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Abstract
Background Colorectal cancers (CRCs) in the Lynch syndromes have been assumed to emerge through an 
accelerated adenoma-carcinoma pathway. In this model adenomas with deficient mismatch repair have an increased 
probability of acquiring additional cancer driver mutation(s) resulting in more rapid progression to malignancy. If this 
model was accurate, the success of colonoscopy in preventing CRC would be a function of the intervals between 
colonoscopies and mean sojourn time of detectable adenomas. Contrary to expectations, colonoscopy did not 
decrease incidence of CRC in the Lynch syndromes and shorter colonoscopy intervals have not been effective in 
reducing CRC incidence. The prospective Lynch Syndrome Database (PLSD) was designed to examine these issues in 
carriers of pathogenic variants of the mis-match repair (path_MMR) genes.

Materials and methods We examined the CRC and colorectal adenoma incidences in 3,574 path_MLH1, path_MSH2, 
path_MSH6 and path_PMS2 carriers subjected to regular colonoscopy with polypectomy, and considered the results 
based on sojourn times and stochastic probability paradigms.

Results Most of the path_MMR carriers in each genetic group had no adenomas. There was no association between 
incidences of CRC and the presence of adenomas. There was no CRC observed in path_PMS2 carriers.
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Background
There are four dominantly inherited microsatellite insta-
bility (MSI) Lynch syndromes, caused by pathogenic 
variants of the four MMR (path_MMR) genes MLH1, 
MSH2, MSH6 and PMS2 (OMIM #120,435; #609,310; 
#614,350 and #614,337) [1, 2]. Deletions of the EPCAM 
tail #613,244 epigenetically silence the MSH2 gene and in 
this report are grouped together with OMIM # 120,435. 
The four path_MMR variant groups have different pen-
etrance (incidence of any cancer) and expressivities (inci-
dences of cancer in the different affected organs), causing 
different overall risks of death related to any cancer and 
to cancer in specific organs [1]. In the normal population, 
it is postulated that most CRCs arise through biallelic 
somatic APC mutations initiating an adenoma that may 
develop into a carcinoma as a result of acquiring addi-
tional driver mutations, and less often through an initiat-
ing mutation in CTNNB1 [3, 4].

Assuming that CRCs in path_MMR carriers develop 
from adenomas, and observing that carriers do not have 
many adenomas, the paradigm of an accelerated ade-
noma-carcinoma pathway was established in the Lynch 
syndromes [5]. The mechanism for the accelerated path-
way was assumed to be mediated via deficiency of MMR 
proteins (dMMR) in MSI adenomas [6].

It soon became clear that colonoscopy with polypec-
tomy (below referred to as colonoscopy) every third year 
did not prevent CRC in carriers as had been hoped and 
more frequent colonoscopies were advocated [7]. How-
ever, large studies reported that shorter intervals between 
colonoscopies reduced neither CRC incidences (in path_
MMR carriers) nor its stage at diagnosis [8, 9]. To assess 
the incidence and prognosis of CRC in path_MMR car-
riers subjected to colonoscopy as is advocated in clini-
cal guidance, the European Hereditary Tumour Group 
(EHTG, www.ehtg.org, at that time named The Mal-
lorca Group) initiated the Prospective Lynch Syndrome 
Database (PLSD, www.plsd.eu ). When comparing CRC 
incidences in carriers followed up in PLSD who were 
subjected to colonoscopy surveillance with other cohorts 
who did not receive colonoscopy surveillance, the CRC 
incidences in path_MLH1, path_MSH2 and path_MSH6 
carriers were either increased or not reduced in PLSD, 
depending on which retrospective segregation analyses 

were used [10–13]. By contrast, CRC incidences in path_
PMS2 carriers followed up in PLSD were reduced [14]. A 
recent statement by the EHTG discusses that these find-
ings support emerging knowledge that adult path_MLH1 
and path_MSH2 carriers have huge numbers of MMR-
deficient crypts (dMMR) arising in their colons [15–17]. 
It appears that these may be controlled or destroyed by 
the immune system or may develop into CRC without an 
intermediate adenoma stage. Further, it is now also clear 
that not only dMMR crypts, but also dMMR/MSI CRCs 
may be removed by the host immune system, as demon-
strated by the success of immune checkpoint blockade 
therapy [1, 18, 19].

Previous studies using the PLSD have provided new 
data and insights into the associations between colonos-
copy intervals, incidences of CRC by age and times from 
a normal surveillance colonoscopy to diagnosis of CRC, 
its stage at diagnosis and prognosis. In this report we add 
new data on the incidences of colorectal adenomas and 
their relationship to the incidences of CRC.

Aims
The aims were to determine the incidences of colorectal 
adenomas by age and gene in path_MMR carriers, com-
pare these with the incidences of CRC and evaluate the 
results in relation to previously reported paradigms [3, 5] 
and our previously suggested hypotheses regarding path-
ways to CRC in the Lynch syndromes [1, 6, 20] thereby 
better informing future clinical guidelines for prevention 
and treatment.

Materials and methods
The PLSD was initiated in 2012 and the first report on 
CRC incidences, stratified by MMR gene was published 
in 2015 [21]. Since then, the number of records in the 
PLSD has tripled, while the incidences of CRC by age, 
gene and gender have remained similar, leading us to 
the conclusion that the incidences initially reported have 
been validated in the newly recruited cases. The methods 
used and our most recent results have been described in 
detail [1, 22–24] (www.plsd.eu). In the current study, as 
detailed in our previous reports, cumulative incidences 
of CRC were calculated from 25 to 75 years of age as 
time to first CRC in carriers who had not had CRC prior 

Conclusions Colonoscopy prevented CRC in path_PMS2 carriers but not in the others. Our findings are consistent 
with colonoscopy surveillance blocking the adenoma-carcinoma pathway by removing identified adenomas which 
might otherwise become CRCs. However, in the other carriers most CRCs likely arised from dMMR cells in the crypts 
that have an increased mutation rate with increased stochastic chaotic probabilities for mutations. Therefore, this 
mechanism, that may be associated with no or only a short sojourn time of MSI tumours as adenomas, could explain 
the findings in our previous and current reports.
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to or at their first prospectively planned and completed 
colonoscopy. Overall 10 year survival following CRC was 
estimated.

Polyps were grouped as adenomas or non-adeno-
matous polyps, and adenomas were grouped as either 
advanced or not (advanced adenomas = those > 10  mm 
diameter and/or villous morphology and/or high-grade 
dysplasia). The total number of adenomas removed up 
to and including at the last colonoscopy was noted for 
each path_MMR carrier. We compared incidences of 
adenomas by age and gene using standard linear regres-
sion analysis. We also report on the presence or absence 
of adenomas at the last colonoscopy undertaken before 
CRC was diagnosed and the time between that last 
colonoscopy and the diagnosis of CRC. Carriers were 
grouped into those who had ever had adenoma(s) and 
those who had not and cumulative incidences of CRC 
were compared, stratified by age and by gene.

We discuss the results using the concept of mean 
sojourn time which makes no assumptions regarding 
mechanisms for what is observed [25], as is usual when 
examining the effectiveness of screening in cancer pre-
vention. This may be explained as follows: ‘The parameter 
estimated in practice in screening programs is the aver-
age sojourn time over all disease cases, usually referred 
to as the mean sojourn time. A long mean sojourn time 
indicates a good potential for screening. The shorter the 
sojourn time, the more frequently screening has to take 
place in order to be effective. If the mean sojourn time is 
very short, screening may not be worthwhile at all.’ [26]. 
Screening colonoscopy to prevent CRC is based on the 
adenoma-carcinoma paradigm [5] with detection and 
removal of tumours at the adenoma stage. Here we con-
sider sojourn time as the time for which the tumour is 
detectable as an adenoma by colonoscopy. PLSD records 
discrete observations in time that are assumed to be Pois-
son-distributed [27] and that may be considered based on 
the paradigm of stochastic causative processes [28, 29].

Results
The required details were available for 3,574 carriers who 
were followed for total of 38,735 years after their initial 
(prevalence) colonoscopies. The mean ages of male and 
female carriers in each path_MMR group were similar at 
the end of the study (range 52.8 to 57.0 years, Table 1). 
The 2,444 (68%) carriers never had a colorectal adenoma 
detected at colonoscopy and 1,130 (32%) had one or 
more colorectal adenomas detected, all of which were 
removed.

The detailed findings, grouping carriers by gene, their 
total number of adenomas (advanced and not advanced) 
and the numbers of non-adenomatous polyps (catego-
rised as unclassified, hyperplastic, serrated, juvenile or 
hamartomatous), total number of polyps and average age 
in each group are given in Table 2; Fig. 1. The standard 
linear regression analysis of the number of adenomas by 
carrier and by gene is presented in Fig. 2.

Annual incidences of both CRC and colorectal adeno-
mas increased with age (Table  2; Fig.  3) as previously 
reported by others [30].

There was no statistically significant difference in the 
prevalence of adenomas in path_MLH1 versus path_
MSH2 carriers but both path_MSH6 and path_ PMS2 
carriers were significantly less likely to have any adeno-
mas than were path_MLH1 or path_MSH2 carriers 
(p < 0.001). In contrast, among carriers with adenomas 
path_MLH1, path_MSH2 and path_MSH6 all carriers 
had similar regression curves for numbers of adenomas, 
while path_PMS2 carriers less frequently had multiple 
adenomas (Figs.  2 and 3, p < 0.01). Advanced adeno-
mas were with one exception seen only in carriers with 
multiple adenomas. Serrated adenomas were rarely 
seen (Table  2). If, as we propose, adenomas may disap-
pear spontaneously in path_MMR carriers because 
of targeting by the host immune system, the cumula-
tive incidences of adenomas shown in Fig.  3 may be 
underestimates.

Table 1 Number of carriers by sex and gene, average age and number of adenomas with 95% CI, number of adenomas by grade, and 
total number of adenomas
Gene Sex Number Sum follow-up years (mean for carriers) Mean age

(95% CI)
Number of adenomas
Total Mean

(95% CI)
Advanced

Path_MSH2 M 574 6,206
(10.8)

53.0 (1.2) 554 0.97 (0.16) 66

F 661 6,689 (10.1) 53.6 (1.2) 519 0.79 (0.15) 59
Path_MLH1 M 649 8,880 (13.7) 54.4 (1.1) 519 0.80 (0.13) 50

F 719 10,126 (14.1) 56.0 (1.1) 544 0.76 (0.15) 52
Path_MSH6 M 346 2,680 (7.7) 57.0 (1.7) 311 0.90 (0.21) 33

F 426 3,123 (7.3) 56.2 (1.6) 243 0.57 (0.15) 12
Path_PMS2 M 85 415 (4.9) 56.0 (3.4) 39 0.46 (0.22) 0

F 114 616 (5.4) 52.8 (2.7) 38 0.33 (0.18) 4
Sum 3,574 38,735 2,767 276
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Table 2 Number of carriers by gene and sum adenomas, also indicating numbers of adenomas, unclassified polyps, hyperplastic, 
serrated, juvenile, hamartomas, total number of polyps and average age in group
Gene N Number adenomas in each carrier in group (row) Number of carriers within group (row) with other polyps, by polyp type

unclassified hyperplastic serrated juvenile hamartomas Mean age
Path_MLH1 907 0 0 0 0 0 0 53.6

227 1 0 2 0 0 0 54.8
105 2 0 0 0 0 0 60.8
61 3 0 0 0 0 0 63.3
28 4 0 2 0 0 0 59.8
12 5 1 0 0 0 0 61.3
9 6 1 0 0 0 0 67.4
6 7 1 0 0 0 0 71.5
6 8 4 0 0 0 0 66.7
1 9 0 0 0 0 0 40.0
1 11 0 0 0 0 0 54.0
2 15 2 0 0 0 0 64.5
1 18 0 0 2 0 0 57.0
1 20 0 0 2 0 0 72.0
1 39 0 0 12 0 0 79.0

Path_MSH2 812 0 0 0 0 0 0 50.8
194 1 0 0 0 0 0 55.7
105 2 0 0 0 0 0 57.1
40 3 0 0 0 0 0 63.3
32 4 0 5 0 0 0 59.3
10 5 0 0 0 0 0 68.2
12 6 0 0 0 0 0 65.7
4 7 0 0 0 0 0 65.8
11 8 0 6 2 0 0 64.8
3 9 0 0 1 0 0 66.3
3 10 0 2 0 0 0 60.0
3 11 0 3 0 0 0 57.7
2 12 0 4 9 0 0 50.0
3 13 0 0 0 0 0 63.7
1 30 0 4 0 0 0 80.0

Path_MSH6 567 0 0 0 0 0 0 53.6
77 1 0 0 0 0 0 62.7
56 2 0 2 0 0 0 65.0
33 3 0 0 0 0 0 64.7
12 4 0 4 0 0 0 72.1
5 5 0 0 1 0 0 62.4
9 6 0 6 0 0 0 64.3
1 7 0 0 0 0 0 45.0
3 8 0 4 0 0 0 82.7
2 9 0 2 1 0 0 74.0
2 10 2 0 0 0 0 59.5
1 11 0 0 0 0 0 67.0
1 12 0 1 0 0 0 80.0
1 15 0 0 0 0 0 79.0
2 16 0 4 0 0 0 62.5

Path_ 
PMS2

158 0 0 0 0 0 0 52.7
23 1 0 2 1 0 0 57.5
10 2 0 0 0 0 0 62.3
3 3 0 0 0 0 0 58.0
3 4 0 0 0 0 0 69.0
1 5 0 4 0 0 0 56.0
1 8 0 0 0 0 0 72.0
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As seen in Tables  2 and 34%, 34%, 27% and 21% of 
path_MLH1, path_MSH2, path_MSH6 and path_PMS2 
carriers, respectively had one or more adenomas and 
only a minority (5%, 7%, 5% and 4%, respectively) had 

more than 3 adenomas. There were therefore insufficient 
numbers to calculate meaningful cumulative incidences 
of CRC by age in carriers with multiple adenomas. 
Among the 3,574 carriers included in the study, 2,293 

Fig. 3  Cumulative incidences of CRC in path_MLH1, path MSH2 and path_MSH6 carriers with and without colorectal adenoma(s)

 

Fig. 2  Standard linear regression on the total number of colorectal adenomas by genetic variant and age for age up to 80 years at last examination. 
Path_PMS2 carriers had less than the others (p < 0.01). Only a few at any age and with any genetic variant had multiple colorectal adenomas. Regression 
line for MLH1 is hidden under MSH6.

 

Fig. 1  Pie-charts showing total number of colorectal adenomas by genetic variant
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(64%) had no CRC before or at the first planned and 
carried out (prevalence round) colonoscopy. They were 
followed-up with regular colonoscopy for total of 26,213 
years and 239 CRCs were diagnosed prospectively in car-
riers from 25 to 75 years of age. These included 151, 85, 
12 and 1 CRCs in carriers of path_MLH1, path_MSH2, 
path_MSH6 and path_PMS2, respectively (Table 3).

Table 4 shows the numbers of carriers with and with-
out adenomas at the last colonoscopy before diagnosis 
of CRC, together with the number of months elapsed 
between the last colonoscopy and diagnosis of CRC. In 
each group of path_MMR carriers, the majority had no 
adenomas at the last colonoscopy and the months elapsed 
were similar in carriers with and without adenomas.

As seen in Fig.  3, there were no differences in the 
cumulative incidences of CRC by gene in path_MLH1, 
path_MSH2 and path_MSH6 carriers stratified by the 
presence or absence of adenomas (the curves are overlap-
ping and no confidence estimates or calculation of p-val-
ues were needed to reach this conclusion).

No CRC was diagnosed prospectively in path_PMS2 
carriers below 75 years of age.

There was no significant difference in 10-year overall 
survival after first prospectively detected CRC in carri-
ers with and without adenomas (88% and 81%, p > 0.05 
respectively).

Discussion
The findings of this study were as follows:

  • the majority of path_MMR carriers did not develop 
any colorectal adenoma(s) during follow up;

  • colonoscopy appeared to prevent CRC only in path_
PMS2 carriers; and.

  • there was no association between the incidences of 
adenomas and CRCs in any group of carriers.

  • In contrast to previous reports on carriers not 
subjected to colonoscopy [14], no CRC was 
diagnosed prospectively in path_PMS2 carriers 
below 75 years of age, to the combined conclusion 
that colonoscopy as undertaken had prevented CRC 
in path_PMS2 carriers in the current study.

  • The lower incidences of colorectal adenomas in 
path_PMS2 carriers compared to path_MLH1, 
path_MSH2 and path_MSH6 carriers, may suggest 
that some adenomas in the latter groups are 
attributable to the path_MMR genotypes.

Considered by the sojourn time paradigm, the PLSD 
findings are in keeping with a theory that colonoscopy 
blocks the adenoma-carcinoma pathway and that the 
CRCs observed had no or short sojourn times as adeno-
mas. CRCs arising by the CTNNB1 pathway appear to 
have no sojourn time as adenomas [3], are not frequent 
in path_MMR carriers [31], and may be specific for path_
MLH1 carriers [32–34].

Our findings pose the following question: if the ade-
noma-carcinoma pathway that is initiated by APC 
mutation [3, 6, 31] is blocked by colonoscopy and the 
carcinogenetic pathway has to include an early muta-
tion causing an increased cell proliferation rate [3, 20], 
how have the observed CRCs emerged? There are many 
published pathophysiological, biochemical and DNA 
analyses of adenomas and CRCs. Based on these, we 
have previously suggested an additional pathway in path_
MMR carriers in which dMMR crypts may trigger the 
adenoma-carcinoma pathway [6]. A recent mathematical 
analysis of the most frequently mutated genes in CRCs 
supported this theory [20].

Descriptions of tumours reflect different time-points in 
different carcinogenetic processes and, when tumours are 
removed for observation, subsequent events that might 
have occurred are blocked (“the very act of measure-
ment or observation directly alters the phenomenon under 

Table 3 Numbers, follow-up years and prospectively detected 
CRCs in carriers with and without adenomas in last colonoscopy 
before CRC; and without CRC before or at first colonoscopy 
(prevalence round), by genetic variants

Gene Number 
carriers

Sum follow-
up years

Num-
ber 
CRC

Carriers with 
adenoma(s)

Path_MLH1 554 7,567 82
Path_MSH2 518 5,125 47
Path_MSH6 402 2,775 10
Path_PMS2 116 538 0

Sum 1,590 16,005
Carriers with-
out adenoma

Path_MLH1 329 5,778 69
Path_MSH2 231 3,068 28
Path_MSH6 114 1,134 3
Path_PMS2 29 228 0

Sum 703 10,208
Total 2,293 26,213 239

Table 4 Number having no polyps, adenomas or other 
polyps (not classified or otherwise classified) detected at 
last colonoscopy before CRC diagnosed by gene, age at CRC 
diagnosed, and months since last colonoscopy before CRC was 
diagnosed
Gene adenoma N Mean months 

before (95% 
CI)

Mean 
age 
(95% CI)

Path_MLH1 No 83 26.7 (2.8) 53.1 (2.8)
Yes 35 29.4 (8.5) 52.7 (3.7)

Path_MSH2 No 59 35.1 (8.9) 52.6 (3.0)
Yes 25 27.9 (9.7) 54.0 (4.5)

Path_MSH6 No 8 20.6 (7.7) 58.8 (7.5)
Yes 5 28.6 (14.6) 52.0 

(15.1)
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investigation”) [35]. There is no way of fully characteris-
ing an adenoma or CRC without altering it. As no direct 
observations of the order of events in carcinogenetic pro-
cesses are possible, the suggested linear models that are 
based on biological findings in adenomas and CRCs are 
assumed, not observed. In addition, mutations observed 
in adenomas and CRCs are influenced by selection (in 
path_MMR carriers including survival in the face of the 
host immune system’s continuous efforts to identify and 
remove the tumours) and genetic drift which may involve 
interacting stochastic processes.

When re-evaluating our previous proposal of three 
linear pathways to CRC in path_MMR carriers [6] and 
adding the findings reported in this paper, we conclude 
that the following model is probable: The main path-
way to CRC in path_MMR carriers may be triggered by 
a second-hit in the wild-type MMR allele leading to a 
dMMR crypt and increasing the acquisition of mutations 
in driver genes [3, 20] in a continuous chaotic stochas-
tic process which may lead to CRC. The probability of 
any dMMR clone leading to CRC seems very low. Adult 
path_MLH1 and path_MSH2 carriers may have thou-
sands of dMMR crypts during life [36] but develop no 
or very few dMMR adenomas or MSI cancers. Informa-
tion on dMMR crypts and dMMR adenomas incidences 
in path_MSH6 and path_PMS2 carriers is limited. While 
our previous mathematic modelling was consistent with 
the linear theory that dMMR crypts initiate the ade-
noma-carcinoma pathway, it did not indicate that there 
necessarily is an adenoma stage before an MSI CRC [20].

The findings of the current study indicate that CRCs 
developing from dMMR crypts may have no or only 
short sojourn times as adenomas (Fig. 4). This is in keep-
ing with a chaotic stochastic pathway initiated by the 
dMMR/MSI crypts and is similar to ‘the Big Bang’ the-
ory suggested for CRC in the general population [37]. 
Instead of an accelerated adenoma-carcinoma pathway, 
our current results may indicate an accelerated stochastic 
pathway accounting for most CRCs in path_MSH2, path_
MLH1 and path_MSH6 carriers, but not path_PMS2 car-
riers (Fig.  5). A similar theory with mutations causing 
invasive growth and spread before clonal expansion has 
been suggested causing cancer in path_BRCA1/2 carriers 
leading to the same consequences of multiple subclones 
in one tumour, some of which having no or short sojourn 
time in adenoma stage [38]. Both these two theories (the 
one suggesting a Big Bang, the other considering different 
mutations in different parts of the tumours at different 
times), are based on recognizing high probabilities for 
stochastic mutations and may cause the same observed 
consequences. A theoretical discussion on complex prob-
abilities as causative factors for events that are yet to 
happen is outside the scope of this report. For simplic-
ity, we have used the well-known and easy-to-remember 

annotation ‘Big Bang’ in our title to indicate a causative 
chaotic stochastic probability where the outcome may 
not be predicted and for which the outcome that is 
observed does not elucidate exactly the events that led 
to that outcome.The theory we propose may explain our 
previously reported findings of similar or increased inci-
dences of CRC in path_MMR carriers receiving regu-
lar colonoscopy compared to historical retrospective 
cohorts and the lack of any association between time 
since last colonoscopy and stage of CRC at diagnosis [9, 
10, 39] as well as the current finding of no association 
between incidences of adenomas and CRCs. Noting that 
more than one mutation may occasionally occur simul-
taneously in a chaotic stochastic process [37], and that 
the host immune system may remove invasive cancer 
cells (as demonstrated by the success of immunotherapy 
for MSI CRCs in path_MMR carriers), all of our previ-
ously reported findings that were in conflict with the 
accelerated adenoma-carcinoma hypothesis may now be 
explained. Our current findings and theory are consis-
tent with colonoscopy blocking the adenoma-carcinoma 
pathway but do not support the accelerated adenoma-
carcinoma paradigm as the major cause of increased 
CRC incidence in path_MMR carriers.

Colonoscopy is subject to time-trends. Our results are 
based on surveillance including colonoscopy that was 
carried out over several decades in the collaborating 
centres and they may be considered to represent largely 
historical observations. More recent and sophisticated 
colonoscopy techniques may detect smaller adenomas 
and/or adenomas with different morphological pat-
terns. Staining/chromoendscopy might visualise dMMR 
crypts and guided or unguided machine learning (artifi-
cial intelligence) may provide new ways of interpreting 
digitalized colonoscopy images [40, 41]. The effects of 
these advances may be a longer mean sojourn time which 
could increase the probability of colonoscopy prevent-
ing CRC. One study using frequent colonoscopies with 
advanced techniques reported a high incidence of small 
adenomas and a low incidence of CRC, indicating that 
improved colonoscopy may reduce CRC incidences [42]. 
None of this is in conflict with our suggested theory of 
stochastic processes being the main driver for the CRCs 
we observed.

There are numerous reports on adenomas in the Lynch 
syndromes but few reports describing the relationships 
between adenomas and CRCs in carriers subjected to 
colonoscopy and none that report cumulative incidences 
of CRC or include sufficient path_MSH6 and path_PMS2 
carriers to arrive at meaningful conclusions. Our find-
ings were similar to those in a study of 112 carriers from 
Cleveland, Ohio among whom CRC was diagnosed only 
in path_MLH1 and path_MSH2 carriers [43]. A further 
recent report from Toronto on 429 carriers found that 
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more than half of CRCs in path_MMR carriers occurred 
in patients without adenomas [44]. The methods used 
did not allow direct comparison with our results. The 
authors concluded that fewer CRCs were diagnosed in 
carriers with adenomas when intervals between colo-
noscopies were shorter, but they did not report findings 
for short intervals between colonoscopies for the major-
ity of carriers who did not have adenomas. Furthermore, 
they scored advanced adenomas as CRC and censored 
observation time when advanced adenomas were found. 
They did not report cumulative incidences of CRC. The 
reduced CRC incidence in the minor fraction of carriers 

who had multiple adenomas and who received more 
frequent colonoscopy is not in conflict with the minor 
fraction of carriers with multiple adenomas in our study 
(Table 2; Figs. 1 and 2) who were too few in number to 
have an impact on the averages we report or to calculate 
separate cumulative CRC incidences by age.

A study on 136 carriers from Houston, reported on 
associations between the presence of adenomas, their 
stages and CRC [45]. As in the Toronto study, advanced 
adenomas and CRCs were grouped together and CRC 
cumulative incidences in carriers with and without 
adenomas were not reported. Corresponding with our 

Fig. 4 Possible pathways to CRC in LS modified from [6]. Carcinogenesis in LS follows a stochastic process where two major selection pressures apply: 
selection through conferred growth advantage and counter-selection through the immune system. MMR-deficient crypts may undergo immune elimi-
nation (arrows at the bottom central part of the graphic pointing to an empty space left by the eliminated crypt and now filled with immune cells), and 
MMR-deficient adenomas and cancers might be eliminated by the immune system, too (not shown by arrows). However, cancer may still arise via at least 
three pathways depicted here. Cancers arising through Pathway 1 may have a longer sojourn time as adenomas, as they spend part of their progression 
as MMR-proficient adenomas and only later acquire MMR deficiency. At this stage, Pathway 1-cancers can be prevented by colonoscopy. If not prevented, 
further mutations could accumulate eventually leading to cancer. Cancers arising through Pathway 2 may have shorter sojourn time as adenomas com-
pared to Pathway 1, as they develop from initially MMR-deficient crypts acquiring further mutations to develop into MMR-deficient adenomas, thus not 
spending time as MMR-proficient lesions. However, the sojourn time as adenoma in Pathway 2 is longer compared to cancers arising through Pathway 3. 
The latter cancers likely have no sojourn time as adenomas and arise upon a single somatic hit (cnLOH) activating beta-catenin and inactivating MLH1. 
According to the current knowledge, this pathway is therefore specific for MLH1 carriers. Red arrows indicate regression due to counterselection by the 
immune system, black arrows indicate progression due to gained growth advantage, dotted black arrows indicate hypothetical progression if removal 
by colonoscopy did not take place
Attribution: Hourglass element is an image by freepik
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results, they observed no difference in the likelihood of 
advanced adenomas or CRCs for any of the measured 
covariates.

In North-America there has been a discussion on pro-
phylactic colectomy in path_MMR carriers [46]. But 
none of the above reports that grouped advanced ade-
nomas and CRC together indicated whether they did 
so because colectomy was undertaken when advanced 
adenomas were found, and none is in conflict with our 
suggested theory of stochastic processes being the main 
driver for the CRCs we observed.

The strengths of our study include the large number 
of carriers and follow-up years available and that no 
assumption on the mechanisms underlying CRC was 
included in the ascertainment criteria. Determination 
of the results of stochastic processes in time requires 
sufficient numbers of observations in all strata of inter-
est and sufficient observation time for all strata to reach 
endpoints. The PLSD was designed to investigate why the 
observed effects of colonoscopy could not be explained 
by the accelerated adenoma-carcinoma paradigm 
alone. Its aim of considering empirical observations in 
a sufficiently large number of carriers who were sub-
jected to colonoscopy in relation to theories regarding 

carcinogenetic pathways has been achieved in the cur-
rent study. CRC incidences in all groups of carriers at all 
ages have been similar from the first to the most recent 
PLSD reports, while the numbers of carriers and obser-
vation years had tripled, indicating that the CRC inci-
dences in carriers receiving colonoscopy surveillance that 
are reported by the PLSD are valid. We find no reason to 
doubt the cumulative incidences of CRCs in carriers with 
and without adenomas in the current report.

The main weakness of our study is that, to our knowl-
edge, it is the only study so far to compare cumulative 
incidences of adenomas with cumulative incidences of 
CRCs in all age groups of carriers, thus our results have 
not been validated in an independent replication cohort. 
We therefore plan to continue this study and to collect 
data on adenomas from those PLSD contributors who 
have so far only reported cancers to PLSD. All the infor-
mation required is likely recorded in medical history of 
subjected patients but retrieving and contributing these 
data will require time, ethical approval and funding, 
resources that may not be available in all contributing 
centres.

The aim of this report was to gain knowledge of 
adenoma and CRC incidences in path_MMR carriers 

Fig. 5  Simplified diagram of possible pathways to MSI CRC in path_MMR carriers, modified from [6, 20], compliant with Fig. 4 and specifying the acceler-
ated chaotic stochastic process Big Bang theory [37] as discussed in the text
APC inactivation occurs prior to loss of the wild-type MMR allele resulting in adenoma initiation. Subsequent loss of the second MMR allele in the ad-
enoma generates a dMMR clone with increased risk of progression to cancer
 The initial event is loss of the second MMR allele resulting in a dMMR crypt causing an accelerated stochastic chaotic probability of mutations (that is 
greater for path_MLH1 and path_MSH2 compared to path_MSH6 and only marginally raised in Path_PMS2). Many different driver genes may be mutated 
and in different orders [38], causing no or only a short sojourn time of tumours as adenomas. A dMMR cell may also become a dMMR adenoma
 In path_MLH1 carriers, a single LOH event at chromosome 3p22 may inactivate the wild-type alleles of the co-located CTNNB1 and MLH1 genes (in a cell 
that has already sustained a single CTNNB1 mutation, usually at codon 41 or 45 in Exon3). This specific initiating event may occur in up to 40% of CRC in 
Path_MLH1 carriers [32]
 Regular colonoscopy may block the adenoma-carcinoma pathway. dMMR/MSI crypts, adenomas and cancer might be removed by the host immune 
system. Mutated genes in black. pMMR adenoma: MMR proficient adenoma. dMMR adenoma: MMR deficient adenoma
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subjected to regular colonoscopy. We hope the findings 
may contribute to the refinement of clinical guidelines 
for the prevention of CRC in path_MMR carriers. Our 
previous empirical observations and the theories we have 
suggested to interpret them have been used as arguments 
for current clinical guidelines [47, 48], but in light of our 
recent and current findings, some current recommenda-
tions may need to be reconsidered.

1st, since colonoscopy prevents CRC in young path_
PMS2 carriers the advice to postpone colonoscopy in 
young adult path_PMS2 carriers until 35 years of age 
should be questioned.

2nd, since undertaking colonoscopy more frequently 
than every three years may not reduce CRC incidences 
in path_MLH1 and path_MSH2 carriers, the rationale for 
more frequent colonoscopies should be questioned.

3rd, the very minor fraction of path_MMR carriers who 
have multiple adenomas will be identified at colonoscopy 
and may be followed more intensively. The driving forces 
causing their multiple adenomas remain unclear, and 
empirical knowledge on effects of interventions in this 
group are limited.

Conclusions
The PLSD was designed to address why colonoscopy with 
polypectomy did not reduce CRC incidence as had been 
assumed by accelerated adenoma-carcinoma model for 
CRC in path_MMR carriers. Based on combined and 
concomitant epidemiological and biological findings we 
propose an alternative model in which there is an accel-
erated chaotic stochastic pathway to MSI CRC from the 
dMMR crypt which may cause invasive tumours with no 
or short sojourn time in adenoma stage. We note, with 
interest and excitement, that in addition to its applicabil-
ity in CRC, our model may be relevant to the much wider 
spectrum of cancers that characterise the four Lynch 
syndromes.

Acknowledgements
EHTG is a charitable company registration number SC048407 in Scotland. 
EHTG is the legal host for PLSD. Anyone may contribute to and become part 
of the PLSD – for details see www.ehtg.org.

Author contributions
PM designed the study, calculated the results and drafted the paper. PM, 
SH, AA, MK, JRS and LS together developed the suggested model for 
carcinogenesis. All authors substantially contributed to the conception and 
design of the final manuscript and/or revised it for intellectual content and 
approved it.

Funding
PM, EH and MD-V received a grant from The Norwegian Cancer Society, 
Contract 194751-2017. TTS received grants from.
Cancer Society Finland, Sigrid Juselius Foundation, Jane and Aatos Erkko 
Foundation, Relander Foundation and the Academy of Finland.
DGE is funded by the Manchester National Institute for Health Research (NIHR) 
Biomedical Research Centre (IS-BRC-1215-20007), IS-BRC-1215-20007.

Data availability
The tables are the raw data grouped as indicated. Figure 1 is based on 
Table 2. The complete SQL code for how the grouped data underlying Fig. 3 
was extracted from the MySQL database is published in reference #22. 
Anonymized data underlying Fig. 2, the annual incidences by age group 
underlying Fig. 3 are available upon request, both pending written agreement 
that none of these will be used for any other purpose than confirming the 
figures to be correct.

Declarations

Ethics approval and consent to participate
Not applicable.

Informed consent
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1Department of Tumour Biology, Institute of Cancer Research, The 
Norwegian Radium Hospital, Oslo 0379, Norway
2Engineering Mathematics and Computing Lab (EMCL), Interdisciplinary 
Center for Scientific Computing (IWR), Heidelberg University, Heidelberg, 
Germany
3Data Mining and Uncertainty Quantification (DMQ), Heidelberg Institute 
for Theoretical Studies (HITS), Heidelberg, Germany
4Department of Applied Tumour Biology, Institute of Pathology, 
Heidelberg University Hospital, Heidelberg, Germany
5Clinical Cooperation Unit Applied Tumour Biology, German Cancer 
Research Centre (DKFZ), Heidelberg, Germany
6Institute of Medical Genetics, Division of Cancer and Genetics, Cardiff 
University School of Medicine, Heath Park, Cardiff CF14 4XN, UK
7Department of Clinical Genetics, Aalborg University Hospital,  
Aalborg 9000, Denmark
8Department of Biomedicine, Aarhus University, Aarhus  
DK-8000, Denmark
9Clinical Cancer Research Center, Aalborg University Hospital, Aalborg, 
Denmark
10Faculty of Medicine and Health Technology, Tays Cancer Center, 
Tampere University, Tampere University Hospital, Tampere, Finland
11Department of Gastrointestinal Surgery, Helsinki University Central 
Hospital, University of Helsinki, Helsinki, Finland
12Applied Tumour Genomics, Research Program Unit, University of 
Helsinki, Helsinki, Finland
13Faculty of Medical Sciences, Newcastle University,  
Newcastle upon Tyne NE1 7RU, UK
14Dept. of Quality and Coherence, Aalborg University Hospital,  
Aalborg 9000, Denmark
15Department of Clinical Medicine, Aalborg University Hospital, Aalborg 
University, Aalborg 9100, Denmark
16Hereditary Cancer Program, Institut Català d’Oncologia-IDIBELL, L; 
Hospitalet de Llobregat, Barcelona 08908, Spain
17Manchester Centre for Genomic Medicine, Division of Evolution, 
Infection and Genomic Sciences, University of Manchester, Manchester 
University NHS Foundation Trust, Manchester M13 9WL, UK
18Department of Molecular Medicine and Surgery, Karolinska Institutet, 
Stockholm 171 76, Sweden
19Dept Clinical Genetics, Karolinska University Hospital, Solna, Sweden
20Genomic Medicine, The Royal Melbourne Hospital, Melbourne, Australia
21Department of Medicine, University of Melbourne, Melbourne, Australia
22Department of Gastroenterology, Medical Center, Faculty of Medicine, 
Hebrew University of Jerusalem, Hadassah, Israel
23Gastroenerolgy institute, Sheba medical center and Faculty of medicine 
Tel Aviv university, Tel Aviv, Israel
24Lynch Syndrome & Family Cancer Clinic, Centre for Familial Intestinal 
Caner, St Mark’s Hospital, London, UK
25Gastrointestinal Cancer Prevention Unit, Gastroenterology Department, 
Rambam Health Care Campus, Haifa, Israel
26Department of Surgery, Universitätsmedizin Mainz, Mainz, Germany

http://www.ehtg.org


Page 11 of 12Møller et al. Hereditary Cancer in Clinical Practice            (2024) 22:6 

27Hospital Universitário Oswaldo Cruz, Universidade de Pernambuco, 
Recife, Brazil & SEQUIPE, Recife, Brazil
28Gastro Unit, The Danish HNPCC Register, Copenhagen University 
Hospital – Amager and Hvidovre, Copenhagen, Denmark
29Dept of Pathology, Copenhagen University Hospital - Herlev and 
Gentofte, Herlev, Denmark
30Dept of Clinical Medicine, University of Copenhagen, Copenhagen, 
Denmark
31Gastroenterology and Gastrointestinal Endoscopy Unit, Division of 
Experimental Oncology, IRCCS San Raffaele Scientific Institute, Vita-Salute 
San Raffaele University, 20132 Milan, Italy
32Surgical Center for Hereditary Tumors, University Düsseldorf, Ev. 
Bethesda Khs, Duisburg, Germany
33Centre for bioinformatics, Department of Informatics, University of Oslo, 
Oslo, Norway
34Department of Clinical Genetics, Aarhus University Hospital,  
DK 8000 Aarhus, Denmark

Received: 8 April 2024 / Accepted: 4 May 2024

References
1. Møller P, Seppälä TT, Ahadova A, et al. Dominantly inherited micro-satellite 

instable cancer - the four Lynch syndromes - an EHTG, PLSD position state-
ment. Hered Cancer Clin Pract. 2023;21(1):19. https://doi.org/10.1186/s13053-
023-00263-3. PMID: 37821984; PMCID: PMC10568908. https://pubmed.ncbi.
nlm.nih.gov/37821984/.

2. https://www.omim.org/ Accessed April 2nd 2024.
3. Chan TA, Wang Z, Dang LH, Vogelstein B, Kinzler KW. Targeted inactivation of 

CTNNB1 reveals unexpected effects of beta-catenin mutation. Proc Natl Acad 
Sci U S A. 2002;99(12):8265–70. https://doi.org/10.1073/pnas.082240999. 
PMID: 12060769; PMCID: PMC123056. https://www.ncbi.nlm.nih.gov/pmc/
articles/PMC123056/.

4. Segditsas S, Tomlinson I. Colorectal cancer and genetic alterations in the wnt 
pathway. Oncogene. 2006;25:7531–7. https://doi.org/10.1038/sj.onc.1210059.

5. Jass JR, Stewart SM. Evolution of hereditary non-polyposis colorectal cancer. 
Gut. 1992;33(6):783–6. https://doi.org/10.1136/gut.33.6.783. PMID: 1624160; 
PMCID: PMC1379336. https://pubmed.ncbi.nlm.nih.gov/1624160/.

6. Ahadova A, Gallon R, Gebert J, et al. Three molecular pathways model 
colorectal carcinogenesis in Lynch syndrome. Int J Cancer. 2018;143(1):139–
50. https://doi.org/10.1002/ijc.31300. Epub 2018 Feb 23. PMID:. https://
pubmed.ncbi.nlm.nih.gov/29424427/.

7. Hans FA, Vasen I, Blanco K, Aktan-Collan, et al. Revised guidelines for the 
clinical management of Lynch syndrome (HNPCC): recommendations by a 
group of European experts. Gut. 2013;62:812–23. https://doi.org/10.1136/
gutjnl-2012-304356. https://gut.bmj.com/content/gutjnl/62/6/812.full.pdf.

8. Engel C, Vasen HF, Seppälä T et al. No Difference in Colorectal Cancer 
Incidence or Stage at Detection by Colonoscopy Among 3 Countries 
With Different Lynch Syndrome Surveillance Policies. Gastroenterology. 
2018;155(5):1400–1409.e2. https://doi.org/10.1053/j.gastro.2018.07.030. Epub 
2018 Jul 29. PMID: 30063918. https://pubmed.ncbi.nlm.nih.gov/30063918/.

9. Seppälä TT, Ahadova A, Dominguez-Valentin M, et al. Lack of association 
between screening interval and cancer stage in Lynch syndrome may be 
accounted for by over-diagnosis; a prospective Lynch syndrome database 
report. Hered Cancer Clin Pract. 2019;17:8. https://doi.org/10.1186/s13053-
019-0106-8. PMID: 30858900; PMCID: PMC6394091. https://pubmed.ncbi.nlm.
nih.gov/30858900/.

10. Møller P, Seppälä T, Dowty JG, et al. Colorectal cancer incidences in Lynch 
syndrome: a comparison of results from the prospective lynch syndrome 
database and the international mismatch repair consortium. Hered Cancer 
Clin Pract. 2022;20(1):36. https://doi.org/10.1186/s13053-022-00241-1. 
PMID: 36182917; PMCID: PMC9526951. https://pubmed.ncbi.nlm.nih.
gov/36182917/.

11. Bonadona V, Bonaïti B, Olschwang S et al. Cancer risks associated with 
germline mutations in MLH1, MSH2, and MSH6 genes in Lynch syndrome. 
JAMA. 2011;305(22):2304-10. https://doi.org/10.1001/jama.2011.743. PMID: 
21642682. https://pubmed.ncbi.nlm.nih.gov/21642682/.

12. Hampel H, Stephens JA, Pukkala E, Sankila R, Aaltonen LA, Mecklin JP, de la 
Chapelle A. Cancer risk in hereditary nonpolyposis colorectal cancer syn-
drome: later age of onset. Gastroenterology. 2005;129(2):415 – 21. https://doi.

org/10.1016/j.gastro.2005.05.011. PMID: 16083698. https://pubmed.ncbi.nlm.
nih.gov/16083698/.

13. Baglietto L, Lindor NM, Dowty JG, et al. Risks of Lynch syndrome cancers for 
MSH6 mutation carriers. J Natl Cancer Inst. 2010;102(3):193–201. https://
doi.org/10.1093/jnci/djp473. Epub 2009 Dec 22. PMID: 20028993; PMCID: 
PMC2815724. https://pubmed.ncbi.nlm.nih.gov/20028993/.

14. Ten Broeke SW, van der Klift HM, Tops CMJ et al. Cancer Risks for PMS2-Asso-
ciated Lynch Syndrome. J Clin Oncol. 2018;36(29):2961–2968. doi: 10.1200/
JCO.2018.78.4777. Epub 2018 Aug 30. Erratum in: J Clin Oncol. 2019;37(9):761. 
PMID: 30161022; PMCID: PMC6349460. https://pubmed.ncbi.nlm.nih.
gov/30161022/.

15. Kloor M, Huth C, Voigt AY, Benner A, Schirmacher P, von Knebel Doeberitz 
M, Bläker H. Prevalence of mismatch repair-deficient crypt foci in Lynch syn-
drome: a pathological study. Lancet Oncol. 2012;13(6):598–606. doi: 10.1016/
S1470-2045(12)70109-2. Epub 2012 May 1. PMID: 22552011. https://pubmed.
ncbi.nlm.nih.gov/22552011/.

16. Pai RK, Dudley B, Karloski E, et al. DNA mismatch repair protein deficient non-
neoplastic colonic crypts: a novel indicator of Lynch syndrome. Mod Pathol. 
2018;31(10):1608–18. https://doi.org/10.1038/s41379-018-0079-6. Epub 2018 
Jun 8. PMID: 29884888; PMCID: PMC6396289. https://pubmed.ncbi.nlm.nih.
gov/29884888/.

17. Brand RE, Dudley B, Karloski E, Das R, Fuhrer K, Pai RK, Pai RK. Detection of 
DNA mismatch repair deficient crypts in random colonoscopic biopsies 
identifies Lynch syndrome patients. Fam Cancer. 2020;19(2):169–175. https://
doi.org/10.1007/s10689-020-00161-w. PMID: 31997046. https://pubmed.ncbi.
nlm.nih.gov/31997046/.

18. Cercek A, Lumish M, Sinopoli J, et al. PD-1 blockade in Mismatch Repair-Defi-
cient, locally advanced rectal Cancer. N Engl J Med. 2022;386(25):2363–76. 
https://doi.org/10.1056/NEJMoa2201445. Epub 2022 Jun 5. PMID: 35660797; 
PMCID: PMC9492301. https://pubmed.ncbi.nlm.nih.gov/35660797/.

19. Ahadova A, Seppälä TT, Engel C et al. The unnatural history of colorectal 
cancer in Lynch syndrome: Lessons from colonoscopy surveillance. Int J 
Cancer. 2021;148(4):800–811. doi: 10.1002/ijc.33224. Epub 2020 Aug 3. PMID: 
32683684. https://pubmed.ncbi.nlm.nih.gov/32683684/.

20. Haupt S, Zeilmann A, Ahadova A, Bläker H, von Knebel Doeberitz M, Kloor M, 
Heuveline V. Mathematical modeling of multiple pathways in colorectal carci-
nogenesis using dynamical systems with Kronecker structure. PLoS Comput 
Biol. 2021;17(5):e1008970. https://doi.org/10.1371/journal.pcbi.1008970. 
PMID: 34003820; PMCID: PMC8162698. https://pubmed.ncbi.nlm.nih.
gov/34003820/.

21. Møller P, Seppälä T, Bernstein I, et al. Cancer incidence and survival in 
Lynch syndrome patients receiving colonoscopic and gynaecological 
surveillance: first report from the prospective Lynch syndrome data-
base. Gut. 2017;66(3):464–72. Epub 2015 Dec 9. PMID: 26657901; PMCID: 
PMC5534760. https://pubmed.ncbi.nlm.nih.gov/26657901/. doi: 10.1136/
gutjnl-2015-309675.

22. Møller P. The prospective Lynch Syndrome Database: background, 
design, main results and complete MySQL code. Hered Cancer Clin Pract. 
2022;20(1):37. https://doi.org/10.1186/s13053-022-00243-z. PMID: 36411472; 
PMCID: PMC9677689. https://pubmed.ncbi.nlm.nih.gov/36411472/.

23. Møller P. The prospective Lynch Syndrome database reports enable 
evidence-based personal precision health care. Hered Cancer Clin Pract. 
2020;18:6. https://doi.org/10.1186/s13053-020-0138-0. PMID: 32190163; 
PMCID: PMC7073013. https://www.ncbi.nlm.nih.gov/pmc/articles/
PMC7073013/.

24. Dominguez-Valentin M, Haupt S, Seppälä TT et al. Mortality by age, gene and 
gender in carriers of pathogenic mismatch repair gene variants receiving 
surveillance for early cancer diagnosis and treatment: a report from the 
prospective Lynch syndrome database. EClinicalMedicine. 2023;58:101909. 
https://doi.org/10.1016/j.eclinm.2023.101909. PMID: 37181409; PMCID: 
PMC10166779. https://pubmed.ncbi.nlm.nih.gov/37181409/.

25. https://en.wikipedia.org/wiki/Mean_sojourn_time Accessed April 2nd 2024.
26. Prevost TC, Launoy G, Duffy SW, Chen HH. Estimating sensitivity and 

sojourn time in screening for colorectal cancer: a comparison of statistical 
approaches. Am J Epidemiol. 1998;148(6):609 – 19. https://doi.org/10.1093/
oxfordjournals.aje.a009687. PMID: 9753016. https://pubmed.ncbi.nlm.nih.
gov/9753016/.

27. https://en.wikipedia.org/wiki/Poisson_distribution Accessed April 2nd 2024.
28. https://www.britannica.com/science/stochastic-process Accessed April 2nd 

2024.
29. https://en.wikipedia.org/wiki/Introduction_to_quantum_mechanics 

Accessed April 2nd 2024.

https://doi.org/10.1186/s13053-023-00263-3
https://doi.org/10.1186/s13053-023-00263-3
https://pubmed.ncbi.nlm.nih.gov/37821984/
https://pubmed.ncbi.nlm.nih.gov/37821984/
https://doi.org/10.1073/pnas.082240999
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC123056/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC123056/
https://doi.org/10.1038/sj.onc.1210059
https://doi.org/10.1136/gut.33.6.783
https://pubmed.ncbi.nlm.nih.gov/1624160/
https://doi.org/10.1002/ijc.31300
https://pubmed.ncbi.nlm.nih.gov/29424427/
https://pubmed.ncbi.nlm.nih.gov/29424427/
https://doi.org/10.1136/gutjnl-2012-304356
https://doi.org/10.1136/gutjnl-2012-304356
https://gut.bmj.com/content/gutjnl/62/6/812.full.pdf
https://doi.org/10.1053/j.gastro.2018.07.030
https://pubmed.ncbi.nlm.nih.gov/30063918/
https://doi.org/10.1186/s13053-019-0106-8
https://doi.org/10.1186/s13053-019-0106-8
https://pubmed.ncbi.nlm.nih.gov/30858900/
https://pubmed.ncbi.nlm.nih.gov/30858900/
https://doi.org/10.1186/s13053-022-00241-1
https://pubmed.ncbi.nlm.nih.gov/36182917/
https://pubmed.ncbi.nlm.nih.gov/36182917/
https://doi.org/10.1001/jama.2011.743
https://pubmed.ncbi.nlm.nih.gov/21642682/
https://doi.org/10.1016/j.gastro.2005.05.011
https://doi.org/10.1016/j.gastro.2005.05.011
https://pubmed.ncbi.nlm.nih.gov/16083698/
https://pubmed.ncbi.nlm.nih.gov/16083698/
https://doi.org/10.1093/jnci/djp473
https://doi.org/10.1093/jnci/djp473
https://pubmed.ncbi.nlm.nih.gov/20028993/
https://pubmed.ncbi.nlm.nih.gov/30161022/
https://pubmed.ncbi.nlm.nih.gov/30161022/
https://pubmed.ncbi.nlm.nih.gov/22552011/
https://pubmed.ncbi.nlm.nih.gov/22552011/
https://doi.org/10.1038/s41379-018-0079-6
https://pubmed.ncbi.nlm.nih.gov/29884888/
https://pubmed.ncbi.nlm.nih.gov/29884888/
https://doi.org/10.1007/s10689-020-00161-w
https://doi.org/10.1007/s10689-020-00161-w
https://pubmed.ncbi.nlm.nih.gov/31997046/
https://pubmed.ncbi.nlm.nih.gov/31997046/
https://doi.org/10.1056/NEJMoa2201445
https://pubmed.ncbi.nlm.nih.gov/35660797/
https://pubmed.ncbi.nlm.nih.gov/32683684/
https://doi.org/10.1371/journal.pcbi.1008970
https://pubmed.ncbi.nlm.nih.gov/34003820/
https://pubmed.ncbi.nlm.nih.gov/34003820/
https://pubmed.ncbi.nlm.nih.gov/26657901/
https://doi.org/10.1186/s13053-022-00243-z
https://pubmed.ncbi.nlm.nih.gov/36411472/
https://doi.org/10.1186/s13053-020-0138-0
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7073013/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7073013/
https://doi.org/10.1016/j.eclinm.2023.101909
https://pubmed.ncbi.nlm.nih.gov/37181409/
http://en.wikipedia.org/wiki/Mean_sojourn_time
https://doi.org/10.1093/oxfordjournals.aje.a009687
https://doi.org/10.1093/oxfordjournals.aje.a009687
https://pubmed.ncbi.nlm.nih.gov/9753016/
https://pubmed.ncbi.nlm.nih.gov/9753016/
http://en.wikipedia.org/wiki/Poisson_distribution
http://www.britannica.com/science/stochastic-process
http://en.wikipedia.org/wiki/Introduction_to_quantum_mechanics


Page 12 of 12Møller et al. Hereditary Cancer in Clinical Practice            (2024) 22:6 

30. Annelie Liljegren G, Barker F, Elliott et al. Polyps in Mismatch Repair Mutation 
Carriers Among CAPP2 Participants: Report by the Colorectal Adenoma/
Carcinoma Prevention Programme 2. JCO. 2008; 26; 20; 3434-9 https://doi.
org/10.1200/JCO.2007.13.2795.

31. Ahadova A, von Knebel Doeberitz M, Bläker H et al. CTNNB1-mutant 
colorectal carcinomas with immediate invasive growth: a model of interval 
cancers in Lynch syndrome. Familial Cancer 15, 579–586 (2016). https://doi.
org/10.1007/s10689-016-9899-z https://link.springer.com/article/10.1007/
s10689-016-9899-z.

32. Ahadova A, Stenzinger A, Seppälä T, Hüneburg R, Kloor M, Bläker H. Lynpath 
Investigators. A Two-in-One Hit Model of Shortcut Carcinogenesis in MLH1 
Lynch Syndrome Carriers. Gastroenterology. 2023;165(1):267–270.e4. https://
doi.org/10.1053/j.gastro.2023.03.007. Epub 2023 Mar 11. PMID: 36907525. 
https://pubmed.ncbi.nlm.nih.gov/36907525/.

33. Helderman NC, Van Der Werf-‘t Lam AS, MSH6 TUMOR GROUP, Morreau H, 
Boot A, Van Wezel T, Nielsen M. Gastroenterology. 2023;165(1):271–e2742. 
https://doi.org/10.1053/j.gastro.2023.03.198. Epub 2023 Mar 15. PMID: 
36931573. https://pubmed.ncbi.nlm.nih.gov/36931573/. Molecular Profile of 
MSH6-Associated Colorectal Carcinomas Shows Distinct Features From Other 
Lynch Syndrome-Associated Colorectal Carcinomas.

34. Ten Broeke SW, van Bavel TC, Jansen AML et al. Molecular Background of 
Colorectal Tumors From Patients With Lynch Syndrome Associated With 
Germline Variants in PMS2. Gastroenterology. 2018;155(3):844–851. https://
doi.org/10.1053/j.gastro.2018.05.020. Epub 2018 Jul 29. PMID: 29758216. 
https://pubmed.ncbi.nlm.nih.gov/29758216/.

35. https://www.google.com/search?client=firefox-b-d&q=heisenberg+uncertai
nty+principle Accessed April 2nd 2024.

36. Staffa L, Echterdiek F, Nelius N, et al. Mismatch repair-deficient crypt foci 
in Lynch syndrome–molecular alterations and association with clinical 
parameters. PLoS ONE. 2015;10(3):e0121980. https://doi.org/10.1371/journal.
pone.0121980. PMID: 25816162; PMCID: PMC4376900. https://pubmed.ncbi.
nlm.nih.gov/25816162/.

37. Sottoriva A, Kang H, Ma Z, et al. A Big Bang model of human colorectal tumor 
growth. Nat Genet. 2015;47:209–16. https://doi.org/10.1038/ng.3214. https://
www.nature.com/articles/ng.3214.

38. Chien J, Neums L, Powell AFLA, Torres M, Kalli KR, Multinu F, Shridhar V, 
Mariani A. Genetic Evidence for Early Peritoneal Spreading in Pelvic High-
Grade Serous Cancer. Front Oncol. 2018;8:58. https://doi.org/10.3389/
fonc.2018.00058. PMID: 29594039; PMCID: PMC5858520. https://pubmed.
ncbi.nlm.nih.gov/29594039/.

39. Dominguez-Valentin M, Seppälä TT, Sampson JR, et al. Survival by colon 
cancer stage and screening interval in Lynch syndrome: a prospective Lynch 
syndrome database report. Hered Cancer Clin Pract. 2019;17:28. https://doi.
org/10.1186/s13053-019-0127-3. PMID: 31636762; PMCID: PMC6792227. 
https://pubmed.ncbi.nlm.nih.gov/31636762/.

40. Mangas-Sanjuan C, de-Castro L, Cubiella J et al. Role of Artificial Intelligence 
in Colonoscopy Detection of Advanced Neoplasias: A Randomized Trial. Ann 

Intern Med. 2023;176(9):1145–1152. doi: 10.7326/M22-2619. Epub 2023 Aug 
29. PMID: 37639723. https://pubmed.ncbi.nlm.nih.gov/37639723/.

41. Hüneburg R, Bucksch K, Schmeißer F, et al. Real-time use of artificial intel-
ligence (CADEYE) in colorectal cancer surveillance of patients with Lynch 
syndrome-A randomized controlled pilot trial (CADLY). United Eur Gastro-
enterol J. 2023;11(1):60–8. https://doi.org/10.1002/ueg2.12354. Epub 2022 
Dec 26. PMID: 36571259; PMCID: PMC9892476. https://pubmed.ncbi.nlm.nih.
gov/36571259/.

42. Sánchez A, Roos VH, Navarro M et al. Quality of Colonoscopy Is Associated 
With Adenoma Detection and Postcolonoscopy Colorectal Cancer Preven-
tion in Lynch Syndrome. Clin Gastroenterol Hepatol. 2022;20(3):611–621.e9. 
https://doi.org/10.1016/j.cgh.2020.11.002. Epub 2020 Nov 3. PMID: 33157315. 
https://pubmed.ncbi.nlm.nih.gov/33157315/.

43. Sleiman J, Farha N, Beard J et al. Incidence and prevalence of advanced 
colorectal neoplasia in Lynch syndrome. Gastrointest Endosc. 2023;98(3):412–
419.e8. https://doi.org/10.1016/j.gie.2023.04.001. Epub 2023 Apr 7. PMID: 
37031913. https://pubmed.ncbi.nlm.nih.gov/37031913/.

44. Aronson M, Gryfe R, Choi YH, et al. Evaluating colonoscopy screening 
intervals in patients with Lynch syndrome from a large Canadian registry. J 
Natl Cancer Inst. 2023;115(7):778–87. https://doi.org/10.1093/jnci/djad058. 
PMID: 36964717; PMCID: PMC10323893. https://pubmed.ncbi.nlm.nih.
gov/36964717/.

45. Del Carmen G, Reyes-Uribe L, Goyco D, et al. Colorectal surveillance out-
comes from an institutional longitudinal cohort of lynch syndrome carriers. 
Front Oncol. 2023;13:1146825. https://doi.org/10.3389/fonc.2023.1146825. 
PMID: 37168379; PMCID: PMC10164917. https://www.ncbi.nlm.nih.gov/pmc/
articles/PMC10164917/.

46. Henry T, Lync JF, Lynch R, Fitzgibbons. Jr. Role of prophylactic colectomy in 
Lynch Syndrome. Clin Colorectal Cancer. 2003,3;2; 99-101August 2003; 99 
https://www.sciencedirect.com/science/article/pii/S1533002811700743?via
%3Dihub.

47. Cavestro GM, Mannucci A, Balaguer F, et al. Delphi Initiative for Early-Onset 
Colorectal Cancer (DIRECt) International Management guidelines. Clin 
Gastroenterol Hepatol. 2023;21(3):581–e60333. https://doi.org/10.1016/j.
cgh.2022.12.006. Epub 2022 Dec 20. PMID:. https://pubmed.ncbi.nlm.nih.
gov/36549470/.

48. Seppälä TT, Latchford A, Negoi I et al. European guidelines from the EHTG 
and ESCP for Lynch syndrome: an updated third edition of the Mallorca 
guidelines based on gene and gender. Br J Surg. 2021;108(5):484–498. 
https://doi.org/10.1002/bjs.11902. PMID: 34043773; PMCID: PMC10364896. 
https://pubmed.ncbi.nlm.nih.gov/34043773/.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations. 

https://doi.org/10.1200/JCO.2007.13.2795
https://doi.org/10.1200/JCO.2007.13.2795
https://doi.org/10.1007/s10689
https://doi.org/10.1007/s10689
https://doi.org/10.1053/j.gastro.2023.03.007
https://doi.org/10.1053/j.gastro.2023.03.007
https://pubmed.ncbi.nlm.nih.gov/36907525/
https://doi.org/10.1053/j.gastro.2023.03.198
https://pubmed.ncbi.nlm.nih.gov/36931573/
https://doi.org/10.1053/j.gastro.2018.05.020
https://doi.org/10.1053/j.gastro.2018.05.020
https://pubmed.ncbi.nlm.nih.gov/29758216/
http://www.google.com/search?client=firefox-b-d&q=heisenberg+uncertainty+principle
http://www.google.com/search?client=firefox-b-d&q=heisenberg+uncertainty+principle
https://doi.org/10.1371/journal.pone.0121980
https://doi.org/10.1371/journal.pone.0121980
https://pubmed.ncbi.nlm.nih.gov/25816162/
https://pubmed.ncbi.nlm.nih.gov/25816162/
https://doi.org/10.1038/ng.3214
https://www.nature.com/articles/ng.3214
https://www.nature.com/articles/ng.3214
https://doi.org/10.3389/fonc.2018.00058
https://doi.org/10.3389/fonc.2018.00058
https://pubmed.ncbi.nlm.nih.gov/29594039/
https://pubmed.ncbi.nlm.nih.gov/29594039/
https://doi.org/10.1186/s13053-019-0127-3
https://doi.org/10.1186/s13053-019-0127-3
https://pubmed.ncbi.nlm.nih.gov/31636762/
https://pubmed.ncbi.nlm.nih.gov/37639723/
https://doi.org/10.1002/ueg2.12354
https://pubmed.ncbi.nlm.nih.gov/36571259/
https://pubmed.ncbi.nlm.nih.gov/36571259/
https://doi.org/10.1016/j.cgh.2020.11.002
https://pubmed.ncbi.nlm.nih.gov/33157315/
https://doi.org/10.1016/j.gie.2023.04.001
https://pubmed.ncbi.nlm.nih.gov/37031913/
https://doi.org/10.1093/jnci/djad058
https://pubmed.ncbi.nlm.nih.gov/36964717/
https://pubmed.ncbi.nlm.nih.gov/36964717/
https://doi.org/10.3389/fonc.2023.1146825
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10164917/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10164917/
https://www.sciencedirect.com/science/article/pii/S1533002811700743?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S1533002811700743?via%3Dihub
https://doi.org/10.1016/j.cgh.2022.12.006
https://doi.org/10.1016/j.cgh.2022.12.006
https://pubmed.ncbi.nlm.nih.gov/36549470/
https://pubmed.ncbi.nlm.nih.gov/36549470/
https://doi.org/10.1002/bjs.11902
https://pubmed.ncbi.nlm.nih.gov/34043773/

	﻿Incidences of colorectal adenomas and cancers under colonoscopy surveillance suggest an accelerated “Big Bang” pathway to CRC in three of the four Lynch syndromes
	﻿Abstract
	﻿Background
	﻿Aims

	﻿Materials and methods
	﻿Results
	﻿Discussion
	﻿Conclusions
	﻿References


