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Background: Congenital abnormalities vary in presen-
tation, yet studies using model organisms tend to focus on 
occurrence rather than severity of the defect. Scoring severity 
of abnormalities in model systems allows explicit hypothesis 
testing during basic, translational, and reverse translational 
studies. We developed and validated a protocol to quantify 
severity of male urogenital feminization (hypospadias) in the 
mouse model. Hypospadias is one of the most common birth 
defects in the world.
Methods: To induce genital feminization, pregnant mice 
were exposed to different concentrations of the antiandro-
gen vinclozolin. Genitalia were photographed at gestational 
age 18.5. A dichotomous scoring system to evaluate genital 
feminization was developed, and validated against histologi-
cal measurements of urethral length. A training protocol was 
developed for novice scorers, and criteria were defined to eval-
uate precision and accuracy of scores.
results: Vinclozolin induced variation in hypospadias sever-
ity. Severity scores were tightly correlated with histologically 
determined urethral length and both techniques showed 
similar dose–response relationships. Novice observers were 
trained to precisely and accurately score hypospadias severity.
conclusion: This standardized scoring system advances 
the mouse as a model to study urogenital development, 
and will facilitate research on the mechanisms driving geni-
tal feminization in males, and aid translational hypospadias 
research.

Morphological variation occurs because developmental 
and molecular mechanisms driving morphogenesis dif-

fer across genotypes and environments (1). Many traits, how-
ever, are studied in a binary context: present or absent; normal 
or abnormal. This framework limits our ability to build a com-
plete, and integrated understanding of the mechanisms driv-
ing morphogenesis because developmental processes do not 
induce binary outcomes. The scoring system we develop and 
validate provides a fine scale quantification of the severity of a 
common genital birth defect so that the mechanisms driving 
differences in genital morphogenesis can be studied.

Congenital abnormalities induced by altered genital mor-
phogenesis are surprisingly common in humans. For example, 
hypospadias is the second most common birth defect in the 
United States, occurring in almost 1% of males. In Denmark 
rates are as high as 4.6% (2). Hypospadias occurs when the 
urethra is shortened and opens along the shaft of the penis, 
rather than at the distal tip. It has a complex etiology and broad 
variation in its presentation (3). Hypospadias severity in new-
borns varies from requiring no intervention, to necessitating 
complete sex reassignment surgery and vaginoplasty (4).

In fact, the Hypospadias Objective Penile Evaluation 
(H.O.P.E.) scoring system is used, in humans, to evaluate the 
severity of several surgically correctable genitalia abnormali-
ties (5) and facilitates evaluation of both preoperative options 
and postoperative outcomes. Determining the mechanisms 
driving the variation in genitalia abnormalities will advance 
our understanding of why they are occurring in humans, and 
aid development of therapies to reduce their occurrence and 
incidence. Such mechanistic studies are most efficiently con-
ducted in established model systems that exhibit similar devel-
opment and responsiveness to environmental perturbations. 
Mice are the accepted model for investigating urogenital devel-
opment (6). As in humans, hypospadias severity varies in mice. 
However, current techniques to evaluate severity of genital 
feminization and hypospadias in the mouse require destruc-
tive techniques such as histology (7) or resin casting (8), which 
allow measurement of urethral length (which is shorter with 
hypospadias), but limit the use of tissues for genetic, physi-
ological, or developmental studies.

Reproductive abnormalities in rodents increase in severity 
with mixtures of endocrine disrupting chemicals (9), and many 
studies suggest that the increase in incidence of hypospadias 
in humans is related to fetal endocrine disrupting chemicals 
exposure (10). Here we develop the Mouse Objective Urethral 
Severity Evaluation (M.O.U.S.E), as a standardized scoring sys-
tem for the mouse that allows efficient and consistent compari-
sons of hypospadias severity to facilitate mechanistic studies, 
and comparisons across genetic and environmental manipu-
lations. This scoring system is validated against urethral his-
tology, the accepted endpoint used to evaluate hypospadias 
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severity (11). We go further to show that scores are negatively 
associated with anogenital distance (AGD), a well accepted 
marker of masculinization. We provide a training protocol 
that includes guidelines for determining when observers can 
precisely and accurately score severity and show that scorers 
with different educational backgrounds can properly use the 
training protocol. M.O.U.S.E. provides a single measurement 
through which multiple laboratories can exchange informa-
tion about how genetic manipulations or environmental treat-
ments influence genital development.

RESULTS
To develop M.O.U.S.E. as a standardized hypospadias sever-
ity scoring protocol, we needed to compare individuals with a 
range of hypospadias severities. To induce hypospadias at dif-
ferent severities, pregnant mouse dams (N = 3) were exposed 
to one of four doses of the androgen antagonist vinclozolin (0, 
100, 125, 150 mg/kg) every day for 4 d during the critical period 
for genitalia development (gestational age (GA) 13.5–16.5) 
(12). Genitalia of each pup (GA 18.5) was photographed in a 
standard position (see Supplementary Methods online), his-
tologically processed, and evaluated based on predetermined 
landmarks (Figure 1a,b). Genital length scaled with urethral 
length at the same rate across all individuals (χ2 = 40.598, P = 
1.45e−07, slope (B1)= 0.3205). Across all treatments, males dis-
played 33% larger urethral lengths (χ2 = 108.47, P = 2.2e−16) 
than control (0 mg/kg vinclozolin) females. However, males 
from vinclozolin-treated groups exhibited a saturating dose-
dependent shortening of urethral length (χ2 = 18.307, P = 
1.88e−05, Figure 1c) relative to control males.

Next, we created a dichotomous key with defined scor-
ing criteria that distinguished among: normal (0), abnormal 
(1), feminized (2), and severely feminized (3) penis structure, 
based on comparing overall genital morphology and location 
of the urethral exit (Figure 2 and Supplementary Methods 
online). We used the dichotomous key to evaluate pictures of 
genitalia generated in the dose response study. Analogous to 
urethral length, hypospadias severity using M.O.U.S.E scores 
showed a saturating dose-dependent increase in hypospadias 
severity between 0–150-mg/kg vinclozolin (χ2 = 12.783, P = 
2.858e−05, Figure 3).

To validate that M.O.U.S.E. accurately represents hypospa-
dias severity, we regressed MOUSE severity scores to histo-
logically determined urethral lengths and found a significant 
negative relationship; 97% of the variation in urethral length 
was explained by MOUSE hypospadias score (R2 = 0.9718, 
slope = −1.5467; Figure 4a). To further confirm that the 
M.O.U.S.E. scores provide valid information about mascu-
linization, severity scores and AGD for male pups from each 
dam were separately averaged and then regressed against one 
another. Indeed, mean score was negatively related to mean 
AGD (R2 = 0.6189, P = 0.00146, Figure 4b). In fact, 62% of the 
variation in AGD could be explained by differences in hypo-
spadias severity.

To determine if multiple people with diverse educational 
backgrounds could use the M.O.U.S.E scoring system, we 

trained two novice scorers, with different educational experi-
ences, (a biology graduate student and a high school English 
teacher) to score genitalia. Each person was trained for only 
10 min prior to scoring. Important landmarks were indicated, 
and the trainer discussed the process of scoring using prac-
tice pictures, which were not included in the examination set 
(Figure 2 and Supplementary Methods online).

Precision was evaluated in two ways. First, observers scored 
a single set of 24 sample photographs two times and a Pearson’s 
correlation was run to determine if the two scoring attempts 
were consistent. A correlation coefficient of r = 0.8 between the 
two attempts was required to be considered precise. Second, a 
paired t-test was run on the two scoring attempts to ensure that 
the difference in scores did not significantly deviate from zero 
(so that attempts were not different from one another). It is pos-
sible for scorers to be consistent but score differently between 
scoring sessions (e.g., consistently scoring lower in the second 
session). Quantifying precision in these two distinct ways is 
rigorous and necessary for standardized results. Accuracy was 
evaluated by comparing M.O.U.S.E scores to the histologi-
cally determined urethral length. To be considered accurate, 
urethral length and severity score had to show a significant 
negative relationship (urethral length decreases as severity 
increases) and have a R2 ≥ 0.95 (see Supplementary Methods 
online and http://thescholarship.ecu.edu/handle/10342/5650, 
for more methodological detail, practice pictures and corre-
sponding histological data).

If the observers failed any precision or accuracy test, they 
were retrained on new practice pictures and underwent 
the scoring process a second time using new sample photo-
graphs. Both the graduate student and high school teacher 
required two training sessions and a total of 45 and 30 min 
(respectively) across both scoring sessions to meet the crite-
ria described below (Table 1), at which point both individu-
als were considered capable of scoring hypospadias severity in 
future experiments. To facilitate standardized severity scoring 
across laboratories, we have provided a protocol for taking 
standardized photographs, a detailed training guide, genita-
lia photographs, and corresponding histological data in the 
Supplementary Methods online.

DISCUSSION
M.O.U.S.E. is an easy to use, standardized scoring system 
that allows accurate and precise quantification of hypospa-
dias severity. All scoring is completed on photographs of the 
genitalia, and thus is nondestructive. The use of photographs 
to evaluate morphology is powerful for several reasons. First, 
pictures allow scorers to be blind to experimental treatment, 
pup sex, and dam. Second, the use of pictures frees the geni-
talia tissue to be used for mechanistic research. Individual 
samples can be dissected, photographed, and then processed 
in a variety of ways rather than having to be preserved for 
later randomization and scoring. Finally, photographs can 
be easily stored, shared, distributed, and scored multiple 
times to obtain average severity scores for each individual. 
Typical protein and mRNA preservation techniques require 

Volume 80  |  Number 6  |  December 2016      Pediatric ReSeARCH 881

http://thescholarship.ecu.edu/handle/10342/5650,


Copyright © 2016 International Pediatric Research Foundation, Inc.

Articles         Amato and McCoy

the tissues to be preserved in ways that change morphologi-
cal structures and make multiple observations across time 
difficult.

Another advantage of scoring genitalia morphology using 
M.O.U.S.E rather than relying on a single measure, such as 
position of the urethral opening (e.g., 2/3 of the way down the 
shaft), is that many aspects of morphology are integrated into a 
single M.O.U.S.E. score. Hypospadias is a disorder that affects 
more than urethral length. M.O.U.S.E. assesses: the extent of 
outgrowth of the preputial swellings, overall penis shape (rela-
tive to normal males and females), how tightly the preputial 

Figure 1. Variation in hypospadias severity is induced by vinclozolin. (a,b) Histological images displaying the landmarks used for calculating urethral 
length. (a) Arrow indicates the first section where the penis is completely separated from the perineum and was recorded as the first section of the penis. 
(b) Urethral exit was counted as occurring on the first section where the urethral tube opens to the environment (arrow). (c) Urethral length exhibited a 
saturating dose response decreasing from 0–150 mg/kg (P = 1.88e−05; N = 3 dams). Error bars represent 95% confidence intervals.
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Figure 2. Evaluating hypospadias severity. Mouse objective urethral score 
evaluation (M.O.U.S.E.) is a dichotomous key that uses a stepwise method 
for scoring hypospadias severity in the mouse. The observer first asks if 
the penis is normal, defined as having a circular glans (hollow arrowhead) 
tightly wrapped by preputial swellings (solid arrowhead) and only a slight 
ventral cleft at the distal fusion of the preputial swellings (arrow). When 
the penis is considered normal, it is scored as zero. If the penis is not 
normal, the observer asks if the morphology mimics a female. In females 
the clitoral glans is not tightly wrapped by the preputial swellings, much 
of it is clearly visible, and the urethra exits below mid shaft (arrow in 
female picture). When the penis phenocopies a female genitalia, it is given 
a score of three. If the penis is neither normal nor completely feminized 
then it is scored as one, if the preputial swellings are wrapped around the 
glans of the penis forming an oval shaped glans but the urethral meatus 
is more proximal than normal. A score of two is recorded when the glans 
was not tightly wrapped, and the urethral exit occurs near mid shaft; see 
supplementary Methods online for more details.
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Figure 3. Scoring hypospadias severity. Hypospadias severity score 
scales significantly with vinclozolin dose (P = 2.858e−05; N=3 dams). 
Hypospadias severity exhibited a saturating dose response decreasing 
from 0–150 mg/kg similar to the pattern of urethral length (Figure 1). 
Females (scored blind) have the highest “hypospadias severity” when 
compared to males from each dose. Error bars represent 95% confidence 
intervals.
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swellings surround the glans, glans shape, as well as position 
and size of the urethral meatus. The increased resolution that 
M.O.U.S.E provides for evaluating genitalia morphology will 
enhance basic and applied research.

Advancing the Mouse Model of Hypospadias
The M.O.U.S.E. scoring system provides a sensitive method 
to determine if penis morphology is affected even when inci-
dence of hypospadias remains consistent across treatments. 
The increased sensitivity of M.O.U.S.E will facilitate com-
parisons of hypospadias severity across studies using different 
genetic mutants and will help build a synthetic understanding 
of penile organogenesis and urethral tube closure. Developing 
a more synthetic knowledge of the molecular drivers of penile 
development in the mouse will facilitate our understand-
ing of the mechanisms through which hypospadias occurs in 
humans.

This type of standardized scoring system is also essen-
tial to investigate the multifactorial nature of hypospadias. 
Evaluating the complex physiological and developmental pro-
cesses involved in driving hypospadias severity is made pos-
sible when more discrete measurements are recorded and used 
to test explicit mechanistic hypotheses. M.O.U.S.E. scores can 
be quantitatively compared with measures of androgen levels, 

gonadal function, AGD (Figure 4b), and other morphological 
or behavioral outcomes. With these types of data, we can inte-
grate multiple morphological and physiological changes into a 
synthetic understanding of genital development and function.

M.O.U.S.E. will facilitate our understanding of the genetic 
and environmental drivers of hypospadias severity and advance 
translation of basic urogenital research (13). For example, human 
polymorphisms in several genes are significant risk factors for 
development of hypospadias (14–16). With M.O.U.S.E., we can 
conduct reverse translational work to determine which human 
gene mutations or combinations of mutations lead to more or less 
severe phenotypes in rodents, so that we can further study causal 
mechanisms. Furthermore, with M.O.U.S.E., researchers can test 
putative environmental factors associated with hypospadias in 
humans, and determine which induce the most severe hypospa-
dias in the mouse. This approach will provide insight into what 
chemicals pregnant mothers should avoid. M.O.U.S.E. will also 
aid in development of therapies to reduce hypospadias severity. 
For example, previous epidemiological studies have shown that 
exposure to multivitamins generally (17) and folate specifically 
(18,19) reduces the risk hypospadias in newborns. M.O.U.S.E. 
will facilitate research identifying which nutritive supplements 
reduce the severity of hypospadias most dramatically.

The M.O.U.S.E. scoring system strengthens the mouse as 
model for evaluating the mechanisms driving congenital 
defects, and provides a means through which to evaluate sensi-
tivity to specific chemicals and responses to therapeutic agents. 
Our work also advances the mouse as a model to study basic 
developmental and physiological processes that drive urogenital 
development.

METHODS
Mouse Maintenance and Treatment
All studies were approved by the East Carolina University Institutional 
Animal Care and Use Committee (AUP D-297). Eight-week-old 
CD-1 mice (Charles River Laboratories Raleigh, NC) were acclimated 
to 70–72 °F on a 12 h light–dark cycle with free access to food and 

Figure 4. Scoring validation. (a) Urethral length and M.O.U.S.E scores are highly negatively correlated (R2 = 0.97), (b) Average dam score is negatively cor-
related with anogenital distance (R2 = 0.6189, P = 0.001, N = 12). N = 3 dams/treatment; Score 0 (n = 12 pups), Score 1 (n = 18 pups), Score 2 (n = 37 pups), 
and Score 3 (n = 5 pups). Error bars and error envelope represent 95% confidence intervals.
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table 1. Members of the public and graduate students can be 
quickly trained to score hypospadias severity

Occupation Trial
Time to 

complete
Precision 

(Pearson’s r)
Precision 
(P value)

Accuracy 
(R2)

Graduate 
student

Trial 1 34 min 0.700a 0.030a 0.841a

Trial 2 14 min 0.860 0.714 0.991

High school 
teacher

Trial 1 18 min 0.850 0.001a 0.929a

Trial 2 12 min 0.870 0.714 0.984

each trainee required two trials to successfully score hypospadias severity.
aIndicates where trainee violated criteria.
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water (Purina ISOCHOW St. Hager City, WI) for at least 7 d prior to 
experimentation.

Generating Variation in Hypospadias Severity
To generate differences in hypospadias severity, in the mouse, that 
phenocopies the variation seen in humans with hypospadias, we 
conducted a dose–response experiment fully replicated three times 
using vinclozolin (Sigma Aldrich, St. Louis, MO), a model antiandro-
genic endocrine disrupting pesticide. Vinclozolin and its metabolites 
are known to competitively inhibit testosterone from binding to the 
androgen receptor and has been used to consistently induce hypo-
spadias in previous studies (8,20,21). Acclimated nulliparous females 
were placed with male mice and checked every morning thereafter 
for vaginal plugs. Presence of a vaginal plug signified copulation 
occurred the previous night and that day at noon was considered GA 
0.5. Pregnant dams (N = 3/dose) were dosed on GA 13.5–16.5 with 0, 
100, 125, or 150 mg/kg of vinclozloin. Tocopherol stripped corn oil 
(Millipore, Billerica, MA) was used as a vehicle and for vehicle control 
(0 mg/kg dose). During dosing, females were housed with same treat-
ment dams or singly. To remove variation in developmental stage (age) 
caused by variation in day of birth (e.g., if parturition onset is affected 
by the treatments), females were humanly sacrificed on GA 18.5 and 
fetuses were removed. Sex was determined by examining the gonads 
(gonad morphology is not affected at the exposure time window-data 
not shown), and developmental stage of the embryo was verified by 
morphological evaluation (Theiler stage 26) (22). AGD was measured 
with a micrometer fitted on a Leica M80 stereoscope (Buffalo Grove, 
IL). Genitalia were removed, and photographed at 4× zoom with a 
Leica M165FC stereoscope (Buffalo Grove, IL) using the z-stack add-
on for Leica Application Suite software. Samples were then stored in 
10% neutral buffered formalin (Fisher Scientific, Waltham, MA) until 
later histological processing. At GA 18.5 the genitalia are clearly sexu-
ally dimorphic, and hypospadias (shortened urethra which opens 
more proximally than normal) is observable both visually and histo-
logically. To minimize the probability of misclassification of hypospa-
dias severity, samples need to be photographed in a standard position. 
Pictures should be clear, especially where the urethra exits, and focus 
should be on the ventral aspect of the penis (for a full description see 
the Supplementary Methods online).

Scoring Hypospadias Severity
When scoring, one observer, blind to treatment, scored all males in 
one attempt. All scoring was completed on photographs and not live 
or newly euthanized individuals. In practice, hypospadias severity is 
continuous and scores can technically lie between 1 and 2 or 2 and 3. 
In these situations, observers can use smaller score intervals (e.g., 1.5 
or 2.5). Or, observers can provide the score that is best suited (e.g., 
closest integer score), and samples can be scored multiple times to 
obtain an average score per individual across attempts, which will 
more accurately estimate the true hypospadias score (we used this lat-
ter approach).

Validating Scores
We validated the gross morphological scores of hypospadias sever-
ity by comparing them to histologically determined urethral lengths 
and AGD (an accepted biomarker of urogenital masculinization). 
Genitalia were dehydrated, infiltrated, and embedded vertically in 
paraffin wax, cross-sectioned at 10 μm, and stained with hematoxy-
lin and eosin. Each sample was sectioned entirely and data collected 
included the number of the section that contained the base of the 
penis, the urethral exit, and the tip of the penis (Figure 1a,b). The 
urethral length and total penis length were measured by counting 
sections from the base of the penis to exit of the urethra and the tip 
of the penis, respectively; then the total number of sections for each 
endpoint was multiplied by section thickness (10 µm). The base of the 
penis was defined as the first section not attached to perineal epider-
mis (Figure 1a). Urethral exit was the first section where the urethral 
epithelium opened to the environment, and adjacent epithelial walls 
were not touching (Figure 1b). The tip of the penis was identified as 
the last observable tissue on the slide.

Individuals are different sizes and thus have variable penis sizes, 
and the length of the urethra is dependent on penis size. To account 

for this correlation, urethral length was corrected for penis size. To 
obtain the relationship between urethral length and penis size, we 
used a generalized linear random effects model, with dam treated as a 
random effect. Using urethra to penis length ratio is not an appropri-
ate correction method due to the non-isometric relationship between 
penis size and urethral length at this developmental stage. To account 
for the allometry between urethral length (y) and penis size (x), we 
used a power law correction according to Equation 1 (23).

y/xa = k (Equation 1)

We used three approaches to validate our scoring system. First 
to insure that the scores we defined provided a fine enough scale to 
accurately classify individuals with different urethral lengths (the 
common marker for hypospadias) we visually compared the dose 
response generated from the M.O.U.S.E scores to the dose responses 
generated from the urethral lengths (µm) determined histologically 
(Figure 1c and Figure 3). This allowed us to determine if a similar 
dose–response relationship was obtained with each data set. Second, 
to insure that each of our defined scores captured discrete nonover-
lapping categories of urethral lengths, the histologically determined 
urethral lengths for individuals falling within each score severity cat-
egory were averaged and regressed against score (Figure 4a). Here, 
if M.O.U.S.E scores capture true histological differences in urethral 
length, then score and mean urethral length should be highly related 
(Figure 4a). Third, we compared the M.O.U.S.E scores and AGDs to 
ensure that the hypospadias severity scores we generated were nega-
tively associated. To test for a significant association between these 
measures, M.O.U.S.E scores and AGDs of male pups within each dam 
were averaged and regressed against one another.

Validation of Our Training Protocol
To determine if multiple people with diverse educational backgrounds 
could use the standardized scoring system, we trained two individu-
als with different technical qualifications to score hypospadias sever-
ity using M.O.U.S.E. One individual was a graduate student in our 
laboratory who had no experience working on genitalia and the other 
was a high school English teacher with no formal scientific train-
ing. Each trainee was taught to recognize morphological landmarks, 
and score with a subset of photographs of mouse genitalia from 
the dose response experiment for which we had histologically vali-
dated urethral lengths (see Supplementary Methods online (http://
thescholarship.ecu.edu/handle/10342/5650)). To assist research-
ers in learning how to follow the scoring protocol, we provide the 
detailed training guide, pictures, and corresponding histological data 
as Supplementary Methods online and Supplementary Figure S1 
online. Here, we detail the criteria used to evaluate whether a trainee 
is scoring properly and is ready to begin scoring experimental data.

After being trained, each scorer was provided with one set of 24 test 
pictures and asked to score each picture two times within the time 
span of 2 d. To be considered an adequate scorer, individuals had to 
show that their scores were both precise and accurate.

We determined precision in two ways. First, a Pearson’s correlation 
between the two scoring attempts (for each scorer separately) was run 
to determine if the scorer was consistent in the way they scored single 
samples. A Pearson’s correlation coefficient > 0.8 was considered the 
threshold correlation coefficient. The second measure of precision 
was a paired t-test where we asked if the difference in scores obtained 
deviated significantly from zero. This tested whether the scores from 
the first and second scoring attempts were significantly different from 
one another and ruled out any potential positive or negative bias that 
cannot be detected in a Pearson’s correlation (scores might be cor-
related but not the same). When the Pearson’s correlation coefficient 
was > 0.8, and difference in the two scores did not significantly differ 
from zero the scoring was considered precise. If the individual showed 
acceptable internal consistency (precision) between scores, then we 
evaluated accuracy. If scores did not meet these criteria, scorers were 
retrained and provided with a second (different) set of test pictures.

Accuracy was evaluated by comparing the second (or last data set 
of) hypospadias scores, which is assumed to be the most accurate, to 
the histologically determined urethral length (µm). If urethral length 
significantly negatively correlated with the observer M.O.U.S.E. score 
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(threshold R2 = 0.95 for averaged values) the trainee was deemed a 
trained precise and accurate hypospadias scorer. If the individual failed 
any of the precision or accuracy checkpoints they were retrained and 
asked to rescore a new set of 24 pictures, and undergo the process again. 
The trainee alternated between sets of randomly selected training pic-
tures until they passed all the checkpoints (photographs, protocols, and 
histology data are provided in the Supplemental Methods online).

Statistical Analysis
All data were analyzed using R statistical programming environment 
v. 3.1.2. Statistics used for scoring validation and within the training 
protocol are detailed above. Generalized linear mixed effects models 
(GLMM) from the lme4 R package (24) were used to analyze male 
and female urethral lengths as well as the dose effect on urethral 
length and hypospadias severity score in males. Dam was treated as 
a random effect. Stepwise likelihood ratio tests were used to evalu-
ate the importance of parameter inclusion into the model. The effects 
package was used to extract the fitted values and confidence intervals 
from the GLMM (25).

SUPPLEMENTARY MATERIAL
Supplementary material is linked to the online version of the paper at http://
www.nature.com/pr
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