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A B S T R A C T   

This paper reexamines the technical report (~ one page) of Uphoff and Stern (1949) in Science that was highly 
relied upon by the US National Academy of Sciences (NAS) Biological Effects of Atomic Radiation (BEAR) I 
Genetics Panel to support a linearity dose response for radiation risk assessment. The present paper demonstrates 
that research of Uphoff and Stern (1949) to evaluate whether total dose or dose rate best estimated radiation 
risks included two variables, thereby precluding the ability to accurately derive a reliable conclusion about this 
topic. Furthermore, the acute dose selected by Uphoff and Stern was given at a strikingly low dose rate that may 
have precluded the capacity to adequately test the total dose/dose rate hypothesis, even with a proper study 
design which also this research did not possess. The issue of total dose and dose rate was much later successfully 
addressed by Russell et al. (1958) using a murine model, yielding a dose-rate rather than a total dose conclusion. 
The failure to subject the experimental details of the Uphoff and Stern (1949) study to peer-review and publi-
cation in the open literature precluded a rigorous and necessary evaluation, profoundly and improperly 
impacting the adoption of the linear dose response model.   

1. Introduction 

During the Manhattan Project (1943–1946), research by the US 
Atomic Energy Commission (AEC) at the University of Rochester 
addressed the effects of ionizing radiation on mice and fruit flies (see 
Calabrese, 2011, 2019, 2020). The extensive murine-model research did 
not yield meaningful results due to failure to publish the findings in an 
appropriate time window, and the loss of essential data from the 
research record (Calabrese, 2019, 2022). However, a key publication 
based on that research was a technical note by Uphoff and Stern (1949), 
which assessed the effects of different dose rates of gamma radiation 
(from a radium source) on transgenerational phenotypic changes of the 
fruit fly. The one-page meta-experiment summary of Uphoff and Stern 
(1949) was instrumental in affecting the change from a threshold to a 
linear non-threshold (LNT) model for risk assessment of 
radiation-induced transgenerational mutations (NCRPM, 1960) and 

cancer (NCRPM, 1960) effects (Calabrese, 2019, 2022). 
The research of Uphoff and Stern (1949) was designed to replicate 

the unexpected Manhattan Project-funded findings of Caspari and Stern 
(1948), which demonstrated that chronic exposures to gamma radiation 
with a total cumulative dose (i.e., accumulated over 21 days) of 50 rads 
failed to increase the occurrence of transgenerational phenotypic 
changes in the fruit fly. The Caspari and Stern (1948) chronic study 
comprised the second component of a two-part Manhattan Project 
investigation to assess whether total dose or dose rate was the best 
predictor of radiation-induced gene mutation. The first part of the larger 
study involved a series of acute exposures with the same fruit fly model 
(Spencer and Stern, 1948). The findings of Caspari and Stern (1948) 
suggested that the total dose hypothesis was incorrect and that low dose 
risk assessment is best represented by a threshold-yielding dose rate 
process. Given the potential major significance of the Caspari and Stern 
(1948) experiment, Stern obtained further funding to replicate the 
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Caspari and Stern (1948) experiment based on recommendations of 
Hermann J. Muller to Stern (Muller, 1947).1 

While the communications between Muller and Stern framed the 
subsequent Uphoff research to be a replication of the Caspari chronic 
exposure study, it was actually an examination of the issue of total dose 
versus dose rate, since the Caspari findings challenged the tentative 
conclusions of Ray-Chaudhuri (1939, 1944), and undermined the 
premise of the LNT model, thereby supporting the validity of a threshold 
model. Uphoff attempted what Spencer and Caspari sought to do, 
namely, to conduct both acute and chronic studies, and in this way, 
address – and seek to answer – the total dose/dose rate question. The 
initial experiment was a Spencer-like acute study, while follow up ex-
periments were chronic (i.e., 50 and 100 rads total exposures). In 
contrast to Spencer’s work that assessed multiple acute doses of X-rays, 
ranging up to massive dosing (i.e., 25–4000 rads), Uphoff assessed only 
a single acute dose of gamma radiation, at a comparatively small cu-
mulative dose of 50 rads administered over 24 h. The acute dose study of 
Spencer (with dosing administered over several minutes) was compared 
to the same total dose of 50 rads delivered with a chronic exposure in the 
Caspari and Uphoff experiments, at a dose rate approximately 1/13,000 
to 1/15,000 of that given in the acute study,2 respectively. 

2. The issue of study design 

The chronic studies of Caspari and Uphoff and the acute experiment 
of Uphoff involved ionizing radiation exposure of sperm stored in the 
spermatheca (i.e., the sperm receptacle of the female) for three weeks. 
This storage period would also be utilized for exposure to gamma ra-
diation in the chronic studies. The females were fed a diet that prevented 
egg development and fertilization for this three-week period; after 
which, the diet was changed to permit egg laying, fertilization, and 
subsequent testing to assess occurrence of transgenerational phenotypic 
mutational changes due to radiation exposure (Fig. 1). 

The aging of retained sperm in the spermatheca had been associated 
with a marked increase in mutation rate over the three weeks by 
approximately 2.5-fold, as measured by transgenerational phenotypic 
changes (Calabrese, 2011, 2013). This increase in mutation rate was 
progressive, and increased over time in a constant manner.3 

It is important to note that the Uphoff acute-exposure experiment 
represented a preconditioning study protocol. In preconditioning ex-
periments, a stressor is administered prior to subsequent exposure to a 
second stressor/damaging agent. In the Uphoff experiment, the pre-
conditioning “agent” was the sperm-aging mutation-enhancing process 
while sperm are stored in the spermatheca. Both the preconditioning 
aging process and the ionizing radiation in the acute study, which 
occurred at different times and are thus independent, may have 

increased transgenerational phenotypic mutational rates. 
The acute exposure to gamma radiation was administered over a 24- 

h period, immediately following the three-week sperm storage period. 
Despite the use of lead shielding of the radium source, the control group 
received 0.6 rad from this treatment due to the physical proximity of the 
control and treatment group incubators (Uphoff and Stern, 1947). The 
radiation exposure to the control group during that 24-h period excee-
ded the background radiation rate by approximately 2000-fold. There 
was no evidence that this one-day radiation exposure of the control had 
any impact on the mutational findings.4 

In the chronic radiation exposure study, Uphoff and Stern (1949) did 
not use a preconditioning exposure protocol. Rather, the protocol 
involved exposure to two continuous potentially mutational treatments: 
(1) the sperm aging storage process and (2) continuous/chronic gamma 
radiation exposure for the same three-week period. This indicates that 
the acute and the chronic exposure studies differed in two respects: First: 
acute (i.e., exposure over 24 h) versus chronic exposure (i.e., continuous 
over three weeks); and second: a preconditioning exposure prior to the 
acute (24 h) radiation dosing versus the radiation being continuously 
administered over the same three-week period when the sperm were 
aging. Since the timing of sperm aging with respect to the radiation 
exposure is different between the acute and the chronic studies, and 
because there is a different dose rate between the acute and chronic 
studies, the Uphoff and Stern (1949) research can be considered prob-
lematic, by virtue of having introduced two distinct and potentially 
interactive variables into the experimental protocol. That is, if a differ-
ence in mutational response was to be found between the chronic and 
acute groups, it would be important to query whether it was due to the 
difference in dose rate, or to the difference in the time of the radiation 
treatment in relationship to the sperm aging. Comparison might be 
further complicated by potential interaction(s) between the chronic 
irradiation and the mutational effects that occurred during sperm aging. 

3. Discussion 

3.1. Failure to publish findings 

The data summarized in the Uphoff and Stern (1949) report of the 
Manhattan Project were never published in the peer-reviewed literature. 
Yet, these findings had a significant impact on the recommendation to 
abandon a threshold model in favor of a linear dose response model of 
radiation risk assessment for reproductive system and carcinogenic 
endpoints (Calabrese, 2019, 2022). While an appropriately detailed 
subsequent publication was promised (Uphoff and Stern, 1949), it was 
never provided/published. A technical summary report of the acute 
exposure work (6-page manuscript) was provided to the funding agency 
(Uphoff and Stern, 1947), but results of the two chronic studies by 
Uphoff and Stern were not. Consequently, findings of the Uphoff and 
Stern (1949) Manhattan Project research should not have received the 
level of scientific merit and standing that prompted the use of these 
results by the NAS BEAR I Genetics Panel (NAS/NRC, 1956) and by 
Lewis (1957) for radiation risk assessment. Furthermore, the Uphoff and 
Stern (1949) study design did not address or resolve whether radiation 
risk was best estimated via total dose or dose rate, given that their 
comparison used two variables concomitantly. These limitations of the 
Uphoff and Stern (1949) study have not been previously reported. 

3.2. Control groups received substantial ionizing radiation 

An important additional problem is that the “unexposed” control 
groups in the Uphoff and Stern studies did in fact receive substantial 

1 The Manhattan Project Drosophila radiation genetics study at the University 
of Rochester was intended to replicate the dissertation research of Ray--
Chaudhuri (1939) from the University of Edinburgh that was conducted under 
the direction of Hermann J. Muller in 1938–1939. The research was affected by 
the start of World War II, ending the research prematurely before it was 
appropriately completed. Even though the research appeared to support the 
total dose hypothesis for estimating radiation-induced gene mutation risk, the 
dissertation had a number of important limitations that compelled Muller 
(1943, Muller letter to Stern) to suggest to Stern that he attempt to replicate the 
gene mutation (not the translocation) part of the Ray-Chaudhuri study, but to 
do so in a far more substantial manner.  

2 Note that Uphoff would conduct a second chronic study using a 100 rad 
total dose, following experimental concerns with her initial research (Calabrese, 
2011, 2013). Since Uphoff did not conduct an acute study with 100 rads, this 
research was unable to answer the total dose vs dose rate question.  

3 This mutation rate of the aging sperm in the spermatheca was provided by 
Muller to Stern in private letters during the time of the Uphoff experiments at 
the University of Rochester (See Calabrese, 2013 for a summary of these letters 
and citations to the specific letters). 

4 The Uphoff and Stern control group values were reported to be inexplicably 
low for two of their three experiments, suggesting a potential problem in the 
execution of their experiments (see Calabrese, 2011, 2013; 2022). 
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daily gamma radiation exposure, despite the use of lead shielding. The 
extent of the daily gamma radiation exposure to the respective control 
groups differed. The acute study control group received gamma radia-
tion (0.6 rad) at approximately 2000-fold greater than the daily back-
ground rate for a single 24-h period. In the chronic studies, daily 
exposure of the control group was approximately 100–200-fold greater 
than daily background for the three weeks of the two chronic experi-
ments. There was no evidence of control groups displaying elevated 
levels of supposedly spontaneous mutations in those experimental sit-
uations (i.e., spontaneous mutations, plus mutations induced by the 
irradiation of the “unexposed” control groups). Because the experiments 
discussed in this paper lacked concurrent non-irradiated controls, 
comparison can only be made to controls in other experiments. Uphoff 
and Stern (1949) never addressed this issue, and, as far as we know, it 
has not been discussed in the scientific literature to date. In light of these 
negative control group “exposure” findings of the three experiments, the 
possibility of a threshold response in this biological model cannot be 
excluded. Indeed, in two of these studies, the control rates were sur-
prisingly/aberrantly low. 

3.3. Consideration of flaws in study design 

The question must be raised as to how this problem (viz. the study 
design flaw of having two variables) was not acknowledged by Stern, 
Muller, reviewers, and others - both at the time of the experiment and 
subsequently. Perhaps such an oversight was more likely because the 
investigators reported the experiments as separate entities, that is, as an 
acute experiment and a chronic experiment. Each of these experiments 
had a single variable and could be interpreted within that context. 
However, the central question tested was whether the best predictor of 
radiation-induced genetic damage was total dose or dose rate, and that 
question could only be addressed by comparison of the so-called acute 
and chronic studies. Moreover, the failure to acknowledge the presence 

of the two variables and their impact on the experimentation of the 
Manhattan Project might also be related, at least in part, to bias on 
behalf of Stern, Muller and other leaders of the radiation genetics 
community, who strongly supported the adoption of the LNT model to 
replace the threshold model in risk assessment. The extent of such bias is 
substantial and well documented (Calabrese, 2019, 2020), to the point 
where William Russell suppressed publishing the results of a major 
murine-model cancer study that contradicted the LNT perspective (see 
Calabrese and Selby, 2022). Similar methodological limitations (i.e., 
two variable issues) were also seen in the dissertation of Ray-Chaudhuri 
(1939). Other important limitations of the Ray-Chaudhuri (1939) 
research are detailed elsewhere (Calabrese, 2011, 2020). 

3.4. Uphoff/stern study: Questionable acute dose selection to test 
hypothesis 

When Russell et al. (1958) first investigated whether dose rate might 
be of consequence in the induction of gene mutations in mice, an 
experimental design was used that avoided methodological concerns 
such as the aforementioned issues in the fruit fly experiments. Long 
before his first dose-rate experiment, Russell had realized and empha-
sized that the germ cell stage (e.g., stem-cell spermatogonia in male 
mammals) was of overwhelming importance when investigating the 
induction of mutations. Russell demonstrated that mutation rates could 
be effectively determined in germ cells by using his specific-locus test 
(SLT). Because of the much greater importance of understanding po-
tential hereditary risk from exposure of stem-cell spermatogonia, much 
greater emphasis was initially given to collecting offspring sired by 
irradiated males after the temporary sterile period caused by massive 
radiation exposures, or by waiting approximately seven weeks after 
exposure before allowing males to breed. Considerable emphasis was 
also placed upon ensuring that control groups received no more than 
background-level radiation. 

Fig. 1. Uphoff and Stern (1949) Flawed study design.  
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Russell et al. (1958) administered 90 Roentgens (R) per minute in the 
acute study, and 0.009 R per minute in his first chronic experiment; this 
being a 10,000-fold difference in dose rate for the same total dose of 600 
R. The acute and chronic exposures lasted approximately 7 min and 6 
weeks, respectively. Using this comparison of acute and chronic dose 
rates, Russell introduced only one likely variable (i.e., dose rate), unlike 
the flawed design of the Uphoff and Stern studies. Russell acknowledged 
that his dose-rate experiment included an additional variable of radia-
tion quality, given that the radiation in the acute experiment consisted 
of 250 kvp X-rays and, in the chronic experiment, the chronic dose was 
Cs137 gamma radiation. While Russell provided several reasons why he 
considered it unlikely that this difference in radiation quality explained 
the much lower mutation frequency found at the low dose rate, this issue 
was subsequently experimentally addressed and resolved. Russell et al. 
(1960) demonstrated a significant dose-rate effect using gamma radia-
tion, with acute exposure being gamma radiation from Co60 delivered at 
24 R/min. In subsequent work, Russell (1963) further demonstrated a 
significant dose-rate effect when using X-rays, with the dose rates being 
90 R/min and 9 R/min. 

Following the 1958 publication, Russell continued a series of 
experimental approaches using other dose rates (eventually as low as 
0.0007 R/min), fission neutron exposures, and also involving different 
germ cell stages in both sexes in order to test, and then reject, other 
hypotheses that could possibly have caused a dose-rate effect (i.e.- 
instead of his accepted hypothesis that there was mutational or pre-
mutational repair of DNA). The idea of repair, which was heretical when 
first proposed, was one of numerous principles related to mutation in-
duction in mammals that could not have been predicted from the earlier 
work by Muller and others using Drosophila (Russell, 1973). Russell 
concluded that the mutation rate per R (Roentgen) in stem-cell sper-
matogonia was similar at 90 R/min and 1000 R/min. However, the 
mutation rate was significantly reduced from 90 R/min to 0.8 R/min. No 
further decrease in the induced mutation rate per R occurred as the dose 
rate decreased to 0.0007 R/min, the lowest dose rate tested, with total 
doses ranging from 37.5 to 861 R delivered at various dose rates (Russell 
and Kelly, 1982). 

Russell speculated that there would be no further reduction in mu-
tation rate per R at dose rates diminishing to background-level radiation. 
He also found no evidence of a dose-rate effect in spermatozoa, and 
concluded that there was repair of mutational or premutational damage 
in metabolically active cells (such as stem-cell spermatogonia and 
oocytes). 

In hindsight when considering Russell’s experiments, it is interesting 
and important to note that the Uphoff and Stern experiments, which 
were conducted about a decade before Russell’s demonstration of a 
dose-rate effect, utilized an “acute” exposure of gamma-rays delivered 
over 24 h and a “chronic” exposure to the same dose over 3 weeks, which 
were equivalent to dose rates of 0.035 rad/min and 0.002 rad/min, 
respectively. Since rad and R are rather similar in magnitude, both of the 
dose rates used in the Uphoff and Stern experiments were within the 
range of 0.8 to 0.0007 R/min, for which the mutation frequency per R 
appears to be the same in stem-cell spermatogonia of mice. Thus, they 
could both be considered chronic exposures. Russell’s data also suggest 
that no dose rate effect would be expected in spermatozoa of Drosophila. 
If such extrapolations from mice to Drosophila are indeed valid, then it 
appears that much of the importance related to risk estimation afforded 
to the technical note by Uphoff and Stern (1949) by the BEAR I com-
mittee was based, in fact, upon an unsatisfactorily reported experiment 
in Drosophila that had procedural flaws (i.e., in addition to the use of two 
variables as highlighted in this paper – Fig. 1. The Uphoff study also 
involved testing for a possible dose rate effect in a germ cell stage and at 
dose rates that were unlikely to show an effect even if one could occur in 
Drosophila). 

Soon after Russell’s (1981) demonstration of a dose-rate effect in 
mouse spermatogonia, there were reports [Oster et al. (1959); Purdom 
and McSheehy (1961)] using female Drosophila of successful 

demonstration of similar dose-rate effects. Yet, it seems that those claims 
were apparently not convincing to Muller (1965) (as quoted in Russell, 
1968), who presumably hoped that such an effect could not be found. To 
wit, Muller (1965) wrote about the final outcome of the search for a 
dose-rate effect in the fly as follows: “The repeated testing for it in 
Drosophila carried out by our group (Oster et al., 1959; Zimmering, Lee, 
and myself and unpublished) over the past four years has been agonizing 
in the pitfalls of its techniques. But the at-first positive-seeming and then 
vacillating data have been finally boiling down and resolving into a 
negative conclusion.” 

Russell (1968) noted that those tests covered a range of dose rates 
from 1 to 3000 rad/h, and that Purdom (1962) also tested for a dose-rate 
effect in Drosophila spermatogonia and indicated some effect at the 
lowest region of the range of tested dose rates; however, he noted that 
Purdom did not regard that single observation as conclusive. Russell 
(1981), when again discussing the attempt to demonstrate a dose-rate 
effect in Drosophila, wrote: “Extensive Drosophila results indicated that 
there would be no effect. A marked effect was found in the mouse, 
however, in spermatogonia, but not in spermatozoa [reference provided 
in that paper]. Because the Drosophila data had come from spermatozoa, 
it was widely believed that Drosophila spermatogonia might show a 
dose-rate effect like that in the mouse. H.J. Muller immediately started 
testing this possibility for sex-linked mutations in Drosophila. For various 
technical reasons, he chose oogonia rather than spermatogonia. He 
ended this work very disappointed that, despite intensive investigation, 
he was not able to show to his own satisfaction a clear-cut effect of dose 
rate, and he concluded that mice and flies are simply different. He 
generously congratulated us on finding a basic principle important for 
risk estimation that had been missed in Drosophila studies.” (Russell, 
1981). Russell went on to describe an Abrahamson and Meyer (1976) 
paper that re-analyzed Muller’s data and claimed that Muller might have 
made an error and thereby missed seeing a small dose-rate effect. Russell 
noted that if they were correct, that would mean that it took 18 years for 
the Drosophila results to be “brought in line with those in the mouse.” He 
wondered, had Muller still been alive, if he would have agreed with the 
re-analysis, and even if he did, Russell wrote that it would have been 
better to have a dose-rate study in Drosophila using specific-locus 
mutations. 

Calabrese et al. (2022) recently presented numerous arguments for 
why the existence of repair at low dose rates should be viewed from an 
evolutionary perspective. It is fascinating that Muller (1965), who was 
probably the most forceful proponent of efforts to replace the threshold 
model with the LNT model, concluded that mice and flies were probably 
different regarding a dose-rate effect and invoked an evolutionary basis 
for the difference between mice and flies. As characterized by Russell 
(1968), Muller believed that, “… if mammals were as much affected by 
the chronic radiation of nature as by the same amount of acute radiation, 
they might have enough genetic damage induced in their germ cells, and 
also in their somatic cells, to provide an appreciable selective advantage 
to those lines that had a protective mechanism against the chronic ra-
diation, whereas in flies such an influence would be so much weaker as 
probably to be below the threshold for natural selection.” 

Thus, this highly influential geneticist appears to have provided clear 
suggestions that evolution might lead to effective mechanisms to repair 
DNA in germ cells and somatic cells, and also to have suggested that 
thresholds might be important regarding such effects. Russell (1965) 
considered the dose-rate effect to have been confirmed independently in 
mice by Phillips (1961), in silkworms by Tazima et al. (1961), and in the 
wasp, Dahlbominus, by Baldwin (1965). 

3.5. The issue of two variables 

The stressing of a biological system within an appropriate time frame 
prior to a more severe stress can upregulate adaptive mechanisms 
capable of reducing damage from subsequent stress. This phenomenon 
was designated “preconditioning” by Murry et al. (1986), although it 
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was first reported nearly a century ago in studies of the effects of radi-
ation on plant growth (Ancel and Lalemand, 1928). A comprehensive 
assessment of preconditioning (often referred to as adaptive response) 
by Calabrese (2016a,b) indicates that it is a manifestation of hormesis, 
with responses typically following the biphasic dose response (with 
unique quantitative features for response amplitude and width of stim-
ulation). This has relevance for the Uphoff and Stern (1949) paper, given 
that preconditioning stress can either protect against the subsequent 
stress exposure or enhance it, depending upon the magnitude of the 
preconditioning exposure. This would have been the case in the acute 
experiment of Uphoff and Stern (1949). In contrast, a continuous 
co-exposure to the sperm-aging stress and the ionizing radiation 
occurred in the Uphoff and Stern chronic experiment. Since Uphoff and 
Stern did not study this issue, or cite literature addressing the topic, it 
appears that the second variable was introduced without controversy or 
additional consideration. Nevertheless, the introduction of this second 
variable into the chronic study represented a flaw in the study design, 
since they were trying to assess total dose versus dose rate effects. 

As the preconditioning concept preceded the Uphoff and Stern 
(1949) report by two decades, and had its origin in the radiation liter-
ature (Ancel and Lalemand, 1928), the preconditioning concept had the 
potential to have been identified by leaders of the genetics community 
such as Stern, Muller, Spencer and others on the Manhattan Project 
team. In fact, by 1950, Pape strikingly linked radiation preconditioning 
to the hormetic biphasic dose response concept. Even if it was unknown 
to Stern, the experimental design should have been such as to preclude 
the introduction of two variables, unless extremely well justified, and 
that certainly was not the case in the Uphoff and Stern report (1949). 

4. Conclusion 

The question of whether total dose or dose rate alone determined the 
extent of radiation-induced mutation was a central research question of 
the Manhattan Project. The data of Uphoff and Stern (1949) were used to 
provide substantial support for the total dose hypothesis, leading to the 
adoption of the linear dose response model for radiation risk assessment, 
and the rejection of the threshold model by the NAS BEAR I Genetics 
Panel. The present assessment shows that the Uphoff and Stern (1949) 
research was incapable of addressing this question due to methodolog-
ical limitations that have been unrecognized to date. Furthermore, in 
hindsight, and especially in view of William Russell’s elucidation of 
numerous biological factors in the murine model that are of significant 
importance to mutational responses, and which could not have been 
imagined based solely upon the prior extensive work in Drosophila, the 
entire methodological approach used in the Updoff and Stern experi-
ments appears to be almost irrelevant to the dose-rate question. Soon 
after Russell’s discovery of the dose rate effect, and before many of his 
important follow-up experiments were conducted, the LNT model was 
adopted by the US government (Federal Radiation Council, 1962) in 
1962 for risk assessment, as based largely upon the advice of radiation 
geneticists, many of whom were members of the BEAR I Genetics Panel 
(Calabrese, 2020). The present paper seeks to contribute to the growing 
body of information on the reconstruction of the historical foundations 
of cancer risk assessment, and how the models and methods used were 
critical to the adoption of certain standards and practices. It is our hope 
that by bringing these findings – and the events that were contributory 
to their use – to light, current and future studies will be more rigorous 
and adept in conduct and dissemination. 
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