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Mulstistage model of colorectal cancer 
The human intestine
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In the epidemiology of colorectal cancer, k ≈ 5 or 6

p onset of illness at age a( ) ≈ bak

this constant incorporates all 
the biological parameters

number of stages
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Normal mutation rate is low, ~ 10-9 per base, per division.

This means that in a 1000 base-long gene, the mutation rate is u ≈ 
10-6 per division. 

Then the probability that in d divisions the gene is not mutated, is 

and therefore, the probability that it is mutated is 

p no mutation in gene( ) ≈ 1− u( )d

p gene is mutated( )

= p at least one mutation in gene( ) ≈1− 1− u( )d
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Then, if there are N compartments with m cells each that are at risk 
of reaching the critical mutation level, the probability that no cell 
reaches this critical level is

and finally, the probability of the onset of illness is  

p
no cell in the N  compartments 
reaches the critical level 
of mutations

⎛

⎝
⎜

⎞

⎠
⎟ = 1− 1− 1− u( )d⎡⎣ ⎤⎦

k{ }Nm

p onset of illness after d  divisions( ) =

= p
at least one cell in the N  
compartments reaches the 
critical level of mutations
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p onset of illness after d  divisions( ) = 1− 1− 1− 1− u( )d⎡⎣ ⎤⎦
k{ }Nm

≈1− 1− du[ ]k{ }Nm

≈ Nm du( )k

Since d ≈ a/T (where T is the duplication time)

p onset of illness at age a( ) ≈ Nm a
T
u⎛

⎝⎜
⎞
⎠⎟
k

= Nmuk

T k

⎛
⎝⎜

⎞
⎠⎟
ak = bak
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Figure 2 Colorectal cancer. A: Epidemiology documents increased colorectal cancer incidence with age (data from Ref [9]). B: Equation [8] can
approximate epidemiology (gray line) with 5 k rate-limiting mutations and 40 niche stem cells (green dotted line), or 6 k rate-limiting pathway
mutations and 8 niche stem cells (red dotted line). See Table 1 for other parameters. C: Increased cancer risks with height in women can be
modeled by changing colon lengths or crypts per colon (m). A 1.8 relative risk between the shortest and tallest quintiles can be modeled by
changing lengths 28.6% (blue dotted lines) relative to the average colon (red dotted line). Crypts in the shortest quintile are 80% of the tallest
quintile. D: Metastatic cancer has a lower incidence and arises later than localized or regional cancer, which can be modeled (dotted lines) by
increasing k rate-limiting pathway mutations from 6 to 6.5. E: Lower cancer subtype incidence can also be modeled (dotted lines) with k = 6
and smaller mutational target sizes (u). For all cancers, u = 3 × 10-6 but is 2.55 × 10-6 for localized or regional cancers, and 2.2 × 10-6 for
metastatic cancers (also see Fig 4). F: Earlier FAP cancer incidence can be modeled by decreasing k from six in sporadic cancers to five in FAP.
This incidence shifts to even younger ages by also increasing crypt niche stem cells (N) from 8 to 16. G: A cancer relative risk of 0.8 with chronic
aspirin use can be modeled by decreasing crypt niche stem cells from 8 to 6. H: A similar increase in cancer occurs with a 10% increase in stem
cell division rate (green dotted line), or a 10% mutation rate increase (black dotted line). If division increases later in life, the cancer incidence
increase is lower (blue dotted line, 10% increase in stem cell division rate starts at 40 years of age).

Calabrese and Shibata BMC Cancer 2010, 10:3
http://www.biomedcentral.com/1471-2407/10/3
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the skin, with the surface area of the body generally con-
sidered to scale at approximately b ¼ 1.5 (see [40], assuming
the BMI relationship of b ¼ 2 linking height and body
weight). This value leads to an expected HR10 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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Figure 2. A comparison of the observed and predicted effect of height on the risk of specific cancers: the observed hazard ratio (HR10) 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 (HR10 ¼ 1.00; solid line); the average HR10 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 ¼ 1 (lower dotted line); and volumetric, b ¼ 3 (upper dotted line). For data sources, see electronic
supplementary material, table S1.
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