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                                                                                                                        Abstract

                                                            Background Innovations in hematology spread rapidly. Factors affecting the speed of introduction, international diffusion, and durability of use of innovations are, however, poorly understood.Design and Methods We used data on 251,106 hematopoietic stem cell transplants from 591 teams in 36 European countries to analyze the increase and decrease in such transplants for breast cancer and chronic myeloid leukemia and the replacement of bone marrow by peripheral blood as the source of stem cells as processes of diffusion. Regression analyses were used to measure the quantitative impact of defined macro- and microeconomic factors, to look for significant associations (t-test), and to describe the coefficient of determination or explanatory content (R2).Results Gross national income per capita, World Bank category, team density, team distribution, team size, team experience and, team innovator status were all significantly associated with some or all of the changes. The analyses revealed different patterns of associations and a wide range of explanatory content. Macro- and micro-economic factors were sufficient to explain the increase of allogeneic hematopoietic stem cell transplants in general (R2 = 78.41%) and for chronic myeloid leukemia in particular (R2 = 79.39%). They were insufficient to explain the changes in stem cell source (R2 =26.79% autologous hematopoietic stem cell transplants; R2 = 9.67% allogeneic hematopoietic stem cell transplants) or the decreases in hematopoietic stem cell transplants (R2 =10.22% breast cancer; R2=33.17% chronic myeloid leukemia).Conclusions The diffusion of hematopoietic stem cell transplants is more complex than previously thought. Availability of resources, evidence, external regulations and, expectations were identified as key determinants. These data might serve as a model for diffusion of medical technology in general.
                                                            
                                                            Introduction
Innovations in modern medicine spread rapidly. Information has become available on a global level and there is little doubt about the benefit of modern medicine in general. Insight into molecular mechanisms of disease, novel diagnostic tools, new drugs, and better surgical techniques have increased life span and improved quality of life. The concept of evidence-based medicine has become accepted as a framework to measure the validity and benefit of new concepts, new drugs, or new technologies. Still, little is known about the mechanism of the spread of new medical technologies.1–4 Rogers described adoption of a new medical intervention as a process of diffusion with five stages in an S-shaped process.5 He introduced the concept of innovators, early adopters, early majority, late majority, and laggards. He stipulated the general applicability of this pattern but gave little information on the factors associated with the five subgroups or with the change itself.
This process of diffusion is receiving renewed interest in medicine. Understanding the mechanisms appears essential for health care planning.4 Too frequently, novel concepts are avidly adopted, spread rapidly but are as quickly abandoned when objective examination fails to show benefits. 6,7 A recent review summarized the main concerns: enthusiasm frequently outstripped evidence, adoption before proven efficacy wasted resources and harmed patients, easy-to-use technology was more likely to be adopted without evidence, and, confirming Roger’s concept, adoption followed an S-shaped curve.8 In this review, Wilson used “revascularization” of the brain by connecting the temporal artery with the middle cerebral artery as an example. The technology was rapidly adopted in the 1970s but as rapidly abandoned, when a randomized controlled trial showed no benefit.8 The focus of this and other recent reviews was, however, on the characteristics of the new technologies and the dynamics of adoption. There was little or no analysis of the factors associated with the diffusion process itself. Availability of resources and evidence were considered as the key objective elements to enhance diffusion, lack of evidence or lack of resources as the key elements for disappearance of a new technology. The main concern was on inequity in health for populations with limited resources or absent health care coverage. None of these analyses could explain the process or the differences between countries of similar economic status.9–12
Hematopoietic stem cell transplantation (HSCT) represents an example of medical innovation which has seen rapid expansion and changes over the last two decades.13–15 It is a complex, high-cost procedure and depends on a well established institutional infrastructure network.16 Earlier observations showed a clear correlation between gross national income per capita (GNI/cap) and transplant rates in Europe.17 Transplant rates (i.e. the number of transplants per number of inhabitants) were higher and increased more rapidly in countries with a higher GNI/cap. Furthermore, transplant rates were higher in countries with more transplant teams per number of its inhabitants (team density) or compared to its size in square kilometres (team distribution).18 Still, unexplained differences between countries with similar economic backgrounds were observed. We were, therefore, interested in exploring further the factors associated with the spread of HSCT and with changes in its use. The availability of near complete information on all HSCT in Europe and data on a series of macro- and microeconomic factors in all participating countries provides a unique opportunity to study the process of diffusion.
Design and Methods
Study design
Data from the Annual Activity Survey of the European Group for Blood and Marrow Transplantation (EBMT) (http://www.ebmt.org) form the basis for this retrospective analysis. 19 Since 1990, all EBMT members and affiliated teams have been requested to report the numbers of patients with HSCT in the previous year by indication, stem cell source, and donor type. Data were validated by the reporting team and by cross checking with national registries. Quality control included onsite visits of randomly selected teams.
Participating teams and countries
This report is based on data contributed by 591 teams in 36 European countries on 251,106 patients who received their first transplant (83,187 allogeneic HSCT; 167,919 autologous HSCT) in Europe between 1991 and 2006.
Personal contacts, reviews with health care agencies, and cross checks with national registries indicate that the reported transplants comprise more than 80% of all autologous and more than 95% of all allogeneic HSCT in Europe. Participating teams are listed in the online appendix in alphabetical order according to country, city, and EBMT center code.
Changes of hematopoietic stem cell transplant technology use as a model for the process of diffusion
The analysis included the overall increase in allogeneic HSCT (Figure 1A), the change from bone marrow to peripheral blood as the source of stem cells in autologous (Figure 1B) and allogeneic HSCT (Figure 1C), the increase and decrease in autologous HSCT for breast cancer (Figure 1D), and the increase and decrease in allogeneic HSCT for chronic myeloid leukemia (Figure 1E).
Definitions and factors analyzed
Transplant rates were defined as the number of HSCT per 10 million inhabitants. Population data were obtained from the World Bank (http://www.worldbank.org).
Macroeconomic factors included in the analysis were: GNI/cap, World Bank category, team density (number of transplant teams per 10 million inhabitants), and team distribution (number of transplant teams per 10,000 km). GNI/cap (according to World Bank definitions, http//www.worldbank.org) was used to classify the participating countries into high income (Austria, Belgium, Cyprus, Denmark, Finland, France, Germany, Greece, Ireland, Italy, Netherlands, Norway, Portugal, Slovenia, Spain, Sweden, Switzerland, and United Kingdom), middle income (Croatia, Czech Republic, Estonia, Hungary, Latvia, Lithuania, Poland, and Slovakia) and low income countries (Azerbaijan, Belarus, Bosnia, Herzegovina, Bulgaria, Macedonia, Romania, Russia, Serbia Montenegro, Ukraine, and Turkey).
Microeconomic factors included in the analysis were team size, team experience, and innovator status. Team size was defined for the overall activity as the number of transplants per year; for the analysis of breast cancer and chronic myeloid leukemia, as the number of transplants per year for the given indication. Team experience was defined as the number of years of HSCT activity of the team. Innovators were defined according to Roger’s definition, 5 and included the first 2.5% of the teams to introduce or to abandon a technology.
Statistical analysis
The trends of the seven diffusion processes were computed with regression analyses, using the ordinary least squares estimation method in order to define the coefficient of determination (R-squared, R) and the 95% confidence intervals. The relations of the macro- and micro-economic factors to the technology changes were also estimated by ordinary least squares-regressions. The corresponding t-statistics were used to confirm a significant positive or negative relation at the 1% (++, −−) or 5% (+, −) level. R describes the extent to which a single macro- or micro-economic factor could explain the individual process of diffusion, and, therefore, gives a quantitative aspect for the explanatory content. Finally, multiple regression analyses were used to describe this explanatory content of several macro- or micro-economic factors combined and to summarize to what extent (by R) the individual factors jointly explain the respective diffusion process.
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Figure 1.Diffusion of hematopoietic stem cell transplantation in Europe 1991–2006. (A) Increase of allogeneic HSCT in Europe from 1991–2006. Numbers reflect patients who underwent a first allogeneic transplant. Patients with chronic myeloid leukemia are excluded. (B) Change from bone marrow to peripheral blood as the source of stem cells source in autologous HSCT. Curves reflect the proportion of patients with peripheral blood as the stem cell source over the observation period. (C) Change from bone marrow to peripheral blood as the stem cell source in allogeneic HSCT. Curves reflect the proportion of patients with peripheral blood as the stem cell source over the observation period. (D) Increase and decrease of autologous HSCT for breast cancer. Numbers reflect patients who underwent a first autologous transplant for breast cancer over the observation period. (E) Increase and decrease of allogeneic HSCT for chronic myeloid leukemia. Numbers reflect patients who underwent a first allogeneic transplant for chronic myeloid leukemia over the observation period.
Results
Increase in allogeneic hematopoietic stem cell transplantation
Annual numbers of transplants increased from 2,100 in 1991 to nearly 10,000 in 2006 in an almost linear manner (Figure 1A). Chronic myeloid leukemia was not included in this analysis, because of its biphasic development as outlined separately below. All macroeconomic factors had a significant association with this increase in HSCT, with a greater increase in countries with higher incomes (GNI/cap P<0.01; R = 56.07%; World Bank category P<0.01; R = 52.15%, Figure 2A). Team density provided the highest explanatory content (P<0.01; R = 69.85%) of the macroeconomic factors, team size the highest explanatory content of the microeconomic factors (P<0.01; R = 77.78). Overall, macroeconomic factors could explain 76.25% of the increase and microeconomic factors 78.41% of the increase.
In order to analyze the interaction between team density and team size as a factor for adoption, rather than as a consequence of adoption, we performed a panel analysis by keeping the years fixed for the estimation of the variable factors. Irrespective of their past, larger teams were more likely to adopt or abandon the new technologies.
[image: ]

Figure 2.Impact of macroeconomic factors on the diffusion of HSCT in Europe. (A) Transplant rates (country-weighted) for allogeneic HSCT (excluding chronic myeloid leukemia) in Europe from 1991 to 2006 in countries with high (red), medium (blue) or low (green) income by World Bank category. (B) Proportion of autologous HSCT carried out with peripheral blood as the source of stem cells in Europe from 1991 to 2006 in countries with high (red), medium (blue) or low (green) income by World Bank category.
Change from bone marrow to peripheral blood as stem cell source
Stem cell source changed rapidly and completely from bone marrow to peripheral blood for autologous HSCT within a very narrow time span, exhibiting the classical S-shaped adaptation curve (Figure 1B). The change in allogeneic HSCT followed 3 years later, more slowly and so far without a plateau and without the S-shaped configuration (Figure 1C). The correlation with macro- and microeconomic factors was similar for both diffusion processes (Table 1), with innovator status of the teams providing the highest explanatory content (P<0.01; R = 25.15% for autologous HSCT, P<0.01; R = 9.29% for allogeneic HSCT). There was one exception between the two groups: GNI/cap had a significant impact on the diffusion of peripheral blood as the source of stem cells in autologous HSCT (P<0.01; R = 18.53%, Figure 2B) but not in allogeneic HSCT (P>0.05; R = 1.0%). Overall, macro- and micro-economic factors did not provided a satisfactory explanatory content for this process of diffusion (R = 26.79% for autologous HSCT, R = 7.75% for allogeneic HSCT, Table 1).
Increase and decrease of autologous hematopoietic stem cell transplantation for breast cancer
The numbers of autologous HSCT for breast cancer increased rapidly from 1992 to a peak of 2,570 HSCT in 1997, followed by an equally rapid decline in a typical bell-shaped process to less than 300 HSCT (Figure 1D). The increase and decrease showed different patterns of associations. Team density (P<0.01; R = 69.62%) and team size (P<0.01; R = 61.76%) provided the highest explanatory content for the increase. The increase was also greater in countries with a higher GNI/cap (P<0.01; R = 26.43%) and occurred earlier in the high income World Bank category countries. In contrast, innovator status provided the highest explanatory content for the decrease (P<0.01; R = 9.67%) with larger teams stopping earlier than smaller teams (P<0.01; R = 5.55%). The explanatory content for the decrease was low. It is of interest to note that teams beginning their overall HSCT activity in 1997 only, at the time of peak activity of autologous HSCT for breast cancer, showed the same rate of decline as those who had started earlier (P>0.05; R = 0.0%). The increase in HSCT for breast cancer could be reasonably explained by macroeconomic factors (overall R = 75.69%), whereas the decrease could not (R = 8.14% for macroeconomic factors, R = 10.22% for microeconomic factors; Table 1).
Increase and decrease of allogeneic hematopoietic stem cell transplants for chronic myeloid leukemia
Allogeneic HSCT for chronic myeloid leukemia increased steadily over the observation period such that by 1999 chronic myeloid leukemia was the most frequent indication for an allogeneic HSCT (Figure 1E). Team size (P<0.01; R = 78.87%) and GNI/cap (P<0.01; R = 47.89%) provided the highest explanatory content for the increase. From 1999, transplants decreased rapidly. The decrease was most strongly associated with GNI/cap (P<0.01; R = 31.29%), with countries with a high GNI/cap stopping earlier and more rapidly. Team size was also associated with the decrease (P<0.01; R = 4.33%), with a more rapid decrease in larger teams. All microeconomic factors were significantly (P<0.05) associated with the decrease but had only marginal explanatory content. In contrast to the increase and decrease of HSCT for breast cancer, microeconomic factors provided the higher explanatory content for the increase (R=79.39%) and macroeconomic factors the higher explanatory content for the decrease (R=33.17%) of HSCT for chronic myeloid leukemia (Table 1).
Discussion
The present data give a quantitative element to a series of factors associated with the processes of adoption and diffusion of a technology within one field of innovative medicine, HSCT. They show a unique pattern for each of the seven processes analyzed. They document that diffusion of a cost-intensive, complex technical process depends on more than availability of resources even though transplant rates were lower in low and middle income countries. The change from bone marrow to peripheral blood exemplifies the complexity. Infrastructure was required for the collection of peripheral blood stem cells instead of bone marrow, granulocyte colony-stimulating factor and cell separators were needed to collect peripheral stem cells. As these are expensive items, it would be reasonable to predict that GNI/cap would be significantly associated with the change from bone marrow to peripheral blood as the source of stem cells for autologous HSCT, which occurred first. This would not be the case for the more recent change from bone marrow to peripheral blood in allogeneic HSCT as the infrastructure and cell separators were already in place. This was indeed the case. However, macro- and micro-economic factors explained only a small part of the change from bone marrow to peripheral blood in allogeneic HSCT. Factors other than resources were apparently more important. Regulatory aspects restricted the use of growth factors for stem cell mobilization in healthy donors in some countries; access to transplants was centrally regulated in Norway during the observation period. These were external factors identified beyond availability of resources.20,21
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Table 1.Impact of macro- and micro-economic factors on the diffusion of HSCT technology in Europe 1991–2006.
Economic strength was the driving factor in the increase of transplant rates in general as well as specifically for breast cancer or chronic myeloid leukemia: GNI/cap provides a high explanatory content. An analysis of the individual macro- and micro-economic factors is hampered by the fact that all correlate with GNI/cap. Still, some distinctions could be made. Team density and team distribution were more closely correlated with the increase than was GNI/cap. Transplant rates were higher in countries with more transplant teams. This indicates that patients within a given country need to have access to a transplant team. Team size had a strong impact on the increase of HSCT for breast cancer. Larger transplant teams apparently tended to adopt new technologies and to recruit patients more rapidly. A reciprocal interaction that adoption increased team size and team density cannot be completely excluded. Interestingly, the duration of team experience had a marginal impact, if any. Teams starting a new transplant program followed the same transplant policy as programs established for a long time.
Innovators, as defined by Rogers,5 were identified for the changes from bone marrow to peripheral blood. A few teams introduced the new technology; they were followed by others. This was best shown, with the highest explanatory content for innovators concerning the change from bone marrow to peripheral blood in autologous HSCT. Findings were different and unexpected for the decrease. The higher explanatory content for the innovators of the decrease in autologous HSCT for breast cancer suggests that an unproven technology is abandoned more rapidly and with more thoroughness by a few leaders in the field than it is adopted.
The changes in technology occurred before formal evidence was published in the medical literature. The key study on the benefits of peripheral blood compared to bone marrow as the source of stem cells for autologous HSCT was published in 1996,22 at a time when the saturation had already exceeded 90%. In allogeneic HSCT, the feasibility of peripheral blood as the stem cell source was reported in 1998, when more than 50% of all allogeneic HSCT were already being performed with peripheral blood.23,24 Autologous HSCT for breast cancer was primarily driven by a few preliminary reports. The prospective randomized study that showed a benefit of autologous HSCT in breast cancer over conventional chemotherapy was published in 1995, close to the peak of activity. This paper was later found to be fraudulent and was withdrawn. A negative study followed in 2000, i.e. 3 years after the decline.25 The decline in allogeneic HSCT for chronic myeloid leukemia began in 1999, 2 years before the first publication of the phase I study of imatinib,26 a specific tyrosine kinase inhibitor. This was possible because chronic myeloid leukemia is a chronic disorder and physicians and patients could gamble on remaining in the chronic phase until the drug therapy was approved. This was not the case in countries with lower income where the costs of drug treatment could be expected to be higher than the costs of a transplant.27,28 Hence, the process of diffusion started before evidence or lack of evidence was formally provided. Teams obtained their information from other sources, and were prepared to change practice before formal peer review.
In summary, diffusion of a new technology requires an economic background sufficient to provide the necessary infrastructure and to give patients access to the procedure. 4,8 Preliminary promising data, presented at scientific meetings, spread rapidly and trigger rational expectations.29 Innovations are adopted if they fit current concepts and are easy to use.3,7 They are maintained if evidence is confirmed and are abandoned if confirmation is not provided or new methods appear to be more promising. Last, the legal and regulatory environment must permit the introduction and adoption of the new technology. These findings are compatible with a concept that adoption of any new medical technology and its diffusion correlate with four main elements: economics, evidence, external regulations, and expectations. It is likely that these four factors form the principle basis for any process of diffusion.
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