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The multistage model of carcinogenesis predicts cancer risk will increase
with tissue size, since more cells provide more targets for oncogenic somatic
mutation. However, this increase is not seen among mammal species of
different sizes (Peto’s paradox), a paradox argued to be due to larger species
evolving added cancer suppression. If this explanation is correct, the cell
number effect is still expected within species. Consistent with this, the
hazard ratio for overall cancer risk per 10 cm increase in human height
(HR;p) is about 1.1, indicating a 10% increase in cancer risk per 10 cm; how-
ever, an alternative explanation invokes an indirect effect of height, with
factors that increase cancer risk independently increasing adult height. The
data from four large-scale surveillance projects on 23 cancer categories
were tested against quantitative predictions of the cell-number hypothesis,
predictions that were accurately supported. For overall cancer risk the
HR;( predicted versus observed was 1.13 versus 1.12 for women and 1.11
versus 1.09 for men, suggesting that cell number variation provides a null
hypothesis for assessing height effects. Melanoma showed an unexpectedly
strong relationship to height, indicating an additional effect, perhaps due to
an increasing cell division rate mediated through increasing IGF-I with
height. Similarly, only about one-third of the higher incidence of non-
reproductive cancers in men versus women can be explained by cell number.
The cancer risks of obesity are not correlated with effects of height, consistent
with different primary causation. The direct effect of height on cancer risk
suggests caution in identifying height-related SNPs as cancer causing.

1. Introduction

Humans and mice have approximately the same aged-corrected incidence of
cancer [1]. However, based on the multistage model of carcinogenesis, in
which cancer originates via the progressive loss of genetic regulation within
cells due to the accumulation of a cancer-specific set of mutations (figure 1),
this observation raises a logical problem first clearly articulated by Peto [2].
He noted that, if all else is equal, large long-lived animals should experience
a massively higher incidence of cancer than small short-lived ones because
increasing the number of cells (size) and increasing the number of times they
divide (longevity) increase the likelihood of least one cell accumulating the
mutations that initiate cancer. However, there is no such strong tendency of
large long-lived mammals to be more cancer prone [3], although the effect
may be weaker in birds [4]. This lack of fit of the data to expectation is called
Peto’s paradox [5]; however, the paradox is resolved if species subject to selec-
tion for larger body size and/or greater longevity evolve additional layers of
cancer suppression [5,6]. For example, compared with mice, human fibroblasts
require more mutational events to become transformed [7], large and long-lived
rodents have additional, and in some cases unique, anti-cancer mechanisms [8],
and it has been proposed that retrogene copies of TP53 reduce cancer incidence
in elephants [3].

As a result, the combination of the multistage model with this adaptive
evolution leads to the prediction (1) that larger individuals within a species

© 2018 The Author(s) Published by the Royal Society. Al rights reserved.
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Figure 1. The multistage model of carcinogenesis. In the simplest form of the multistage model, cancer originates following the accumulation in a single cell of a
cancer-specific set of driver mutations. These mutations may be a mix of DNA mutations, epigenetic reprogramming and/or chromosomal alterations. The probability
of cancer depends upon the number of dividing cells, the number of divisions that each cell lineage undergoes, the somatic mutation rate, and the number of driver

mutations required.

will be more prone to cancer due to their greater cell number,
but (2) that larger species will generally have no such ten-
dency due to their evolutionarily enhanced levels of cancer
suppression. This evolutionary resolution of Peto’s paradox
(prediction 2) is expected only if the underlying assumption
of the multistage model (prediction 1) is correct (i.e. that
more cells and greater longevity indeed result in more
somatic mutation). Consistent with the longevity effect, we
know that, for most cancers, risk increases dramatically
with age, but what about the effect of more cells? Within a
species there are two sources of cell number variation that
can be examined: body size variation among individuals;
and tissue size variation within individuals.

Recently, there has been an extensive discussion in the
literature about the correlation between tissue-specific cancer
risk and estimates of the total lifetime stem cell divisions
(Iscd) within those tissues (e.g. [9,10]). Since Iscd is the product
of stem cell number and lifetime divisions per cell, these two
components can be separated, and a significant effect of stem
cell number can be identified [11], suggesting that tissues
with more stem cells have a higher risk of cancer. However,
this association is confounded by important tissue-specific
differences in the number and nature of driver mutations
required to induce different cancers [11-13], and an earlier
study showed no association with overall cell number across
organs, using the proxy of organ weight [14]. Tissue differences
in cancer suppression are expected because large and/or
rapidly dividing tissues are predicted to evolve enhanced
cancer suppression for the same reason that enhanced cancer
suppression is expected to evolve in large and/or long-lived
species (i.e. to reduce the loss of Darwinian fitness due to
cancer [5]). To minimize this expected variation among tissues,
Noble et al. [11] grouped anatomically similar tissues and
found that within them the correlation with Iscd was consistent
with the multistage model, a result that provides the best
evidence to date of a cell number effect.

The confounding issue of tissue-specific differences can
be avoided by comparing the same tissue in individuals of
differing size, since, in mammals, changes in body size are

generally due to differences in cell number; only slowly
dividing cells such as neurons appear to respond by chan-
ging their volume [15]. Thus larger individuals are expected
to have a higher overall cancer risk. While we can expect
natural selection to favour added cancer suppression mech-
anisms in large relative to small species, there is no
expectation of enhanced cancer suppression in large relative
to small individuals within a single species. The members
of a single species share the same gene pool, and hence
share the same average level of cancer suppression.
Exceptions could arise only (a) if the gene pool was
geographically sub-divided, leading to local adaptive
changes in size and hence potentially to the level of cancer
suppression, and (b) if some alleles increasing size within a
species had a pleiotropic effect of reducing cancer risk.
Based on current data such pleiotropy seems unlikely,
especially given that the best documented example of an
apparent pleiotropic effect on height and cancer risk (Laron
syndrome, discussed below), has the opposite effect of
reducing the cancer risk of small individuals [16,17].

Albanes and colleagues proposed 30 years ago that there
was a link between human height and the incidence of cancer
[18-20]. However, humans do not vary greatly in height, and
many other factors can influence cancer risk, so it needed large
datasets to effectively test both the overall height—cancer
relationship and the effect of height on specific cancers.
Furthermore, until fairly recently, analyses of the effect of
human body size on cancer risk generally focused on the
risks resulting from obesity (see [21]), rather than on the
potential effect of height. However, large datasets now
exist from studies tracking hundreds of thousands of individ-
uals and they have provided overwhelming evidence that
height is a risk factor for most cancers [22-25]. This con-
clusion is supported in another species, the domestic dog,
where different breeds vary enormously in their typical
weight (greater than 25-fold) and cancer risk increases with
breed size [26,27].

Many factors, genetic and environmental, affect human
height and hence increase cell number, but under the
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“direct effect’” hypothesis derived from the multistage model,
the effector remains cell number. An alternative possibility is
that the association is indirect, where height, as a proxy for
cell number, is not causal. For example, it has been suggested
that the height/cancer association arises from factors acting
early in life that affect both height and cancer risk separately,
such as nutrition, health or social conditions early in life
[19,28,29]. It is often proposed that these factors act by deter-
mining the levels of growth-determining hormones such as
IGF-I levels, and that these hormones, acting early in life,
are the causal agents [23,28]. It has also been proposed that
chronic exposure to high levels of insulin and IGF-I through-
out life is the causal factor driving the links between cancer
and both height and obesity [30]. Note that, while early-life
levels of growth-determining hormones affect height, under
the indirect-effect hypothesis these factors are assumed to
cause an increase in cancer risk via some other route
unrelated to height.

Publications noting the effect of height on the incidence of
cancer generally discuss both the direct and indirect hypo-
theses; however, the question of how these hypotheses can
be distinguished has been left unanswered. The goal of the
present work is to provide the first test of these alternatives
by comparing the best available data to predictions of the
direct-effect hypothesis, predictions derived from a model of
multistage carcinogenesis. The expectation is that the increase
in cancer risk with height will be predictable from the allo-
metric relationship between cell number and height. In
contrast, most of the indirect-effect hypotheses are not
model based and hence do not make specific a priori quantitat-
ive predictions. One exception is the hypothesis that taller
individuals experience a higher rate of cell division, which
in turn leads to a higher risk of cancer [22]. There is evidence
of height-related differences in the level of the mitogenic hor-
mone IGF-I [31-33], and an increased rate of cell division with
height has some direct support [34]. Given the link between
cell division and somatic mutation [18], the magnitude of
any effect can be predicted from the multistage model.

The direct-effect hypothesis makes two important predic-
tions that can be quantified using an appropriate model of
multistage carcinogenesis. First, the model predicts a specific
rate of increase in overall cancer risk with height. Second, it pre-
dicts that the magnitude of effect of height on cancer risk
should be general across all or nearly all cancers, since an
increase in height typically results in an increase in the size of
organs (as measured by weight) [35]. Although some tissue-
specific variation in the effect of height on specific cancers is
expected depending on how the cell number in the at-risk
tissue scales with height, the pattern seen in specific cancers
should, in general, mirror the predicted overall effect. If the
height effects on specific cancers do fit closely to the predictions
of the direct-effect hypothesis then it can be concluded that
changes in cell number account for most, if not all, of the
effect of height on cancer risk. Moreover, it would provide
further validation of the multistage model of carcinogenesis.

2. Material and methods

To test the predictions of the direct-effect hypothesis, data from
large-scale surveillance projects were required to test the
observed effect of height on cancer risk across multiple cancers
against predictions derived from a general model of multistage

carcinogenesis. The criteria used to select studies were (1) at
least 10 000 total cancer cases in each sex tracked; and (2) a rig-
orous estimation of the effect of height on multiple types of
cancer using a Cox proportional-hazards regression model
that factored out any association between age and height,
plus other appropriate variables. The resulting relationship
between height and cancer risk is usually expressed as the
hazard ratio (defined as the change in the instantaneous prob-
ability of cancer occurring at some age due to a difference in
height), measured per 10 cm increase in height (HR;o) [23] or
per 5 cm [24,25], or as the relative risk (the change in the prob-
ability of experiencing cancer by some age due to a difference
in height), again usually standardized for a 10 cm increase in
height (RRjp) [22]. In the case of cancer occurrence, typically
a rare event, HRyy is equal to the relative risk (RRjg), as
shown below.

For each cancer category recorded in at least two of the studies
for a given sex, a weighted geometric mean of the change in HR;,
HRj5 (transformed to HR;g) or RR;y was calculated, with values
inversely weighted by the sample variance, so that the variance
of the pooled mean is the sum of the sample weights.

(a) Modelling multistage carcinogenesis

The concept of multistage carcinogenesis (figure 1) was intro-
duced by Nordling [36], who used the fit of data on the age-
specific incidence of cancer deaths to a simple mutational
model to suggest that most cancers resulted from the accumu-
lation of seven mutations. However, more than 20 years later,
the incidence of retinoblastoma was shown to fit a ‘two-hit’
model [37], indicating that the number of mutational hits (M)
was variable. This two-hit model included an explicit link
between the incidence of retinoblastoma and three parameters:
the number of at-risk cells, the number of cell divisions that
they underwent and the somatic mutation rate. The model
(which applied to a growing tissue) was later generalized to
allow an arbitrary number of mutational hits in either growing
or non-growing tissue [5]. For a non-growing tissue, the
probability of a specific cancer (p) over a lifetime of length T
is determined by the accumulation in a single cell of the M
somatic driver mutations required to initiate the cancer
(figure 1). This depends upon the number of dividing cells
(C), the rate of division (k) and the somatic mutation rate per
cell division (1), so that the lifetime number of divisions per
cell is defined by K = kT (i.e. product of the rate of cell division
and time). In its most general form, the model defines the
cancer risk as

M C
p=1-|1-]]{1l - exp(—Q1+DyuK)}| . (2.1)

i=1

Equation (2.1) incorporates the possibility that each of the
M driver mutations may differ in its somatic mutation rate (u;),
and whether or not the associated genetic change is recessive
(D; =0, a classic tumour suppressor) or dominant (D;=1, a
protooncogene) [5].

Assuming the incidence of the cancer is relatively low (i.e.
small p), equation (2.1) can be usefully (and very accurately)
approximated by

M
p~ CEDM ] @%u). (2.2)
i=1

This form allows us to investigate how the incidence of
cancer is altered as we change parameters, such as C, the
number of at-risk cells in a given tissue, and k, the rate at
which those cells divide [5].

To further understand the model in terms of some recent lit-
erature that has focused on lifetime cell divisions Iscd [9,10], it is
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useful to simplify equation (2.2) and assume that cancer suppres-
sion is controlled by a set of M/2 autosomal tumour suppressor
genes (requiring M driver mutations to inactivate them all), each
with the same risk of mutational failure (1) per copy. If it is
assumed that the cells at-risk for initiating cancer are the stem
cells then

p = C(Ku)M = (Iscd)kM 1M, (2.3)

where Iscd = KC = kTC. This form makes it clear that while the
risk of accumulating a specific set of M mutations in a single
cell lineage doubles if we double the cell number C, it more
than doubles (by 2M) if we double the number of lifetime div-
isions (K). Because M is known to vary among tissues, Iscd is
not a reliable metric for predicting cancer risk unless differences
among tissues are taken into account [11-13].

As noted above, the effect of height on cancer risk can be
expressed in two ways: as a relative risk (RR) or as a hazard
ratio (HR). These two measures, although closely related are gen-
erally slightly different; however, in the case of rare events they
converge. This can be shown by differentiating equation (2.2)
with respect to time to get the rate of cancer incidence:

dp

M
T MCMTY T T @Pws). (2.4)
i=1

Equation (2.2), the probability of cancer by time T, and
equation (2.4), the instantaneous probability of cancer at time
T, show that for two individuals differing in height the equations
are identical except for their value of C. This leads to a simple
relationship that defines both RR (equation (2.2)) and HR
(equation (2.4)), assuming that height affects cell number but
not the rate of cell division:

_ _ Ctall _ I’l+y/2 b
RRy - HRy - Cshort B |:h - y/z ’ (25)

where it is assumed that the two individuals differ by y units of
height around their mean height of 1, and the exponent b defines
the allometric relationship between height and cell number [27].
However, if the rate of cell division also varies with height, then
comparing a tall and short individual, we have, from both
equations (2.2) and (2.4),

Can ( kean \™_ [1+y/2]" [Knsy)2 Y
RR, = HR, = —aL () _ e I 26
v v (kshort) |:h -y/ 2:| {khy/z} (26)

where kj, is the division rate at height h. Equation (2.6) shows
that any effect of division rate is amplified by the exponent
M, the number of driver mutations required to initiate a given
cancer. Given that large, rapidly dividing tissues are the most
susceptible to somatic mutation and hence are predicted to
have the largest M [5], these are the tissues most likely to
show the effects of any subtle increase in cell division rate
with height.

(b) Scaling height to cell number

The relationship between height and overall body mass is gener-
ally calculated using the body mass index (BMI), where b =2,
although scaling based on fat-free mass (considered here as a
proxy for cell number) may be somewhat less in men, with esti-
mates of b=1.86+ 0.10 for men, and 2.05 + 0.09 for women
[38]. The allometric scaling of different organs with height
varies, and although estimates are complicated by the covaria-
tion of height and weight, they appear to range from roughly
linear (b =1) (e.g. brain) to volumetric (b = 3) (e.g. spleen) (see
[39]). The effect of these allometric differences is not large,
given the relatively narrow range of human height, so that b =
2 remains a good initial approximation.

3. Results

(a) More cells, more cancer: a quantitative test of the

direct-effect hypothesis on overall cancer risk
Equation (2.5) can be used to predict the relationship between
height and cancer risk expected under the direct-effect
hypothesis that cell number is causal. Assuming, from [38],
average heights of 162cm (64 inches) for women and
175cm (69 inches) for men, with sex-specific allometric
values (b) of 2.05 (women) and 1.86 (men), then the expected
change in hazard for a 10 cm change in height, measured as a
5 cm shift above and below the mean, is 13% for women and
12% for men, i.e. HRjg = 1.13 (women) or 1.11 (men). These
values define the model-based prediction of the effect of
height on cancer risk based on changes in cell number.

To test these predictions against human data, four large-
scale studies of women [22-25], and three studies of men
[23-25] satisfied the criteria defined above. In estimating
the effect of height, all four studies incorporated the potential
confounding effects of age, BMI, and smoking, and, where
relevant, menopausal status.

The mean estimate of HR for overall cancer risk in these
studies was 12% for women and 9% for men (figure 2; elec-
tronic supplementary material, table S1). A similar value of
10% for men was obtained by Green et al. [22] in their
meta-analysis, a value that holds after excluding the Sung
et al. [25] data to make it independent of the estimate in elec-
tronic supplementary material, table S1. Thus, there is a very
close fit between observation (12% women; 9% men) and
expectation (13% women; 11% men) for the increase in overall
cancer risk with height, based solely on the assumption that
height increases cell number.

(b) The effect of height across different cancer types
Under the direct cell-number hypothesis, the increase in over-
all cancer with height reflects an increase in cancer risk across
all cancers. Combining data across the four large-scale cancer
surveillance studies [22-25] gave results for 23 different
cancer categories (including lung cancer separated by
smoker/never-smoker) that were documented in at least
two of the studies (electronic supplementary material, table
S1). Of the 23 categories, when separated by sex, 64% of
HRyo values in women (14/22) and 68% of HR;g in men
(13/19) were significantly greater than one, indicating an
increase in cancer risk with height (figure 2). Combined
across both sexes, the figure increases to 78%, with significant
effects in 14/18 cancers occurring in both sexes, plus 4/5 sex-
specific ones (electronic supplementary material, table S1).
No cancers had HR;y values significantly less than one
(figure 2).

As noted earlier, the allometry of organ size to height can
deviate slightly from b ~ 2, within about 1 < b < 3 [39]. From
equation (2.5), this range predicts 1.06 < HR;y < 1.19 for men
and 1.06 < HR;p < 1.20 for women. These upper limits are
only significantly exceeded by two cancer types: thyroid
cancer and melanoma in women (figure 2). Combined
across the two sexes, melanoma is the only cancer to signifi-
cantly exceed the upper threshold (electronic supplementary
material, table S1).

The finding of high HR;y for melanoma is of particular
interest because of the largely two-dimensional nature of
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Figure 2. A comparison of the observed and predicted effect of height on the risk of specific cancers: the observed hazard ratio (HR;o) and 95% confidence interval
linking a 10 cm increase in height to the increased risk of specific cancers, showing only cancers included in at least two of the target studies (for women [22-25];
for men [23-25]). The vertical lines illustrate: no effect of height (HR;o = 1.00; solid line); the average HR;, predicted from the multistage model based on the
allometry of human height to overall body mass, which is used as a proxy for cell number (dashed line); and (3) the predicted effect based on the expected
extremes of organ cell number allometry to height: linear, b = 1 (lower dotted line); and volumetric, b = 3 (upper dotted line). For data sources, see electronic

supplementary material, table S1.

the skin, with the surface area of the body generally con-
sidered to scale at approximately b = 1.5 (see [40], assuming
the BMI relationship of b=2 linking height and body
weight). This value leads to an expected HRjy of 1.09, a
value that is significantly exceeded by both male and
female melanoma estimates in figure 2. It is also exceeded
by the non-melanoma estimates in both sexes from the

Me-Can study (1.25 women, 1.21 men) [24], and the pooled
melanoma/non-melanoma skin cancer estimate from the
Korean study (also 1.25 women, 1.21 men) [25], estimates
that were not included in figure 2. Thus, based on the avail-
able data, skin cancer appears to show a consistent
relationship to height that is too strong to be adequately
described by the cell-number hypothesis in its simplest form.
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Thyroid cancer also exhibits an unusually high HR;q
suggesting that it may fall into this same category; however,
the results were highly variable. The Korean data showed a
very strong effect (HRyo of 1.54 in women and 1.35 in men)
[25] not apparent in the two other studies with data: HR;g
of 1.03 in women and 1.10 in men [23], and HRg of 1.28 in
women and 0.96 in men [24].

The observation that the Korean data showed a high HR;
for thyroid cancer relative to the other studies suggested
looking at the data for other notable geographical differences.
The four studies used populations from the UK [22], the US
[23], Norway, Sweden and Austria [24], and Korea [25],
and examining all of the pairwise differences in HRy for sig-
nificant differences (corrected for multiple testing) revealed
four such cases involving two types of cancer in women
(out of a total of 94 comparisons) and one case in men (out
of 42 comparisons) (electronic supplementary material,
table S2). One of the female cases involved the high HR;,
measured in the Korean data for thyroid cancer (relative to
the US). The remaining three cases in women were due to
the low (but significant) estimated increase in breast cancer
with height (=1.09) in the US relative to the higher estimates
in the other three populations (UK 1.17, Norway, Sweden and
Austria 1.23, Korea 1.39). The single male example of hetero-
geneity was for prostate cancer where a small effect of height
in the US (=1.02) was significantly less than the estimate from
the Norway, Sweden and Austria data (=1.10), and less
than the Korean estimate of 1.17, but not significantly so.
Overall the geographical heterogeneity between the HRjg
estimates among the populations was very limited.

() Melanoma, cell division and height

Data for the majority of cancers are consistent with the direct-
effect hypothesis that the effect of height on cancer risk is due
to increased cell number. However, the data for melanoma,
and perhaps for skin cancer in general, show a relationship
to height that is too strong to be explained solely by cell
number changes. A second factor that could also contribute
to the height effect is the rate of cell division during regular
tissue renewal in adults [22]. The magnitude of this effect
can be quantified using equation (2.6). Assuming that for
melanoma b=15, giving HR;p=1.09 based on cell
number, then if M (the number of driver mutations) is in
the range of 4-6 (estimated at M = 4, with other epithelial
cancers M =5-7 [13]) the increase in division rate for a
10 cm increase in height would only have to be 2-3% to
reach the observed HRjy of 1.24 (electronic supplementary
material, table S1). If b or M is larger, then the required
increase in division rate is even less.

The level of circulating IGF-I (a mitogen) in adults is posi-
tively correlated with their height [31-33]. While IGF-I has
been implicated in the indirect-effect hypothesis due to its mul-
tiple roles in early development, it is possible that the IGF-I
level in adults has a direct effect on cancer risk via an increase
in the rate of cell division. For example, a significant correlation
has been found between IGF-I levels and the proliferation rate
of colon epithelial cells in vivo [34], and of both adult fibroblasts
[41] and epidermal keratinocytes [42] in culture.

This association may be responsible of the low cancer
rates observed in individuals with growth hormone receptor
deficiency (GHRD) mutations resulting in Laron syndrome.
They have an IGF-I deficiency and much reduced stature,

typified by a mean adult height of about 118 cm (women) [ 6 |

or 124 cm (men) [43]. Based on equation (2.5), these heights
would predict about a 50% reduction in cancer risk relative
to individuals of average stature. The results of two indepen-
dent studies suggest that such individuals have a reduction in
cancer risk greater than 50% [16,17], consistent with unu-
sually low adult cell division rates reducing the cancer rate
below that expected based purely on their stature.

(d) Sex differences in cancer risk

It has long been recognized that men have a higher overall
risk of cancer than women [44]. After excluding sex-related
cancers, men suffer a roughly 35-55% higher overall risk of
cancer (see [45]). While environmental differences may play
a role in some of the male excess risk, such differences are
not sufficient to account for this consistent pattern [46].

The link between cancer risk and height within each sex
suggests that this effect may cause at least part of the sex
difference in cancer incidence [44,46]. Using equation (2.5),
the expected sex difference based only on a cell number
effect is 17% (i.e. HR;o = 1.17), assuming a sex difference in
height of 13 cm (175 ecm versus 162 cm) and using the BMI
exponent (b = 2). This value of 17% is in very close agreement
with a statistical estimate of 19% for the effect of height on the
sex differences in overall cancer risk [45], suggesting that (a)
the sex difference in height, while contributing substantially
to the sex difference in cancer risk, fails to account for the
majority of the effect, and (b) the effect of height on the sex
difference in overall cancer risk can be entirely explained by
a cell number difference.

Domestic dogs also show higher rates of cancer in males. A
73% higher rate in males, averaged across the five most common
cancer types (excluding mammary gland cancer), was found in
non-neutered animals [47]. The average sexual dimorphism
across breeds is similar to that seen in humans, ranging from
an average of about 1.04 in small dogs to 1.08 in large dogs
for shoulder height [48], so as in the case of humans, cell
number changes cannot account for most of the effect.

(e) Genetics, height and cancer risk

The height variation typically observed in human populations
has a large genetic component, raising the possibility of height
variation appearing as cancer-causing variation. While the
effect per height locus is generally expected to be small, cau-
tion is needed in interpreting the results of ever larger (and
hence more powerful) genome-wide association studies
(GWAS). Recent genetic analyses have indeed identified loci
associated with height variation that link to testicular germ-
cell tumour [49], breast cancer [50], post-menopausal breast
cancer and colorectal cancer [51], and prostate cancer [52].
Adherence to the indirect-effect hypothesis suggests that
these height effect loci are having a pleiotropic effect on
cancer risk; however, the direct-effect hypothesis, which is
strongly supported by the present analysis, leads to the expec-
tation that genetic height variation affects cancer risk only
through its effect on height, and as such provides little or no
new insight into cancer risk.

(f) Body mass index and height
A recent assessment [21] of the link between obesity, as
measured by BMI, and cancer risk observed that obesity is
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associated with many metabolic and endocrine changes, and
that the strongest evidence implicates sex hormone metab-
olism and chronic inflammation in obesity related cancer.
Given the hypothesis that the effect of height on cancer is pri-
marily mediated via cell number, then the effects of obesity
and height should be uncorrelated. In contrast, the indirect-
effect hypothesis implicating chronic exposure to insulin
and IGF-I predicts that the two effects would be correlated
[30]. Excluding the subdivided data for breast cancer in
women and for oesophageal and lung cancers (where there
are no directly comparable estimates), there is no correlation
evident in women (r = —0.024, d.f. = 16, p = 0.92 ns) or men
(r=10.328, d.f.=14, p=10.21ns) (electronic supplementary
material, figure S1).

4. Discussion

In the first quantitative test of the direct-effect hypothesis in
which human height is viewed as a proxy for cell number, it
has been shown that data from four large-scale cancer surveil-
lance projects [13,14,16,17] linking height with cancer risk
generally match very closely to expectation. This predicted
effect of height due only to changes in cell number versus
the observed HR;, values for overall cancer risk was 1.13
versus 1.12 for women and 1.11 versus 1.09 for men, and, com-
bined across the sexes, a significant height effect was found for
18/23 cancer categories examined. This result has important
consequences. First, it provides further validation of the
model of multistage carcinogenesis which is founded on the
assumption that more cells will lead to an increased cancer
risk. As such, it reinforces the view that the absence of a
body size/cancer risk among species [3] requires an adaptive
explanation (i.e. that cancer suppression is an evolving trait
[5,6]). Second, it provides an important null hypothesis for
understanding the height—cancer risk associations observed
across different cancers in humans, since both a stronger and
a weaker than expected dependence of cancer risk on height
suggest that additional factors may be acting. For example, 2
of the 18 cancers occurring in both sexes (and none of the
five sex-specific cancers) had HR;, estimates (combined
across the sexes) above the upper bound of the expected
range (approx. 1.19): thyroid cancer (1.26) and melanoma
(1.24) (electronic supplementary material, table S1).

One possible explanation of an enhanced effect of height
on cancer risk is an increased cell division rate in tall individ-
uals [22], possibly stemming from the relationship between
adult IGF-I levels and height. Consistent with this proposal
is the observation noted above that the very low cancer rate
in individuals with Laron syndrome (who have an IGF-I
deficiency and short stature) may be due to the effects of
both reduced cell number and a reduced rate of cell division.
Any link between cell division rate and cancer is expected to
be most apparent in tissues that have the highest values of M
(the number of driver mutations; see equation (2.6)), since M
acts to amplify effect of a change in cell division rate. A high
M is expected in tissues that are large and divide continu-
ously throughout life, such as the skin, since as a result
they have a high lifetime risk of somatic mutation [5,6]. It
was shown that a 2% increase in the cell division rate per
10 cm gain in height (mediated through an increase in IGF-I)
could probably account for the excess risk of melanoma.
Unlike the cell number effect, which is not amenable to any

therapeutic control since cell number cannot be changed, if
high adult levels of IGF-I are indeed implicated in some of
the increased cancer risk (due to increased cell division),
then in extreme cases it may be possible to therapeutically
ameliorate the effect.

This cell division rate explanation seems unlikely to apply
to thyroid cancer, which exhibited high variability in HR;,
among the studies, with very high values found only in the
Korean study [14]. Given this geographical variability, and
the high mean HR;, the strong height effect warrants further
investigation, especially since thyroid cancer is close to three
times as common in women as in men (see [46]). Notwith-
standing the variability in thyroid cancer rates, the values
of HRyy were generally consistent across the different geo-
graphical populations tracked in the studies examined (4 in
women, 3 in men).

The sex difference in overall cancer rate was also shown to
be greater than expected based on cell number differences.
This effect can only account for about one-third of the
increased male cancer risk, in agreement with a previous
independent statistical estimate [45].

It is also important to understand why a few cancers
showed no apparent relationship to height. Of the 18 cancers
scored in both sexes, only four showed no significant increase
with height in either sexes (pancreas, oesophagus, stomach
and mouth/pharynx; figure 2) and showed no significant
increase in the combined two-sex estimate, and of five sex-
specific cancers, one showed no significant increase (cervix)
(electronic supplementary material, table S1). It is possible
that in these tissues cell numbers do not scale with body
size, but this seems unlikely. Another possibility is that the
underlying pattern may be masked by significant asso-
ciations of these cancers with environmental factors, a
possibility previously suggested by Albanes [53] to account
for the apparent absence of a height effect in organs affected
by smoking. Indeed, the lung cancer HR;, in individuals who
smoked is significantly less (in the two-sex estimate) than the
association seen in never-smokers (electronic supplementary
material, table S1). It is notable that the risk of cervical
cancer is strongly increased by HPV infection [54], and a
range of environmental factors are known to influence the
risk of gastric cancers (see [55]). The potential role of infec-
tion, especially early in life, in reducing the height—cancer
link may also be important in this context. For example,
exposure to Helicobacter pylori early in life is associated with
poor childhood growth, and this effect could contribute to
the absence of a positive height link to gastric cancer [28].
However, for the present, the question of why some cancers
are exceptional in showing no apparent relationship to
height must remain an open one.

Breast size is not usually considered a risk factor for
breast cancer; however, in contrast, breast cancer is signifi-
cantly associated with height (HR;o = 1.15). However, there
is now substantial evidence that increasing breast size does
increase risk (see [56]), especially when the baseline
measurement is made in young, relatively lean women [57].

The indirect hypothesis is often based on the assumption
that height is a proxy for early life events [19,28,29], leading
to an emphasis on the importance of childhood nutrition,
psychosocial stress and illness. While the indirect hypothesis
may be relevant in some situations, the close fit of data to
expectations derived from changes in cell number using a
model of multistage carcinogenesis indicates that the
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increased cancer risk associated with height is due primarily
to an increase in cell number. This direct effect of cell number
on the risk of oncogenic somatic mutations should be seen as
the ‘null’ against which data should be compared before
invoking additional factors beyond height itself. One possible
secondary effect implicated in the case of melanoma is an
increased rate of cell division during adult life, an effect
that under the multistage model is, like increased cell

References

Rangarajan A, Weinberg RA. 2003 Comparative
biology of mouse versus human cells: modeling
human cancer in mice. Nat. Rev. Cancer 3,
952-959. (doi:10.1038/nrc1235)

Peto R. 1977 Epidemiology, multistage models, and
short-term mutagenicity tests. In The origins

of human cancer, vol. 4 (eds HH Hiatt, JD Watson,
JA Winsten), pp. 1403—1428. New York, NY:

Cold Spring Harbor Laboratory Press.

Abegglen LM et al. 2015 Potential mechanisms for
cancer resistance in elephants and comparative
cellular response to DNA damage in humans. JAMA
314, 1850-1860. (doi:10.1001/jama.2015.13134)
Meller AP, Erritzge J, Soler JJ. 2017 Life history,
immunity, Peto’s paradox and tumours in birds.

J. Evol. Biol. 30, 960—967. (doi:10.1111/jeb.13060)
Nunney L. 1999 Lineage selection and the evolution
of multistage carcinogenesis. Proc. R. Soc. Lond. B
266, 493—498. (doi:10.1098/rspb.1999.0664)
Nunney L. 2003 The population genetics of
multistage carcinogenesis. Proc. R. Soc. Lond. B 270,
1183—-1191. (doi:10.1098/rspb.2003.2351)
Rangarajan A, Hong SJ, Gifford A, Weinberg RA.
2004 Species- and cell type-specific requirements
for cellular transformation. Cancer Cell 6, 171-183.
(doi:10.1016/j.ccr.2004.07.009)

Gorbunova V, Seluanov A, Zhang Z, Gladyshev VN,
Vijg J. 2014 Comparative genetics of longevity and
cancer: insights from long-lived rodents. Nat. Rev.
Genet. 15, 531—540. (doi:10.1038/nrg3728)
Tomasetti C, Vogelstein B. 2015 Variation in cancer
risk among tissues can be explained by the number
of stem cell divisions. Science 347, 78—81. (doi:10.
1126/science.1260825)

Wu S, Powers S, Zhu W, Hannun YA. 2016
Substantial contribution of extrinsic risk factors to
cancer development. Nature 529, 43—47. (doi:10.
1038/nature16166)

Noble R, Kaltz 0, Hochberg ME. 2015 Peto’s paradox
and human cancers. Phil. Trans. R. Soc. B 370,
20150104. (doi:10.1098/rsth.2015.0104)

Noble R, Kaltz O, Nunney L, Hochberg ME. 2016
Overestimating the role of environment in cancers.
Cancer Prev. Res. 9, 773—776. (doi:10.1158/1940-
6207.CAPR-16-0126)

Nunney L, Muir B. 2015 Peto’s paradox and the
hallmarks of cancer: constructing an evolutionary
framework for understanding the incidence of
cancer. Phil. Trans. R. Soc. B 370, 20150161.
(doi:10.1098/rsth.2015.0161)

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

mutations.

Silva AS, Wood SH, van Dam S, Berres S, McArdle A,
de Magalhaes JP. 2011 Gathering insights on
disease etiology from gene expression profiles of
healthy tissues. Bioinformatics 27, 3300—3305.
(doi:10.1093/bioinformatics/btr559)

Savage VM, Allen AP, Brown JH, Gillooly JF, Herman
AB, Woodruff WH, West GB. 2007 Scaling of
number, size, and metabolic rate of cells with body
size in mammals. Proc. Natl. Acad. Sci. USA 104,
4718—-4723. (doi:10.1073_pnas.0611235104)
Guevara-Aguirre J et al. 2011 Growth hormone
receptor deficiency is associated with a major
reduction in pro-aging signaling, cancer, and
diabetes in humans. Sci. Transl. Med. 3, 70ra13.
(doi:10.1126/scitransimed.3001845)

Steuerman R, Shivah O, Laron Z. 2011 Congenital
IGF-I deficiency tends to confer protection against
postnatal development of malignancies.

Eur. J. Endocrinol. 164, 485—489. (doi:10.1530/EJE-
10-0859)

Albanes D, Winick M. 1988 Are cell number and cell
proliferation risk factors for cancer? J. Natl. Cancer
Inst. 80, 772—775. (doi:10.1093/jnci/80.10.772)
Albanes D, Jones DY, Schatzkin A, Micozzi MS, Taylor
PR. 1988 Adult stature and risk of cancer. Cancer
Res. 48, 1658 —1662.

Albanes D, Taylor PR. 1990 International differences
in body height and weight and their relationship to
cancer incidence. Nutr Cancer 14, 69—77. (doi:10.
1080/01635589009514078)

Lauby-Secretan B, Scoccianti C, Loomis D, Grosse Y,
Bianchini F, Straif K. 2016 Body fatness and
cancer—viewpoint of the IARC Working Group.

N. Engl. J. Med. 375, 794—798. (doi:10.1056/
NEJMsr1606602)

Green J, Cairns BJ, Casabonne D, Wright FL, Reeves
G, Beral V. 2011 Height and cancer incidence in the
Million Women Study: prospective cohort, and
meta-analysis of prospective studies of height and
total cancer risk. Lancet Oncol. 12, 785—794.
(doiz10.1016/51470-2045(11)70154-1)

Kabat GC, Kim MY, Hollenbeck AR, Rohan TE. 2014
Attained height, sex, and risk of cancer at different
anatomic sites in the NIH-AARP Diet and Health
Study. Cancer Causes Control 25, 1697 —1706. (doi:
10.1007/510552-014-0476-1)

Wirén S et al. 2014 Pooled cohort study on height
and risk of cancer and cancer death. Cancer Causes
Control 25, 151-159. (doi:10.1007/510552-013-
0317-7)

25.

26.

2].

28.

29.

30.

3N

32.

33.

34,

Data accessibility. All data are published elsewhere and summarized in
the online electronic supplementary material.

Competing interests. T have no competing interests.
Funding. I received no funding for this study.

Acknowledgements. T would like to thank the reviewers for suggestions
that substantially improved the clarity of this article.

Sung J, Song J-M, Lawlor D, Davey Smith G,
Ebrahim S. 2009 Height and site-specific cancer risk:
a cohort study of a Korean adult population.

Am. J. Epidemiol. 170, 53—64. (doi:10.1093/aje/
kwp088)

Fleming JM, Creevy KE, Promislow DE. 2011
Mortality in North American dogs from 1984 to
2004: an investigation into age-, size-, and breed-
related causes of death. J. Vet. Intern. Med. 25,
187—-198. (doi:10.1111/}.1939-1676.2011.0695.x)
Nunney L. 2013 The real war on cancer: the
evolutionary dynamics of cancer suppression. Evol.
Appl. 6, 11-19. (doi:10.1111/eva.12018)

Gunnell D, Okasha M, Smith GD, Oliver SE, Sandhu
J, Holly JMP. 2001 Height, leg length, and cancer
risk: a systematic review. Epidemiol. Rev. 23,
313-342. (doi:10.1093/0xfordjournals.epirev.
a000809)

Batty GD, Shipley MJ, Langenberg C, Marmot MG,
Davey Smith G. 2006 Adult height in relation to
mortality from 14 cancer sites in men in London
(UK): evidence from the original Whitehall study.
Ann. Oncol. 17, 157—-166. (doi:10.1093/annonc/
mdj018)

Giovannucci E. 2003 Nutrition, insulin, insulin-like
growth factors and cancer. Horm. Metab. Res. 35,
694—704. (doi:10.1055/5-2004-814147)
Ben-Shlomo Y, Holly J, McCarthy A, Savage P,
Davies D, Gunnell D, Davey Smith G. 2003 An
investigation of fetal, postnatal and childhood
growth with insulin-like growth factor | and binding
protein 3 in adulthood. Clin. Endocrinol. 59,
366—373. (doi:10.1046/j.1365-2265.2003.01857.x)
Key TJ, Appleby PN, Reeves GK, Roddam A. 2010
Insulin-like growth factor 1 (IGF1), IGF binding
protein 3 (IGFBP3), and breast cancer risk: pooled
individual data analysis of 17 prospective studies.
Lancet Oncol. 11, 530—542. (doi:10.1016/51470-
2045(10)70095-4)

Crowe FL et al. 2011 A cross-sectional analysis of
the associations between adult height, BMI and
serum concentrations of IGF-I and IGFBP-1, -2 and
-3 in the European Prospective Investigation into
Cancer and Nutrition (EPIC). Ann. Hum. Biol. 38,
194-202. (doi:10.3109/03014460.2010.507221)
(ats A, Dullaart RPF, Kleibeuker JH, Kuipers F,
Sluiter W), Hardonk MJ, de Vries EGE. 1996
Increased epithelial cell proliferation in the colon of
patients with acromegaly. Cancer Res. 56,
523-526.

number, expected to lead to an increase in oncogenic somatic [ 8 |

/18107 18T § 20§ Y 20id  biobuiysigndiianosjeforqds


http://dx.doi.org/10.1038/nrc1235
http://dx.doi.org/10.1001/jama.2015.13134
http://dx.doi.org/10.1111/jeb.13060
http://dx.doi.org/10.1098/rspb.1999.0664
http://dx.doi.org/10.1098/rspb.2003.2351
http://dx.doi.org/10.1016/j.ccr.2004.07.009
http://dx.doi.org/10.1038/nrg3728
http://dx.doi.org/10.1126/science.1260825
http://dx.doi.org/10.1126/science.1260825
http://dx.doi.org/10.1038/nature16166
http://dx.doi.org/10.1038/nature16166
http://dx.doi.org/10.1098/rstb.2015.0104
http://dx.doi.org/10.1158/1940-6207.CAPR-16-0126
http://dx.doi.org/10.1158/1940-6207.CAPR-16-0126
http://dx.doi.org/10.1098/rstb.2015.0161
http://dx.doi.org/10.1093/bioinformatics/btr559
http://dx.doi.org/10.1073_pnas.0611235104
http://dx.doi.org/10.1126/scitranslmed.3001845
http://dx.doi.org/10.1530/EJE-10-0859
http://dx.doi.org/10.1530/EJE-10-0859
http://dx.doi.org/10.1093/jnci/80.10.772
http://dx.doi.org/10.1080/01635589009514078
http://dx.doi.org/10.1080/01635589009514078
http://dx.doi.org/10.1056/NEJMsr1606602
http://dx.doi.org/10.1056/NEJMsr1606602
http://dx.doi.org/10.1016/S1470-2045(11)70154-1
http://dx.doi.org/doi 10.1007/s10552-014-0476-1
http://dx.doi.org/doi 10.1007/s10552-014-0476-1
http://dx.doi.org/doi 10.1007/s10552-013-0317-7
http://dx.doi.org/doi 10.1007/s10552-013-0317-7
http://dx.doi.org/10.1093/aje/kwp088
http://dx.doi.org/10.1093/aje/kwp088
http://dx.doi.org/10.1111/j.1939-1676.2011.0695.x
http://dx.doi.org/10.1111/eva.12018
http://dx.doi.org/10.1093/oxfordjournals.epirev.a000809
http://dx.doi.org/10.1093/oxfordjournals.epirev.a000809
http://dx.doi.org/10.1093/annonc/mdj018
http://dx.doi.org/10.1093/annonc/mdj018
http://dx.doi.org/10.1055/s-2004-814147
http://dx.doi.org/10.1046/j.1365-2265.2003.01857.x
http://dx.doi.org/10.1016/S1470-2045(10)70095-4
http://dx.doi.org/10.1016/S1470-2045(10)70095-4
http://dx.doi.org/10.3109/03014460.2010.507221

35.

36.

37.

38.

39.

40.

41.

Kim Y-S, Kim D-I, Cho SY, Kim MH, Yang KM, Lee
HY, Han S-H. 2009 Statistical analysis for organ
weights in Korean adult autopsies. Korean J. Anat.
42, 219-224.

Nordling CO. 1953 A new theory on the cancer
inducing mechanism. Br. J. Cancer 7, 68—72.
(doi:10.1038/hjc.1953.8)

Hethcote HW, Knudson AG. 1978 Model for the
incidence of embryonal cancers: application to
retinoblastoma. Proc. Natl. Acad. Sci. USA 75,
2453 -2457. (doi:10.1073/pnas.75.5.2453)
Heymsfield B, Gallagher D, Mayer L, Beetsch J,
Pietrobelli A. 2007 Scaling of human body
composition to stature: new insights into body mass
index. Am. J. Clin. Nutr. 86, 82—91. (d0i:10.1093/
ajn/86.1.82)

Muller MJ, Langemann D, Gehrke |, Later W, Heller
M, Gluer CC, Heymsfield SB, Bosy-Westphal A. 2011
Effect of constitution on mass of individual organs
and their association with metabolic rate in
humans—a detailed view on allometric scaling.
PLoS ONE 6, €22732. (doi:10.1371/journal.pone.
0022732)

Shuter B, Aslani A. 2000 Body surface area: Du Bois
and Du Bois revisited. Eur. J. Appl. Physiol. 82,
250-254. (doi:10.1007/5004210050679)

Conover CA, Dollar LA, Hintz RL, Rosenfeld RG. 1983
Insulin-like growth factor I/somatomedin-C (IGF-1/
SM-C) and glucocorticoids synergistically regulate
mitosis in competent human-fibroblasts. J. Cell.
Physiol. 116, 191-197. (doi:10.1002/jcp.
1041160210)

~

43.

45.

46.

47.

48.

49.

2.

Barreca A et al. 1992 In vitro paracrine regulation of
human keratinocyte growth by fibroblast-derived
insulin-like growth-factors. J. Cell. Physiol. 151,
262-268. (doi:10.1002/jcp.1041510207)

Laron Z, Lilos P, Klinger B. 1993 Growth curves for
Laron syndrome. Arch. Dis. Child. 68, 768—770.
(doi:10.1136/adc.68.6.768)

Ashley DJ. 1969 A male-female differential in
tumour incidence. Br. J. Cancer 23, 21-25. (doi:10.
1038/hjc.1969.3)

Walter RB, Brasky TM, Buckley SA, Potter JD, White
E. 2013 Height as an explanatory factor for sex
differences in human cancer. J. Natl. Cancer Inst.
105, 860—868. (doi:10.1093/jnci/djt102)

Edgren G, Liang L, Adami H-0, Chang ET. 2012
Enigmatic sex disparities in cancer incidence.

Eur. J. Epidemiol. 27, 187—-196. (d0i:10.1007/
$10654-011-9647-5)

Dorn (R, Taylor D, Schneider R, Hibbard HH, Klauber
MR. 1968 Survey of animal neoplasms in Alameda
and Contra Costa counties California. II. Cancer
morbidity in dogs and cats from Alameda county.
J. Natl. Cancer Inst. 40, 307-318.

Frynta D, Baudysova J, Hradcova P, Faltusova K,
Kratochvil L. 2012 Allometry of sexual size
dimorphism in domestic dog. PLoS ONE 7, e46125.
(doi:10.1371/journal.pone.0046125)

Cook MB, Chia VM, Bemdt S|, Graubard BI, Chanock SJ,
Rubertone MV, Erickson RL, Hayes RB, McGlynn KA. 2011
Genetic contributions to the association between

adult height and testicular germ cell tumors.

Int. J. Epidemiol. 40, 731—739. (doi:10.1093/ije/dyq260)

50.

51.

52.

53.

54.

55.

56.

57.

Zhang B et al. 2015 Height and breast cancer risk:
evidence from prospective studies and Mendelian
randomization. J. Natl. Cancer Inst. 107, djv219.
(doi:10.1093/jnci/djv219)

Elands RJJ et al. 2017 A systematic SNP selection
approach to identify mechanisms underlying disease
aetiology: linking height to post-menopausal breast
and colorectal cancer risk. Sci. Rep. 7, 41034.
(doi:10.1038/srep41034)

Lophatananon A et al. 2017 Height, selected
genetic markers and prostate cancer risk: results
from the PRACTICAL consortium. Br. J. Cancer 117,
734-743. (d0i:10.1038/bjc.2017.231)

Albanes D. 1998 Height, early energy intake, and
cancer. BMJ 317, 1331-1332. (doi:10.1136/bmj.
317.7169.1331)

Bosch FX, Lorincz A, Mufioz N, Meijer CJLM, Shah
KV. 2002 The causal relation between human
papillomavirus and cervical cancer. J. Clin. Pathol.
55, 244-265. (doi:10.1136/jcp.55.4.244)

Martel C, Forman D, Plummer M. 2013 Gastric
cancer. Epidemiology and risk factors. Gastroenterol.
(lin. North Am. 42, 219-240. (doi:10.1016/j.gtc.
2013.01.003)

Jansen LA, Backstein RM, Brown MH. 2014 Breast
size and breast cancer: a systematic review. J. Plast.
Reconstr. Aesthet. Surg. 67, 1615—1623. (doi:10.
1016/j.bjps.2014.10.001)

Williams PT. 2013 Breast cancer mortality vs.
exercise and breast size in runners and walkers.
PLoS ONE 8, e80616. (doi:10.1371/journal.pone.
0080616)

Sh/1810T 68T g 20s Y oid  biobuiysigndAisnosiedorqdss H


http://dx.doi.org/10.1038/bjc.1953.8
http://dx.doi.org/10.1073/pnas.75.5.2453
http://dx.doi.org/10.1093/ajcn/86.1.82
http://dx.doi.org/10.1093/ajcn/86.1.82
http://dx.doi.org/10.1371/journal.pone.0022732
http://dx.doi.org/10.1371/journal.pone.0022732
http://dx.doi.org/10.1007/s004210050679
http://dx.doi.org/10.1002/jcp.1041160210
http://dx.doi.org/10.1002/jcp.1041160210
http://dx.doi.org/10.1002/jcp.1041510207
http://dx.doi.org/10.1136/adc.68.6.768
http://dx.doi.org/10.1038/bjc.1969.3
http://dx.doi.org/10.1038/bjc.1969.3
http://dx.doi.org/10.1093/jnci/djt102
http://dx.doi.org/10.1007/s10654-011-9647-5
http://dx.doi.org/10.1007/s10654-011-9647-5
http://dx.doi.org/10.1371/journal.pone.0046125
http://dx.doi.org/10.1093/ije/dyq260
http://dx.doi.org/10.1093/jnci/djv219
http://dx.doi.org/10.1038/srep41034
http://dx.doi.org/10.1038/bjc.2017.231
http://dx.doi.org/10.1136/bmj.317.7169.1331
http://dx.doi.org/10.1136/bmj.317.7169.1331
http://dx.doi.org/10.1136/jcp.55.4.244
http://dx.doi.org/10.1016/j.gtc.2013.01.003
http://dx.doi.org/10.1016/j.gtc.2013.01.003
http://dx.doi.org/10.1016/j.bjps.2014.10.001
http://dx.doi.org/10.1016/j.bjps.2014.10.001
http://dx.doi.org/10.1371/journal.pone.0080616
http://dx.doi.org/10.1371/journal.pone.0080616

	Size matters: height, cell number and a person’s risk of cancer
	Introduction
	Material and methods
	Modelling multistage carcinogenesis
	Scaling height to cell number

	Results
	More cells, more cancer: a quantitative test of the direct-effect hypothesis on overall cancer risk
	The effect of height across different cancer types
	Melanoma, cell division and height
	Sex differences in cancer risk
	Genetics, height and cancer risk
	Body mass index and height

	Discussion
	Data accessibility
	Competing interests
	Funding
	Acknowledgements
	References




