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Abstract

Background Metastases are the leading cause of mortality in cancer patients. Linear and parallel are the two prominent mod-
els of metastatic progression. Metastases can be detected synchronously along with the primary tumor or metachronously,
following treatment of localized disease. The aim of the study was to determine whether synchronous metastases (SM) and
metachronous metastases (MM) differ only in lead-time or stem from different biological processes.

Materials and methods We retrospectively studied the chest CTs of 791 patients inflicted by eleven malignancy types that
were treated in our institution in the years 2010-2020. Patient’s population included 396 with SM and 395 with MM. The
diameter of 15,427 lung metastases was measured. Clonal origin was deduced from the linear/parallel ratio (LPR)-a com-
puterized analysis of metastases diameters. LPR of 1 suggests pure linear dissemination and — 1 pure parallel.

Results Patients with MM were significantly older (average of 62.9 vs 60.7 years, p=0.02), and higher percentage of them
were males (58.7% vs 51.1%, p=0.03). Median overall survival of patients with MM and SM was remarkably similar
(23 months and 26 months respectively, p =0.774) when calculated from the time of metastases diagnosis. Parallel dissemi-
nation (LPR <0) was found in 35.4% of patients with MM compared to only 19.8% of the patients with SM (p < 0.00001).
Conclusion Patients with SM and MM differ in demography and in clonal origin. Different therapeutic approaches may be
considered in these two conditions.
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Introduction

Cancer is an extremely complex and diverse disease. Yet
there are a few traits common to almost all tumors, justify-
ing their investigation as a combined entity. Invasion and
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metastasis formation are the defining features of malig-
nancy, with metastases responsible for 90% of cancer related
deaths (Fouad and Aanei 2017). Metastases can be discov-
ered either upon the initial diagnosis of cancer-synchronous
metastases (SM) or during follow-up after treatment of the
localized disease-metachronous metastases (MM). Com-
parisons of the clinical course, radiological findings, and
genomics of SM and MM can potentially provide clinically
meaningful information on both processes.

It is expected that MM that are actively detected during
follow-up programs will be smaller, fewer and with better
prognosis compared to SM. Unfortunately, the literature
comparing SM and MM is retrospective and the reports
are conflicting and often contradictory. In colorectal cancer
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some manuscripts report on similar prognosis of patients
with SM or MM (Slesser et al. 2013; Mitry et al. 2010; Bok-
horn et al. 2008; Nozawa et al. 2012; Jeong et al. 2017; Tsai
et al. 2007; Mekenkamp et al. 2010), while others report on
slightly better prognosis of patients with MM (Reboux et al.
2022; Kumar et al. 2014; Colloca et al. 2020; Ghiringhelli
et al. 2014). In breast cancer, both better and similar progno-
sis of patients with MM have been reported (Dawood et al.
2010; Khanfir et al. 2013). This disagreement is partially
due to the absence of an accepted single definition of SM
and MM and different authors place the cutoff at various
time points, from O to 12 months after the initial diagnosis.

Linear and parallel are the two leading models of meta-
static progression Fig. 1 (Stoecklein and Klein 2010). The
linear model assumes accumulation of genetic and epige-
netic alterations within the primary tumor and dissemina-
tion of fully malignant waves of cells. These cells bear a
high resemblance to the primary tumor and to each other.
The parallel model suggests early, preclinical spread of
less advanced disseminated tumor cells (DTCs). These
cells evolve independently in the target organs and gener-
ate highly diverse metastases. These variations in clonality
will have major implications for medical oncologic therapy.

In this study, we compared the demographics, radiologi-
cal findings, and outcome of patients with SM and MM. We
traced metastases clonal evolution using a simple method
that can quantitatively differentiate between linear and
parallel spread (Gofrit et al. 2022). The method is based
on the logical assumption that cells originating from the
same clone, that left the primary tumor at the same time,

Fig.1 a The linear model of metastases dissemination. After accu-
mulating the necessary capabilities for metastatic spread inside the
primary tumor, a wave of metastases is deployed. These cells bare
high resemblance to the primary tumor and to each other. Further
waves can be deployed when additional clones reach this maturity. b
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and implanted in the same organ (such as the lungs studied
here) will grow at a similar pace and reach a similar diameter
at any time point. These metastases can be clustered into
several groups with similar diameter. On the other hand,
parallel spreading metastases that are genetically diverse are
expected to show high variability of diameters and cannot be
clustered according to diameter.

Materials and methods
Patients

The study included 791 patients with 15,427 lung metas-
tases originating in malignancies of the bladder, breast,
colorectum (CR), Ewing sarcoma, kidney, melanoma, pan-
creas, prostate, adult sarcomas, stomach, and thyroid, that
were treated in our institutions in the years 2010-2020. The
records of these patients and their chest CTSs were retro-
spectively reviewed, and the following parameters recorded:
age, gender, date of cancer diagnosis, date of metastasis
diagnosis, overall survival, metastases number, and largest
diameter of each metastasis on patient’s latest axial chest
CT. Earlier CT studies were analyzed when patient’s latest
CT was difficult to interpret due to large pleural effusion or
coalescent of several metastases. This study was conducted
in accordance with the Declaration of Helsinki. Being a ret-
rospective study based on medical chart review and standard
follow-up data informed consent was waived by the Hadas-
sah Medical Organization (HMO) IRB (# 0650-21). All

The parallel model of metastatic spread. There is preclinical spread
of disseminated tumor cells (DTCs) that continue to evolve inde-
pendently in target organs and generate metastases. High disparity
between them and the primary tumor and among them is expected
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experiment protocols were approved by the Hadassah Medi-
cal Organization (HMO) IRB (# 0650-21). Patients with his-
tory of primary lung cancer or patients diagnosed with more
than one malignancy type were excluded from the study.

Statistical analysis

SM was defined as metastases detected prior to or at the time
of cancer diagnosis and MM as metastases diagnosed at any
time later. The raw data generated and analyzed during the
current study are available in supplementary material S1.

The linear/parallel ratio (LPR) measures the ratio between
lung metastases that can be clustered and metastases that
cannot be clustered. LPR was calculated for each patient
by arranging all metastases in a rising order of diameters
and grouping all metastases with similar diameter (with
diameter difference <1 mm on axial chest CT) into a single
cluster. The LPR was then calculated with the aid of a com-
puter code (available in supplementary material S2) using
the formula: LPR = (X c — Y.))/(} c+ Y,i) where “c” is the
sum number of metastases that can be clustered metastases
and “i” the sum number of isolated metastases (Liang et al.
2021). LPR <0 suggests dominance of the parallel spread-
ing pathway and LPR >0 suggests dominance of the linear
pathway.

Overall survival (OS) was deduced from Kaplan—Meier
plots using the log-rank method. Student #-test and Fisher
exact tests were employed when appropriate.

Results

791 patients with 15,427 lung metastases, including 395
patients with lung MM and 396 with lung SM were studied.
A breakdown according tumor types is presented in Table 1.
The median lead-time from diagnosis of the primary tumor
to MM was 27 months (IQR 12, 27). Lead-time was short-
est for carcinoma of the stomach (median of 12.5 months,
IQR 6.75, 22) and the longest for prostate cancer (median of
48 months, IQR 35.5, 60 months). Metastases to sites other
than the lungs were found in 224 patients with MM (56.7%)
and 283 patients with SM (71.4%).

Demographic and radiographic parameters of the entire
cohort are presented in Table 2. These parameters classi-
fied by cancer type are shown in supplementary material
S3. Patients with MM and SM were similar in age at the
time of cancer diagnosis, but MM patients were on average
26 months older when metastases were diagnosed (p =0.02).
This difference was most prominent in carcinomas of the
breast (average age difference of 75 months, p=0.04), CR
(average age difference of 78 months, p =0.0006), and thy-
roid (average age difference of 126 months, p=0.02). There
was a significantly higher percentage of men among patients

Table 1 Number of patients with synchronous and metachronous
lung metastases and median lead-time from initial diagnosis to diag-
nosis metastases in patients with metachronous disease

Type Synchronous Metachronous Median lead-time Total
in months (IQR)
Bladder 18 34.6%) 34 (65.4%) 22 (6.25,42.25) 52
Breast 53(49.0%)  55(51.0%) 56 (24,120) 108
Colorectal 128 (53.3%) 112 (46.7%) 24 (15,40.5) 240
Ewing 10 (45.4%) 12 (54.6%) 14 (8.75, 38) 22
Kidney 27 (39.1%) 42 (60.9%) 36 (12, 84) 69
Melanoma 28 (35.9%) 50 (64.1%) 24 (11.5,21.5) 78
Pancreas 40 (93.0%) 3(7.0%) 22.5(12.75,17) 43
Prostate 21 (64.7%) 13 (35.3%) 48 (35.5, 60) 34
Sarcoma 34 (42.5%) 46 (57.5%) 14 (6, 13) 80
Stomach 12 (72.2%) 6(27.8%) 12.5(6.75,22) 18
Thyroid 25(532%) 22 (46.8%) 40 (14, 34) 47
Total 396 (50.6%) 395 (49.3%) 27 (12, 27) 791

with MM compared to patients with SM (58.7% vs 51.1%,
p=0.03).

During follow-up, 608 patients (76.9%) died. In 601
patients (98.8%), death was disease specific. Kaplan—-Meier
curves for OS are presented in Fig. 2. When plotted from the
time of cancer diagnosis (Fig. 2a), median OS of patients
with MM and SM were 69 months and 26 months respec-
tively (p <0.0001). When plotted from the time of metas-
tases diagnosis (Fig. 2b), the curves are virtually identical
with a median OS of 23 months in patients with MM and
26 months with SM (p=0.774). OS curves divided by tumor
type are available in supplementary material S4.

The number of metastases and the number metastasis
clusters for patients with MM and SM were similar. How-
ever, the average number of metastases in a cluster in the
MM group was 3 (SD 4.7) compared to 3.9 (SD 4.4) in
patients with SM (p=0.01).

The LPR levels of all patients are presented in Fig. 3.
A parallel spread LPR <0 was found in 35.4% of the
patients with MM compared to 19.8% of the patients with
SM (p <0.00001). The difference in LPR in absolute num-
bers between MM and SM was also highly significant
(»p<0.00001).

Discussion

Metastases can present synchronously, along with the
primary tumor or metachronously. MM are detected by a
surveillance protocol after treatment of the localized dis-
ease. Thus, it is expected that they would be found at an
early stage, be smaller and fewer compared to SM, and that
patients with MM would have better prognosis.

@ Springer



11088

Journal of Cancer Research and Clinical Oncology (2023) 149:11085-11092

Table 2 Demographic and radiographic parameters of patients with synchronous and metachronous lung metastases

Parameter Synchronous Metachronous Total p

Average age at diagnosis of cancer(SD) 60.7 (16.7) 59.3 (16.9) 59.7 (16.8) 0.514*

Average age at diagnosis of metastases (SD) 60.7 (16.7) 62.9 (17.0) 61.5(16.9) 0.02%*

Sex (F/M) 194/202 (48.9%/51.1%) 163/232 (41.3%/58.7%) 357/434 0.03%*
(45.1%/54.9%)

Average metastases number (SD) 20.9 (27.4) 18.1 (29.7) 19.5 (28.6) 0.162*

Average number of clusters (SD) 5.4 (4.5) 5.0 (4.6) 5.2 (4.6) 0.29*

Average number of metastases in a cluster (SD) 3.94.4) 3.04.7) 3.8 (4.6) 0.01*

Average Linear/parallel Ratio (SD) 0.46 (0.66) 0.22 (0.78) 0.34 (0.74) 43 %107

*Two-sided t-test

**Fisher exact test
1.0+
0.0 Metachrnous —
i Synchronous —

p=<0.0001

50 100 150 200 250

Time From Cancer Diagnosis to Last Follow-up (months)

Metachrnous —
Synchronous —

50 100 150 200 250 300
Time From Metastases Diagnosis to Last Follow-up (months)

Fig.2 Overall survival of patients with synchronous or metachronous metastases calculated from the time of diagnosis of the primary tumor (a),

or from the time of diagnosis of metastatic disease (b)

Fig.3 The linear/parallel ratio
(LPR) of all patients with
metastatic disease. LPR <0 sug-

gests dominance of the parallel 08
pathway and LPR >0 linear 0.6
dominance 0.4

Linear/Parallel ratio

In the current study, of almost 800 patients with 15,427
lung metastases, we compared the demographics, clonal
origin, and prognosis of patients with SM and MM, in an
attempt to determine whether SM and MM differ only in
lead time or stem from different biological processes. It
was found that the median lead-time from diagnosis of
the primary tumor to MM was 27 months (IQR 12, 27).

@ Springer

Metachronous Synchronous

When OS was calculated from the time of cancer diag-
nosis (Fig. 2a), median OS of patients with MM and SM
were 69 months and 26 months respectively (p < 0.0001),
but when OS is calculated from the time of metastases
diagnosis (Fig. 2b), the curves were virtually identical
with median OS of 23 months in patients with MM and
26 months with SM (p=0.774).
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The OS of patients with MM and SM is, therefore
remarkably similar. Most studies comparing SM and MM
showed similar findings or minor benefit to patients with
MM (Slesser et al. 2013; Mitry et al. 2010; Bokhorn et al.
2008; Nozawa et al. 2012; Jeong et al. 2017; Tsai et al. 2007;
Mekenkamp et al. 2010; Reboux et al. 2022; Kumar et al.
2014; Colloca et al. 2020; Ghiringhelli et al. 2014; Dawood
et al. 2010; Khanfir et al. 2013). How is possible to explain
these disappointing findings? We suggest that differences in
demography and clonal origin balance the benefit of early
diagnosis.

In the current study, patients with MM were found to
be older by more than 2 years (p =0.02) and with higher
percentage of males (58.7% vs 51.1%, p=0.03) compared
to patients with SM. Both parameters are known risk factors
for developing lung metastases in patients with CR cancer
(Liang et al. 2021). LPR, which provides a glimpse into the
dissemination pattern adds more information. LPR <0, sug-
gesting dominance of the parallel route, was found in 35.4%
of patients with MM compared to 19.8% of the patients with
SM (p <0.00001). This was also true in absolute (average
LPR of 0.46 in SM Vs. 0.22 in MM, p=4.3x 107).

This implies that the linear dissemination route is domi-
nant in both types of metastases, but the parallel route is
more commonly employed by MM. This is further supported
by the smaller number of metastases in each cluster (average
of 3.9 metastases in SM and 3 in MM, p=0.01) and is in
concordance with most of the genomic work in the field. Due
to tissue availability, almost all studies in this field focused
on comparisons of primary CR cancer to its liver metastases.
Many (but not all) studies support different clonal origins of
MM and SM. The molecular studies in metastases progres-
sion were done using a variety of methodologists and were
rarely validated by further studies. Additionally, as stated
before, the situation is complicated by the different defini-
tions of MM and SM used by different authors (Slesser et al.
2013). A brief summary of the important genomic findings
follows:

1. Inliver SM of CR cancer, the expression of VEGF,
CXCR4, COX2 mRNA, TGF-a, and ISR1 was found
to be significantly higher in SM compared to MM,
while that of Cyclin E, CCR6 and FAK significantly
lower. The expression of CD83 and EGFR mRNA was
found higher in MM. No differences were found in the
expressions of Ki-67, TP, CD31, CD34, c-erb-2 and
ZEB?2 (Slesser et al. 2013).

2. ATM, KIT, PIK3CA, SMAD4 were more commonly
mutated in SM and FBXW7, SMO, STK11 in MM
suggesting that SM and MM follow different trajecto-
ries of metastatic progression (Kovaleva et al. 2016).

3. In SM there is a higher incidence of venous inva-
sion and overexpression COX-2, while in MM there

10.

11.

12.

13.

is greater angiogenesis and higher number of mature
dendritic cells (CD83 +) at the invasion margins (Tan
and Ooi 2010).

Comparison of primary tumors and MM using deep
sequencing of DNA showed substantial differences
pointing toward parallel progression (Vermaat et al.
2012).

Whole exome sequencing and copy number analysis
showed that about half of the metastases had clonal
origin similar to the primary tumors (linear spread)
and half were genetically distinct (parallel spread) (Lee
etal. 2014).

In another whole exome sequencing study of primary
and metastatic tumors, it was found that all metastases
inherited multiple genetically distinct sub-clones from
the primary tumor, supporting the notion of polyclonal
(parallel) seeding (Wei et al. 2017).

In contrast to the other studies, comparison of muta-
tion profile of matched primary and metastatic tumors
showed more private mutations in SM compared to
MM (Brannon et al. 2014).

Also, in contrast to the previous studies, analysis of
mutational profile of 10 genes in pairs of primary and
liver SM and MM patients showed similar mutational
profiles indicating linear progress of both types of
metastases (Kim et al. 2017).

Comparative genomic hybridization (CGH) of 18 pairs
of primary and MM showed similar CGH profiles with
increased number of chromosomal changes in some of
the metastases supporting a linear spread of MM (Jiang
et al. 2005).

Mutational analysis of liver SM and MM showed more
mutations in TP53, NRAS and HRAS in MM and more
mutations in APC in SM (Lan et al. 2021)

High concordance of KRAS/BRAF mutations status
between primary and metastases was found with no
difference between SM and MM. However, KRAS/
BRAF mutations occur early in CR carcinogenesis
and do not provide reliable information regarding later
events (Fujiyoshi et al. 2017).

Genotype status of primary and metastatic CR can-
cer showed that MM demonstrates higher frequency
of private mutations compared to patients with SM
(»=0.0291). In that study, patients with a high per-
centage of shared primary/metastasis mutations had
better prognosis compared to patients with lower per-
centage (Chatzopoulos et al. 2020).

Comparative genomic hybridization of brain SM and
MM in renal cell carcinoma showed that losses at 9p
and 9q were significantly more common in MM com-
pared SM (p=0.048), suggesting that MM and SM
have different pathogenesis (Gutenberg et al. 2014).
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14. In stomach cancer, MET status in liver SM correlated
with primary tumor status in synchronous metastases
but not in MM, supporting linear spread of SM and
parallel in MM (Kim et al. 2018).

Another interesting point that can potentially modify tumor
growth rate is the potential modifying effect that the primary
tumor has on receptivity of host environment, especially in the
context of angiogenesis. While the primary tumor is present
in all cases of SM it is absent in most MM patients. It was
shown that the liver parenchyma adjacent to the SM provides
supportive angiogenic environment when the primary tumor
is present (high expression of VEGF-A, VEGFR-1, VEGFR-2,
and PLGF) making it more permissive for metastasis growth.
Additionally, a high Ang-2/Ang-1 ratio was found in adjacent
liver parenchyma of SM patients. This supports vascular desta-
bilization, endothelial sprouting, and angiogenesis. This effect
is shared by all SM and should not modify the results obtained
using the methodology of metastases classification employed
in the current study (van der Wal et al. 2012).

Taken together, these results suggest that SM and MM are
different conditions, and the parallel route is more common in
MM. Despite all this effort, a unifying theory explaining the
patho-physiology of SM and MM is absent. Additionally, the
cited studies may not reliably reflect the true trajectory of the
metastatic disease since analyzed tissues were often taken at
different time points which may conceal the modifying/select-
ing effect of therapy. Moreover, these studies are limited to
patients with oligometastatic disease that may not fully repre-
sent more advanced conditions.

Parallel spread, that as shown here is more common in MM,
generates higher diversity and increased resistance to therapy.
Additionally, prior exposure to chemotherapeutic agents in
this group may further add to chemoresistance. This is sup-
ported by the higher response rate to first line chemotherapy
observed in patients with SM compared to MM (Mekenkamp
et al. 2010).

This study has several limitations worth mentioning. The
conclusions are limited to lung metastases. Application of the
model to other metastatic sites should be proved in further
studies. The model assumes that similar metastasis diameter
equals identical clonal origin. Yet, different proximity to nutri-
ents or to anatomical structures of cells originating in a single
clone can modify their growth rate and mimic parallel growth.
A later, nevertheless faster growing clone can reach the same
size as an earlier but slower one and mimic linear growth.

Conclusions
Despite different pathogenesis, patients with MM and SM

have an almost identical OS. This is most likely due to
counterbalancing forces. On one hand, better outcome due
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to earlier detection in MM. On the other hand, worse out-
come due to inferior demography and higher frequency of
parallel dissemination. Early diagnosis in patients at risk of
developing cancer may decrease the incidence of SM. Bet-
ter identification of patients at risk of developing MM and
aggressive adjuvant or neoadjuvant treatments may eradicate
DTCs before they evolve into mature MM.
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