 

average citation data as the numerator and 
a single funding year as the denominator, 
his analysis also, becomes sensitive to 
the funding year selected. There is no 
"correct" funding year that one can use, 
but we would argue that an earlier year 
than 1991 would be better (5). We have 

ur 
0 .- 
5 

~, 

therefore looked at government expendi- 
tures in the G7 countries for a range of 

,jo3-..-.-. -,-.-.-.-3-.-..-.-F .-..-.T . . . .  - - ;I 
.- 

u 

earlier years (Table 1) (6) and compared 
these with Mav's citation data to calculate 

6 o7 
1986 1987 1988 1989 1990 1991 

Year of expenditure . . 
Fig. 1. ~ppareht cost effectivness of the G7 coun- 
tries' scientific output, as measured by the num- 
ber of citations per year for 1981-94 per £million 
of government civil expenditure. As the numerator 
is constant, the cost effectiveness ratios are sen- 
sitive to the year of expenditure: A decline in gov- 
ernment civil expenditure will result in an increase 
in apparent cost effectiveness, as illustrated for 
the United Kingdom. 

Apparent Cost Effectiveness (citations per 
&million). 

Our sensitivity analysis (Fig. 1) shows 
that the United Kingdom moved into first 
position ahead of the United States only if 
ex~enditure in 1991 is used as the denom- 
inator. This is because, in contrast to the 
situation in other G7 countries. U.K. gov- 
ernment civil expenditure on RQD has L e n  
steadily falling in real terms (7). This might 
have been expected to have led to a decline 
in U.K. scientific output. In practice, the 
reduction in government expenditure has 
largely been made up by an increase in fund- 
ing from other sources, including private 
non~rofit funders such as charities. and the 
partL of spending by industry and foreign 
sources that is for research in the ~ub l i c  
domain (that is, which leads to research 
publications in the open literature). 

The importance of nongovernment 
funders varies with the field of science. In 
particle physics, government support dom- 
inates. while in biomedical science. ~ r i -  , . 
vate finders play a bigger role. Biomedical 
science represents one of the United King- 
dom's great strengths, with outputs in- 
creasing from 23,354 papers in 1988 to 
29,391 papers in 1994 (8). Research char- 
ities have played a key role in the growth 

Table 1. Government funding of R&D for civil 
objectives in real terms (adjusted to 1991 prices in 
Ebillion) and, In italics, as a percentage of gross 
expenditure on R&D (GERD), 1986-91, for the G7 
countries (4). 

Coun- 
R&D funding per year 

try 1986 1987 1988 1989 1990 1991 

U.S.A. 12.44 13.20 13.41 14.52 15.27 16.93 
13.4 14.0 14.0 14.9 15.4 16.5 

Germany 6.44 6.45 6.40 6 62 6.66 7.95 
35.9 33.7 32.6 32.2 32.5 35.2 

Japan 5.40 5.55 5.65 5.86 5.95 6.32 
18.0 17.4 16.4 15.6 14.8 14.8 

France 5.33 5.16 5.14 5.34 5.36 5.81 
42.0 39.0 37.7 36.7 35.3 36.5 

Italy 3.51 3.86 4.09 3.85 4 09 4.31 
57.8 59.0 59.5 53.3 53.5 52.5 

U.K. 3.21 3.16 3.09 3.00 2.95 2.79 
26.4 25.6 24.7 23.2 22.8 22.5 

Canada 1.77 1.63 1.65 1.73 1.75 1.90 
40.2 36.7 37.3 37.8 36.7 37.9 

in numbers of research papers in this field. 
Over the period 1988-94, there was a 60% 
increase in the number of funding ac- 
knowledgements to U.K.-based charities 
in that country's biomedical literature. By 
1994 charities were the acknowledged 
funding source on about 25% of national 
U.K. biomedical science publications. In 
comparison, the growth in the number of 
papers acknowledging support from the 
main government funding agency, the 
Medical Research Council, was only 5% 
over the same period. Despite this growth 
in charity output, the United Kingdom's 
world share of ~ublications in bio- 
medicine has declined marginally (9), 
mainly because of more rapid growth in 
other countries. Without the contribu- 
tions of charities. it is clear that the Unit- 
ed Kingdom's international position in 
biomedical science would be worse than it 
LS now. 

It is doubtful that the increase in private 
sources of funding is sustainable indefinite- 
ly. So, if government funding continues to 
decline, it is likely that there will be a 
reduction in the United Kingdom's gross 
scientific output and impact. Given the 
evidence that a strong, locally funded sci- 
ence base is important for technology inno- 
vation in industry ( lo) ,  our results would 
argue for a sustained or increased commit- 
ment by government funding to science in 
the United Kingdom. 

Jonathan @ant 
Grant Lewison 

Unit for Policy Research in Science and 
Medicine (PRISM), 

Wellcome Trust, 
2 1 0 Es ton Road, 

London NWI ZBE, United Kingdom 
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Response: First, in that part of my Policy 
Forum which focused on the ratio of outputs 
(measured by papers or citations) to inputs 
(in terms of funding), I emphasised the 
marked-more than twofold-differences 
between such ratios for the United States, 
United Kingdom, and Canada (along with 
other countries such as Switzerland and Swe- 
den) com~ared with the other four of the G7 
nations (1 ). Although readers may have mis- 
perceived my message as one of U.K. chau- 
vinism, the intent was to air some tentative 
speculations on the reasons for these differ- 
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ences in "cost effectiveness," which have 
sparked discussion and controversy (2). The 
main feature of figure 1 in the comment by 
Grant and Lewison is to confirm that these 
marked differences among the G7 have per- 
sisted over the extended interval 1986-91; 
the gap is so marked that the key to the 
figure is inserted between the top three lines 
and bottom four. 

Second, Grant and Lewison correctly 
observe that my "output/input" calcula- 
tions are rough, in two respects: Govern- 
ment civil expenditures on R&D are an 
unsatisfactorily coarse measure of what 
produces ,!be output of the "science base"; 
and there'are time lags between inputs of 
relevant funding and outputs of papers or, 
even more, citations. But, having made 
these telling points, Grant and Lewison do 
not pursue them. Instead, they repeat my 
rough calculation, dividing the average 
citations over the span 1981-94 by total 

Table 1. Papers per Emillion spent. Ratio be- 
tween output of papers (5) to input of SBRD or 
HERD expenditure 3 years earlier (3 ,4) ,  Ratios are 
given at two time points: 1993i90 and 1996i93. 

Ratio for Ratio for 

Country 
1993i199Q 1996i1993 

SBRD HERD SBRD HERD' 

Canada 
France 
Germany 
ltaly 
Japan 
Netherlands 
Sweden 
Switzerland 
United Kingdom 
United States 

Table 2. Citations per Emillion spent. Similar to 
Table 1 ,  except the outputs are citations to papers 
publ~shed in 1993 and 1996. The latter have, on 
average, many fewer citations. 

Ratlo for Ratlo for 

Country 
1993i1990 1996i1993 

SBRD HERD SBRD HERD 

Canada 106 183 4.7 7.9 
France 57 113 2.5 4.6 
Germany 63 111 2 5  4 5  
Italy 44 84 2.1 4.1 
Japan 26 42 1.5 1.5 
Netherlands 101 172 4 5  7.6 
Sweden 112 123 5.4 6.1 
Sw~tzerland 164 196 7.1 8.4 
Un~ted K~ngdom 130 215 6.2 10.1 
Un~ted States 96 139 4.1 6.2 

government civil R&D spends for a range 
of years, with the conclusions noted 
above. 

Taking on board Grant and Lewison's 
constructive criticisms, I have made better 
estimates of "output/input" ratios (Tables 
1 and 2). The first ~roblem is how to 
measure "input." Government civil spend 
on R&D includes both too much and too 
little: too much in that it includes money 
spent on R&D to underpin policy, which 
does not typically lead to publications as 
might be counted by the Institute for Sci- 
entific Information (ISI); too little in that 
support for the "science base" from charities 
and "business enterprise" (industry, and so 
forth) are omitted. But consistentlv collected 
data about appropriate expenditure are not 
easily compiled. The Organization for Eco- 
nomic Cooperation and Development 
(OECD) publishes statistics for expenditure 
on R&D performed in higher education 
(HERD) ( 3 ) ,  which is probably a better mea- 
sure of "input" than total government civil 
R&D spend; but although roughly 80% of 
the U.K. scientific papers come from univer- 
sities (including teaching hospitals), such 
patterns vary from country to country. A 
better "input" measure is arguably the rota1 
"science base" expenditure on R&D 
(SBRD), defined as all R&D carried out in . . 
universities and nonprofit making institu- 
tions, irrespective of funding sources, includ- 
ing intramural government funded civil 
R&D, mostly at government research estab- 
lishments. The U.K. Office of Science and 
Technology has put together estimates of 
such expenditure for several countries, 
drawn from published OECD statistics on 
the breakdown of national gross expenditure 
on R&D (GERD) data, but these numbers 
arguably also suffer from problems of compa- 
rability owing to national structural differ- 
ences, although possibly less so in aggregate 
than the OECD HERD numbers (4). The 
second, and easier, problem is how to take 
account of time lags between inputs and 
outputs. If the output is scientific papers, I 
divide the total papers (5) published in any 
one year by the input (HERD, or SBRD, or 
total government civil spend) 3 or 4 years 
earlier. If the o u t ~ u t  is citations. then one 
correspondingly counts citations to the pa- 
pers in question. 

I have calculated (Table 1)  the ratios 
between outputs of scientific papers, in 
1993 and 1996, to inputs of HERD or 
SBRD expenditures 3 years earlier, for an 
admittedly arbitrarily chosen set of coun- 
tries (the G7 plus Switzerland, Sweden, 
and the Netherlands). The output in cita- 

tions to the papers published in 1993 and 
in 1996 is also presented (Table 2 )  (obvi- 
ously, 1996 papers have on average accu- 
mulated fewer citations than 1993 ones). 
The patterns in these two tables are strik- 
ing and fairly stable over the 3-year inter- 
val of inputs, 1990-93. 

The second part of the comment by 
Grant and Lewison underlines the imnor- 
tant contribution made by charities to the 
U.K. "science base." es~eciallv in biomedi- , 

cal areas. I strongly endorse their views. In 
the U.K. in 1993. fundine from the Well- - 
come Trust and other charities accounted 
for roughlv 10% of the total "science base" - ,  
income, a higher proportion than for any 
other countrv listed (Tables 1 and 2). Sim- 
ilarly, business enterprise support also ac- 
counts for about 10% of the total U.K. 
"science base" expenditure, again a higher 
proportion than for other countries listed 
(Tables 1 and 2). 

Any attempt to compare output/input 
ratios among countries, whether by scien- 
tific papers or by citations, is bedeviled by 
all manner of difficulties in compiling truly 
comparable statistics and by ineluctable bi- 
ases inherent in counting papers or, even 
more, citations (6). Even so, some of the 
differences in such crude measures of the 
cost efficiency of research among the G7 
and other countries (Tables 1 and 2) are so 
large as to defy explanation as statistical 
artifacts. These Datterns deserve more at- 
tention than they have so far received (7). 
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