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End-of-life events related to carcinoma lethality are poorly characterized.
Herein we conducted an observational, prospective, case-control study
enrolling 21 patients with solid tumors and 10 patients without known
malignancy, complemented by aretrospective validation cohort of 1,250

patients with cancer. In our prospective cohort, we observed spikes in
circulating tumor cell (CTC) counts, particularly clusters, immediately
before death (P < 0.0001), as well as pathological evidence of macrovascular
infiltration and large-vessel occlusion obtained through rapid autopsy.

In the validation cohort, radiological evidence of macrovascular infiltration
emerged as the strongest predictor of poor survival—independent of
metastasis—in treatment-homogeneous patients with colorectal, lung,
ovarian, hepatocellular or pancreatic cancer (hazard ratios = 4.0-22.4).
Collectively, these findings suggest that macrovascular infiltration and
spikesin CTC clusters with consequent vascular failure could be pivotal
end-of-life events associated with cancer lethality, providing a rationale for
future trials aimed at curbing infiltration into large vessels.

Cancer is one of the most puzzling and lethal challenges of modern
medicine. In the United States alone, over 2,000,000 people are esti-
mated to be diagnosed with cancer, and roughly 600,000 will succumb
to cancer eachyear’. Even though multiple molecular targets have been
discovered®™, thelack of acomprehensive understanding of the patho-
physiological mechanisms that govern disease lethality remains one of
the major factors that limit the life expectancy of patients with cancer®®.

Currently, clinical metastases are considered the ultimate event
intumor progression”*, However, a recent population-based study”,
which included over 4.5 million people, highlighted a higher risk of
developing cardiovascular events (for example, pulmonary embolism,
acute myocardial infarction and stroke) in participants with any cancer
type compared toindividuals with nonmalignant ilinesses. These data
expand uponarobust body of evidence'® " linking disease progression
to functional alterations of the cardiovascular system®.

In this study, we hypothesized that the colonization of cancer
cells within the wall and inside the lumen of large vessels, echoed by

an increased number of both single and clustered circulating tumor
cells (CTCs)immediately before death, might be events associated with
high mortality. We also postulated that radiological evidence of mac-
rovascularinvolvement could be detectable during tumor progression
and could serve as a prognostic marker in patients with carcinomas.

Altogether, our work aims to shed light on the pathophysiological
mechanisms underlying carcinomalethality, identify patients at high
risk of poor outcomes, irrespective of their metastatic status, and
facilitate the development of new therapeutic strategies designed
to improve both survival and quality of life in patients with solid
malignancies.

Results

Estimating the concordance of the cause of death in patients
with cancer among an assorted panel of medical professionals
To estimate the consensus regarding the tumor-related events that
render cancer incompatible with life, we first assessed the agreement
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Table 1| Demographic and clinical characteristics of patients with cancer across independent cohorts

Demographic and clinical information UTSW retrospective cohort UTSW prospective cohort German validation cohort
Patients (n) 108 21 1,250
Sex, n (%)
Female 50 (46.3) 13 (61.9) 630 (50.4)
Male 58 (53.7) 8(38.1) 620 (49.6)
Race, n (%)
White 55 (50.9) 20(95.2) 1,237 (99.0)
Black 46 (42.6) 1(4.8) -
Asian 1(0.9) - 6(0.5)
Other 4(37) - 7(0.6)
Unknown 2(1.9) - -

Ethnicity, n (%)

Non-Hispanic/Latino 69 (63.9) 20(95.2) 1,250 (100.0)

Hispanic/Latino 39(36.1) 1(4.8) -

Age, median (Q1, Q3) 56.0 (49.0,64.2) 64.0(58.0,69.0) 68.0 (60.0,75.5)
Primary tumor site, n (%)

Lung 20(18.5) 3(14.3) 250 (20.0)

Colorectal 17 (15.7) 4(19.0) 250 (20.0)

Pancreas+pancreatobiliary 3(2.8) 4+1(23.8) 250 (20.0)

Liver 11(10.2) - 250 (20.0)

Ovarian 1(0.9) - 250 (20.0)

Breast 7(6.5) 5(23.8) -

Endometrial 3(2.8) 1(4.8) -

Esophagus 3(2.8) 1(4.8) -

Kidney 3(2.8) 1(4.8) -

Prostate 3(2.8) 1(4.8) -

Cholangiocarcinoma 7(6.5) - -

Pancreatobiliary of unknown primary 6(5.6) - -

Sarcoma 6 (5.6) - -

Stomach 5(4.6) - -

Urinary bladder 4(3.7) - -

Cervical 2(1.9) - -

Gynecological of unknown primary 2(1.9) - -

Thymus 2(1.9) - -

Head and neck 1(0.9) - -

Thyroid 1(01) - -

Small bowel 1(0.1) - -

Stage at diagnosis, n (%)

| 2(1.9) - 237(19.0)
Il 9(8.3) - 275 (22.0)
1l 11(10.2) 2(9.5) 394 (31.5)
I\ 57(52.8) 13(61.9) 344 (27.5)
Unknown 29 (26.9) 6(28.6) -
Metastasis, n (%)

No 11(10.2) - 829 (66.3)
Yes 97 (89.8) 21(100.0) 421(337)

among a diverse panel of medical professionals on the primary cause  and documented clinical autopsy reports, all of whom died at University
of deathin patients with cancer. To thisend, we analyzed 108 patients  of Texas Southwestern Medical Center (UTSW) due to tumor-related
(age >18years) with solid tumors, no evidence ofimmunosuppression, complications (Table 1, Fig.1aand Supplementary Table1). The overall
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concordance among medical professionals on their cause of death was
surprisingly low: a unanimous consensus was attained in only 16% of
cases, whilethree or more professionals disagreed on the ultimate cause
of deathin most patients (51%; Fig.1b and Supplementary Fig.1). Despite
the heterogeneity among panelists, which may have contributed to the
observed disagreement, this finding emphasizes the need for amore
comprehensive understanding of end-of-life events in patients with
advanced solid malignancies.

Tumor emboli and radiological signs of macrovascular
infiltration

To gain preliminary insights into the potential causes of death in
this cohort, we examined 3,382 hematoxylin and eosin (H&E) slides
obtained from the clinical autopsies of 92 of the 108 patients, covering
major organs (n=30; Supplementary Table 2). Of these 92 patients,
81(88%) were positive for tumor emboli inside veins, arteries or heart
chambers (Fig. 1¢,d, Extended Data Fig. 1 and Supplementary Table 3),
regardless of their cancer diagnosis (P= 0.29, X*=21.9, degrees of free-
dom =19, Extended Data Fig. 2a). As expected, tumor emboli were
more frequently found in veins than arteries (974 versus 33) and in
small- rather than medium-caliber vessels (971 versus 26; Fig. 1e and
Supplementary Table 3). Notably, despite the stochastic nature of
the available samples (that is, not collected to conclusively examine
vascular-associated features), 10% of patients presented with tumor
emboliin large arteries and veins (Fig. 1e and Extended Data Fig.1). On
average, eachpatientharbored11tumoremboli(s.d. =13.3,range = 0-79),
and 84% of the patients exhibited at least one tumor embolus in an
organ distinct from the primary tumor site (Extended Data Fig. 2b).
Altogether, these dataindicate that tumor emboli are a relatively com-
mon finding in patients with terminal solid malignancies.

Next, to investigate alternative explanations (beyond clinical
metastases) for the widespread dissemination of tumor emboli, a US
board-certified radiologist reviewed the CT scans of these 108 patients.
Ofthose,101(93%) had atleast oneimaging study that met radiological
standards, and 60 (59%) displayed signs of macrovascular infiltration
(Fig.1f, Supplementary Fig. 2 and Supplementary Table 4), which were
alsodocumentedintheroutine clinical autopsy report of one of these
patients (rPt.107; Fig. 1g and Supplementary Fig. 3). No differences were
observed in the time interval between the CT imaging before death
between patients with and without radiological signs of macrovascular
infiltration (P=0.57, U=1147.5, median = 25.5 versus 21 days), nor across
patients with different cancer diagnoses who exhibited signs of vessel
involvement (P = 0.41, Kruskal-Wallis H=17.6). The pulmonary artery
(27%), inferior vena cava (IVC; 21%) and portal vein (19%) were the most
frequently infiltrated vessels (Extended Data Fig. 3a), primarily in the

context of lung, pancreatobiliary and liver cancers, respectively (65%,
23% and 25%; Extended Data Fig. 3b).

In summary, these retrospective findings suggest that macro-
vascular infiltration and the presence of tumor emboli appear to be
relatively common events at the end of life in patients with solid malig-
nancies, deserving amore detailed and prospective evaluation.

A perimortem spike of tumor emboli and pathological
evidence of macrovascular infiltration characterize

patients who succumb to cancer

Based onour retrospective findings, we designed a prospective study to
evaluate the number of CTCs during late-stage disease progression and
confirmvesselinfiltrationat the time of death through a video-recorded
rapid autopsy procedure.

Of 534 patients prospectively prescreened between November
2021 and November 2023, 513 were deemed ineligible, declined par-
ticipation, withdrew from the study, or declined the autopsy. Con-
sequently, 21 patients with a carcinoma diagnosis were enrolled,
monitored and underwentarapid autopsy (Fig. 2a, Extended DataFig. 4,
Supplementary Figs. 4-7 and Supplementary Tables 5-8). Under the
same protocol, patients with nonmalignant conditions were also pre-
screened to serve as a control group. Of 251 prescreened patients,
241 were not eligible, declined to participate, or withdrew from the
study. Subsequently, ten patients without any known history of can-
cer were enrolled, followed and subjected to a rapid autopsy (Table 1,
Extended Data Fig. 4 and Supplementary Tables 5, 7 and 9). On aver-
age, patients with cancer were followed for 37.8 days (s.d. =51.3,
range = 2-239 days). During this period, 76% of patients underwent
one or more follow-up visits (range = 1-5 visits), prompted by either
a decline in their Palliative Performance Scale* (PPS) or an acute
event (Supplementary Figs. 4 and 5 and Supplementary Table 7). The
median PPS at baseline was 50%, dropping to 20% at the final visit
before death (Supplementary Table 7). No difference in PPS at the
end of life was observed between patients with or without cancer
(P=0.33, U=73.5, median PPS of 20 versus 20). In 90% of patients
with cancer, tumor markers rose from baseline to the final visit before
death (Extended DataFig. 5a and Supplementary Table 7). This rise was
accompanied by a progressive deterioration of coagulation status,
as evidenced by a gradual increase in international normalized ratio
(INR) values in 67% of patients, irrespective of coagulation-specific
medication intake (P=0.02, T=6.5; Extended Data Fig. 5b). A similar
pattern was noted for CTCs (Fig. 2b), which demonstrated a marked
acceleration in total CTC counts (P < 0.0001, T=231.0) and CTC clus-
ter size (P=0.03, T=27.0) immediately before death (Fig. 2c,d). This
surge remained evident even when single (P=0.001, T=117.0) and

Fig.1| Tumor emboli and macrovascular infiltration detected during routine
clinical autopsy in patients with various tumor types and premortem
radiological evidence of vascular involvement. a, The image shows inclusion
and exclusion criteria to select patients with a cancer diagnosis who died of
cancer-related complications at UTSW from January 2010 to December 2020
and underwenta clinical autopsy. b, Theimage shows a pie chart displaying the
agreement among the ten medical professionals (indicated as ‘Reviewers’, left
panel) who independently reviewed the patients in the UTSW retrospective
cohortand determined their cause of death. ¢, The image shows representative
H&E images of atumor embolus (low and high magnification) with organized
tumor cells adhering to the left ventricle wall taken from a patient with CRC. Scale
bars =1 mm (left) and 100 pum (right). d, The image shows H&E representative
images of tumor emboliin medium (top images) and small (bottom images)
caliber vessels for patients with colorectal (rPt.P32) and lung (rPt.P16) cancer,
respectively, at low (L) and high (H) magnification. Scale bars = 500 pm (left) and
100 pm (right). e, The image shows box plots representing the quantification of
tumor emboli detected in H&E images of patients from the UTSW retrospective
cohort. Individual box plots show the counts of tumor emboli detected in
vessels, small and medium/Ilarge calibers, for UTSW retrospective cohort
patients (n =92). Box plotsindicate 25th, 50th and 75th percentiles and whiskers

represent the range of values within 1.5interquartile ranges of the 25th and 75th
percentiles. Statistical annotations indicate the statistical significance of two-
sided Wilcoxon signed-rank tests to compare groups shown on the x axis. Exact
Pvaluesare1.11x10™,0.96,9.59 x 10 and 7.52 x 107" for medium/large arteries
versus small veins, small arteries versus medium/large veins, small arteries versus
small veins, and medium/large veins versus small veins, respectively. Pvalues
arenot corrected for multiple comparisons. f, The image shows coronal (central
image) and axial (lateral images) CT scans with a portion of the primary tumor
infiltrating the superior vena cava from a patient with lung cancer (rPt.P107).
Arrowheads demarcate tumor borders in the coronal image and point toward
the tumor thrombus in the axial images. Axial images correspond to the planes
demarcated by colored lines on the coronalimage. Scale bar =2 cm. g, Theimage
shows representative H&E images from the clinical autopsy of a patient (rPt.
P107) with lung cancer. The central image (low magnification) shows a segment
of the superior vena cava with tumor cells infiltrating the vessel wall (left image,
high magnification) and a blood clot containing several tumor cells highlighted
by white arrows (right image, high magnification). Scale bars =100 um (left),
5mm (middle) and 50 um (right). Pts, patients; CNS, central nervous system; RN,
registered nurse; SVC, superior vena cava; rPt, retrospective patients.
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total CTC clusters (P < 0.0001, T = 231.0) were analyzed separately, as
wellaswhen clusters were further subdivided into homotypic (cancer
cells only—P=0.0003, T=153.0) or heterotypic (cancer and immune
cells—P=0.0001, T=190.0) clusters (Fig. 2e, Extended Data Fig. 5d-g,
Extended Data Fig. 6 and Supplementary Fig. 8). Interestingly, the
acceleration in CTC counts observed in patients nearing death emerged
fromanunderlying upward trajectory, althoughthis trend did not reach
statistical significance (Supplementary Figs. 9 and 10). The malignant
nature of these circulating cells was confirmed by single-cell RNA
sequencing and mutation calling, which detected cancer-associated
mutations (Supplementary Fig. 11), and by pathological evidence

UTSW retrospective cohort
All cancer patients from January 2010 to December 2020

n=157,481

(n =157,266) Cancer patients who did not undergo
a clinical autopsy

of malignant cell clusters (that is, tumor emboli) within blood clots
retrieved at autopsy (Supplementary Fig.12). Notably, these clots were
taken from the same vessels used for blood sampling and where cor-
responding CTCs had beenidentified (Fig.2b). As expected, no cancer
cells were detected within blood clots obtained from patients with
nonmalignant illnesses (Supplementary Figs. 13 and 14). In contrast,
among the 21 patients with cancer who underwent autopsy, 8 (38%)
had detectable masses adherent to large arteries and veins, which
were resected en bloc. Pathological analysis confirmed infiltration
of vessel walls and lumens, along with the presence of tumor thrombi
partially obstructing vessel patency, in patients with colorectal, lung,

b
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pancreatobiliary, breast, prostate, kidney and esophageal cancers
(Extended Data Fig. 7).

CT imaging provided additional evidence of progressive ves-
selinfiltration. By comparing earlier scans with one acquired 7 days
before death, agrowinginteraortocaval mass was observed infiltrating
the IVC wall over 6 months in a patient with a pancreatobiliary tumor
(Fig. 2f (CT scans) and Supplementary Fig. 15). Pathological examina-
tion verified massive tumor cell infiltration within the wall and inside
the venacavalumen (Fig. 2f (rapid autopsy, bottom and top-right) and
Extended DataFig.7), aswell asalarge tumor thrombus showing signs
of recanalization (Fig. 2f, (rapid autopsy, top-left)).

Taken together, these prospective findings indicate that wide-
spread CTC dissemination and macrovascular infiltration might rep-
resent critical cancer-related events that occur at the end of lifein a
fraction of patients with solid tumors, irrespective of their primary
diagnosis. These observations further underscore the critical role
of the cardiovascular system in tumor progression and its possible
association with carcinomalethality.

Prognostic value of macrovascular infiltration
To further elucidate the relationship between vessel involve-
ment and carcinoma lethality, we evaluated clinical outcomes in
treatment-homogeneous patient populations diagnosed with lung
carcinomas, colorectal carcinomas, pancreatic carcinomas, ovarian
carcinomas or hepatocellular carcinomas (HCC).

0Of 4,475 patients with cancer initially identified at the University
of Liibeck and the University of Mainz, Germany, 1,319 were excluded
due to an age below 18 years, multiple malignancies, failure to meet
Germanimaging guidelines or lack of cross-sectionalimaging studies,
yielding 3,156 eligible patients. Among these, 250 patients per cancer
type wererandomly selected, resultinginafinal cohort 0f1,250 patients
(Supplementary Fig.16).

Table1, Supplementary Tables10-12 and Extended DataFig. 8 show
the demographic, clinical and radiological characteristics of these 1,250
patients. Notably, theinterval between cancer diagnosis and the earli-
est radiologic evidence of macrovascular infiltration varied consider-
ablyacross cancer types (P < 0.0001, H = 89.6; Supplementary Fig.17a),
rangingonaverage from 0.5 yearsinlungcancerto 2.3 yearsincolorec-
tal cancer (CRC; Supplementary Fig. 17a). As expected, the presence
and timing of distant metastasis**** (synchronous versus metachro-
nous), as well as resection status, strongly correlate with the onset and
location of macrovascular infiltration (Supplementary Figs.17b-d and
18-20). Indeed, patients (n =102) who underwent surgical resection

and were metastasis-free at diagnosis showed a notable delay in the
detection of vessel involvement compared to patients (n =296) who did
notundergo surgical intervention or presented with distant metastasis
atthetime of diagnosis (2.8 versus 0.7 years, respectively; P< 0.0001,
U=5068.5; Supplementary Fig.17b).

To assess the prognostic power of macrovascular infiltra-
tion, we first conducted univariate survival analyses among meta-
static patients, categorizing them by the presence or absence of
vessel involvement at the time distant metastases were identified.
These analyses showed the strong prognostic value of macrovas-
cular infiltration across patients with lung carcinomas, colorectal
carcinomas, pancreatic carcinomas, ovarian carcinomas or HCC
(Fig.3aand Supplementary Fig. 21). Specifically, metastatic patients
exhibiting macrovascular infiltration had a markedly shorter
median overall survival (range: 0.1-0.5 years) compared to those
without vessel involvement (range =1.2-6.6 years; Fig. 3a and
Supplementary Fig. 22). Notably, these differences in survival
remained pronounced even when patients were further stratified
by tumor stage, resection status, or timing of distant metastasis
(synchronous versus metachronous; Supplementary Figs. 23-29).
Time-varying Cox regression analyses further corroborated that
vesselinvolvement is the strongest single predictor of survival, even
after controlling for treatment status and distant metastasis (Fig. 3b,
Supplementary Fig.30a and Supplementary Table 13). Furthermore,
within treatment-homogeneous subgroups—comprising patients
who either did or did not undergo surgical resection—macrovascu-
lar infiltration remained the only consistent predictor of poor out-
come (Extended Data Fig.9). Including INR and coagulation-specific
medication intake into additional time-varying Cox regression
analyses further reinforced the superior prognostic power of mac-
rovascular infiltration in identifying patients with poor outcomes
(Supplementary Fig.30b,c).

Finally, to determine whether macrovascular infiltration repre-
sents a uniform prognostic entity or whether its prognostic value var-
ies according to the specific infiltrated vessel, we performed further
analyses focusing on the five most frequently infiltrated vessels—the
portal vein, pulmonaryartery, IVC, hepatic veins and abdominal aorta
(Extended DataFig. 8a). Interestingly, this evaluation revealed that the
invasion of the abdominal aorta and the IVC—the largest artery and
veininthecirculatory system, respectively—carries the highest hazard
ratiosin patients with lung carcinomas, colorectal carcinomas, pancre-
aticcarcinomas, ovarian carcinomas or HCC (abdominal aorta, hazard
ratio =48.1;1VC, hazardratio = 20.5; Fig. 3c (left), Extended Data Fig. 10

Fig. 2| A premortem spike of CTC counts, together with radiological

and pathological evidence of macrovascular infiltration, characterizes
patients with cancer approaching the end of life. a, The image shows

inclusion and exclusion criteria for enrolling patients with cancer in the UTSW
prospective cohort. b, Theimage shows representative brightfield (top) and
immunofluorescence (bottom) images of microfluid-captured CTC clusters from
prospectively enrolled patients with a diagnosis of pancreatobiliary (pPt.12),
breast (pPt.14), prostate (pPt.22), and colorectal (pPt.31) cancer. EpCAM, HER2
and EGFR were the surface markers used to visualize CTC clusters (green color),
while the CD45 marker was used to visualize immune cells (magenta color).
Scale bar =40 pm (all, top and bottom). ¢, The image shows a graph depicting
changing blood levels of CTCs over time. Each pointin the plots represents
individual patient values. The bold red line represents a curve fitting patient
datausingalocally estimated scatterplot smoothing (LOESS) model. ‘0’,*-1, -2’
and ‘-3’ in the x axis refer to the rapid autopsy procedure, closest, second closest
and third closest visit before death, respectively. Pvalue indicates the statistical
significance of a two-sided Wilcoxon signed-rank test comparing the earliest
available versus final values for each patient (P=5.95 x 107°). d, The image shows
agraph depicting the changing blood levels of mean CTC cluster size over time.
Each pointinthe plots represents individual patient values. The bold red line
represents a curve fitting patient data using a polynomial regression model. ‘0",
‘~1’,-2’and ‘-3’ in the x axis refer to the rapid autopsy procedure, closest, second

closest and third closest visit before death, respectively. Pvalue indicates the
statistical significance of a two-sided Wilcoxon signed-rank test comparing the
earliest available versus final values for each patient. e, The image shows agraph
depicting changing blood levels of total CTC clusters over time. Each pointin
the plots represents individual patient values. The bold red line represents a
curve fitting patient data using a polynomial regression model. ‘0’, ‘-1, ‘-2’ and
‘~3’inthexaxis refer to the rapid autopsy procedure, closest, second closest
and third closest visit before death, respectively. Pvalue indicates the statistical
significance of a two-sided Wilcoxon signed-rank test comparing the earliest
available versus final values for each patient (P=9.53 x107).f, The image shows
sagittal (left) and axial (right) CT images of a prospectively enrolled patient
(pPt.12) at different magnifications from two distinct time points (December and
June). Theimagesillustrate a progression of a T infiltrating the posterior wall of
the IVC. Arrowheads demarcate the anterior border of the growing tumor mass
inrelation to the posterior wall of the IVC. Representative H&E images from the
rapid autopsy show pathological evidence of macrovascular infiltration—the
bottomimage (low magnitude) displays a T infiltrating the IVC wall and vessel
lumen (top-rightimage) with signs of TT as well as TTR (top-leftimage). pPt,
prospectively enrolled patient; T, interaortocaval metastatic lesion; TT, tumor
thrombus; TTR, tumor thrombus recanalization; PB, pancreatobiliary cancer; BC,
breast cancer; PCa, prostate cancer.
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and Supplementary Fig. 31). Notably, these associations remained
highly significant even after adjusting for age, sex, presence (and tim-
ing) of distant metastasis and resection status (Fig. 3¢ (right) and
Supplementary Fig. 32).

Taken together, these data suggest a role of macrovascular
infiltration as a robust prognostic biomarker, independent of clini-
cal metastasis, in various treatment-homogeneous patient cohorts
(Supplementary Fig. 33).

Discussion

In this study, we longitudinally evaluated patients across a broad
spectrum of solid malignancies and identify a sharp increase in
CTCs, particularly clusters, immediately before death. Our work also
shows the occurrence of large-vessel infiltration during tumor pro-
gression, indicating that macrovascular infiltration appears to be a
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hemostasis. Our observations of massive thrombi containing large
CTC clusters, along with our data on altered coagulation status, fully
corroborate these findings, highlighting the need for additional
investigations on the mechanisms underlying the formation of tumor
thrombi. Notably, ref. 33 recently demonstrated that lung interstitial
macrophages can also promote systemic thromboembolic events
by activating platelets viathe secretion of B2 integrin-positive small

Hazard ratio (95% Cl)
250; PDAC, n =250 —— Significant

extracellular vesicles. Overall, these data further underscore the com-
plexinterplay among the metastatic niche®’, CTCs***, and the innate
and adaptive immune system?® in cancer-associated thrombosis.
Additionally, arecent study mentionedinref. 37 further highlights the
importance of CTCs in late-stage tumor progression, reporting that
patients with ovarian cancer with higher CTC counts were more likely
to present with advanced-stage disease (stages IlI-1V) and shorter
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Fig. 3| Univariate and multivariate survival analyses in patients with (V,)

or without (V,) macrovascular infiltration diagnosed with colorectal
carcinomas, lung carcinomas, ovarian carcinomas, pancreatic carcinomas
and HCC. a, The image shows Kaplan-Meier curvesillustrating survival
probability for patients with and without vessel infiltration (V,and V,,
respectively) from the onset of metastasis. Log-rank tests were used to compare
patients with and without vessel infiltration (V,and V,, respectively) in each plot.
ExactPvaluesare 7.88 x107°,6.74 x10™,1.31 x107%,2.50 x 10*,8.89 x 107 and
1.07 x 107 for groups with CRC, HCC, lung cancer, ovarian cancer, PDAC, and for
all patients, respectively. b, The image shows hazard ratios from time-varying
Cox regression models thatincluded R, Mets, V,, sex and age as time-varying
covariates. Diamonds indicate hazard ratios corresponding to variables shown
on they axis with error bars showing the 95% Cl for the hazard ratio. Hazard
ratios were estimated using multivariate, time-varying covariate Cox regression.

¢, Theimage shows two plots displaying the hazard ratios from time-varying
Cox regression models. Left: graph shows hazard ratios resulting from

Cox regression with time-varying covariates for the top five most frequently
infiltrated vessels. Right: graph shows hazard ratios from Cox regression with
time-varying covariates for the top five most frequently infiltrated vessels,
along with age, sex, R and Mets. Inboth graphs (left and right), V,+ represents
patients with involvement in other vessels or with at least one of these top five
infiltrated vessels, along with any other vessels. Diamonds indicate hazard
corresponding to variables shown on they axis with error bars showing the
95% Cl for the hazard ratio. Hazard ratios were estimated using multivariate,
time-varying covariate Cox regression. Cl, confidence interval; PDAC,
pancreatic ductal adenocarcinoma; Mets, metastasis; R, resection status;

V,, macrovascular infiltration.

disease-free survival compared to those with lower CTC counts. Col-
lectively, these findings reinforce the critical role of CTCs throughout
disease progression, suggesting their potential contribution to tumor
progression and cancer lethality beyond their established role as
metastatic drivers®**,

To further emphasize the central role of the cardiovascular system
in patients with cancer, our study also investigated the relationship
between vessel involvement and tumor progression. Interestingly,
we found that radiological evidence of macrovascular infiltration can
identify patients with poor outcomes. These observations build upon
previous evidence?****, particularly in HCC***’, where infiltration of
the portal and hepatic veins is a common event (-40% of cases) and
strongly correlates with reduced overall survival®. Indeed, in this
tumor type, macrovascular infiltrationis such awell-established inde-
pendent prognostic factor that arecent clinical trial involving patients
withresectable disease used vessel infiltration as a stratification crite-
rionfor randomization*. Our results broaden these insights, showing
that macrovascularinfiltration seems to be an even stronger predictor
of poor survival compared to well-known clinical variables, such as
distant metastasis and resection status. Additionally, our time-varying
Coxregression analyses revealed distinct prognostic values associated
with eachinfiltrated vessel, showing that involvement of the abdomi-
nalaortaandIVCis an event associated with the highest hazard ratios
in patients with lung carcinomas, colorectal carcinomas, pancreatic
carcinomas, ovarian carcinomas or HCC. Notably, these associations
remained highly significant even after adjusting for the presence and
timing®* (synchronous versus metachronous) of distant metastasis
and resection status.

Our findings also raise important considerations regarding the
potential mechanistic role of macrovascular infiltration in disease
progression. Acompelling hypothesis is that macrovascularinfiltration
represents a substantial source of CTCs, thereby actively promoting
disease spread. Future studies should aim to accurately map the origin
of CTCs throughout tumor progression and specifically test whether
a substantial proportion of CTCs originate from the colonization of
large vessels—either from vessel walls or vessel lumina—in addition to
well-established sources of CTCs (that is, primary tumors, when pre-
sent, and distant metastases). In parallel, other investigations should
clarify whether differences in the frequency of macrovascular infiltra-
tion among vessels are driven by specific biological factors (vascular
tropism) or simply reflect the proximity of vessels to expanding tumor
masses. Resolving these questions would help elucidate the precise
mechanisms underlying tumor progression and determine whether
macrovascularinfiltration actively contributes to disease advancement
and patient mortality. This insight would also be valuable for design-
ing effective surveillance strategies and could provide a rationale
for future clinical trials aimed at preventing/treating macrovascular
infiltration, for instance, by surgically or stereotactically targeting
tumor masses approaching large vessels or by disrupting CTC clusters
pharmacologically®.

Onabroader level, this work sheds light on the pathophysiological
mechanisms underlying tumor progression, provides an alternative
framework for interpreting cancer-related events at the end of life, and
may serve as a foundation for future reverse translational research.
Collectively, our data support the hypothesis that vessel infiltration,
accelerated CTC release, and a consequent vascular failure may be
terminal events, posing substantial, life-threatening risks in patients
with cancer. However, despite the new and potential significance of
our findings, this study has several limitations—(1) the heterogeneity
among panelists in determining the primary cause of death across
patients with cancer, (2) differences in vessel availability for CTC assess-
ment before and after death, (3) the absence of a prospective cohort
to further confirm the prognostic value of macrovascular infiltration,
(4) the omission of high-prevalence tumors, such as breast, prostate,
and gastric cancer, fromourindependent validation cohort and (5) the
observational, albeit longitudinal, nature of our findings. Although it
istempting to mechanistically link macrovascular infiltration and the
spike in CTCs directly to patient death, we acknowledge that, at this
stage, such associations may not necessarily be causal. Future research
should determine whether these events represent epiphenomena of
tumor progression—with patient death resulting from potentially other
factors (metastatic disease progression)—or whether the development
of macrovascularinfiltration and the surge in CTCs are mechanistically
involved in cancer lethality.

In conclusion, these findings represent a step forward in our
understanding of disease progression by highlighting a series of
cancer-related events beyond primary tumor growth, loco-regional
invasion and distant metastasis formation. Specifically, we identify
a perimortem surge in CTCs and the occurrence of macrovascular
infiltration as potential pivotal events strongly associated with cancer
mortality. Overall, these insights, combined with their prognostic rel-
evance and potential therapeutic implications, may open new avenues
for clinical intervention and substantially enhance patient survival
outcomes.
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Methods

Inclusion and ethics

All studies were approved by the relevant Institutional Ethical Com-
mittees. Specifically, the UTSW retrospective (PMH-122020-001) and
prospective (STU-2020-0628) studies were approved by the Institu-
tional Review Board (IRB) at the University of Texas Southwestern. The
German cohort was approved by the ethical committees at the
University of Liibeck and the University of Mainz (IRB: 2024-112 and
2024-17558, respectively).

Study design and patient cohorts

Tounderstand the cancer-related events that occur at the end of life in
patients with a diagnosis of carcinoma, a study design that included
three independent patient cohorts from the US and Europe was
employed (Supplementary Fig. 33).

To assess which cancer-related events, other than the pres-
ence of metastasis, arise in patients dying of advanced solid malig-
nancies, we reviewed routine clinical autopsies performed on a
retrospective cohort of patients (n=108) who had died at UTSW
(Supplementary Tables1-4). Based on these data, aprospective, obser-
vational (case-control) study was designed to test the hypothesis
that the colonization of cancer cells within the wall and inside the
lumen of large vessels (that is, macrovascular infiltration), as well as
the sharp increase of CTCs in the days preceding the patient’s death,
were the terminal events observed in patients with cancer. In this
longitudinal study, patients (n = 21) with a diagnosis of carcinoma
(study cohort) were enrolled when in hospice, monitored with multi-
plevisits and blood draws during the disease, and subjected to arapid
(that is, warm) autopsy procedure upon death. In addition, patients
(n=10) who were dying of nonmalignant illnesses (control cohort)
were alsoincluded in this prospective study to rule out potential con-
founding variables linked to the patient’s death independent of can-
cer progression (Extended Data Fig. 4, Supplementary Figs. 4-7 and
Supplementary Tables 5-9).

Lastly, a retrospective cohort (n =1,250) from the University of
Liibeck and the University of Mainz was employed to confirm indepen-
dently the presence of radiological signs of macrovascular infiltration
inroutine, follow-up CT scans and to establish its prognostic powerin
patients withadiagnosis of lung (n = 250), colorectal (n = 250), pancre-
atic (n=250), ovarian (n =250) and hepatocellular carcinoma (n =250)
(Supplementary Fig. 16 and Supplementary Tables 10, 11 and 13). No
statistical methods were used to predetermine sample sizes for these
patient cohorts.

The UTSW retrospective cohort. Assessing the consensuson the cause
of death in patients with advanced solid malignancies. To assess con-
sensus among medical professionals regarding the terminal eventsin
patients with cancer at the end of life, we conducted a query, under
an approved protocol (PMH-122020-001), of the databases of two
hospitals—Clements University Hospital (CUH) and Parkland Health
& Hospital System (PHHS)—within our institution (referred to as
UTSW Medical Center in the main article). We identified consecutive
patients with cancer who died during hospitalization and underwent
a clinical (routine) autopsy between January 2010 and December
2020 (Fig.1a). After applying the exclusion criterialisted in Fig. 1aand
Supplementary Table 1, we obtained a cohort of patients with abroad
spectrum of solid tumors, which included breast, colorectal, prostate,
lung, liver, and pancreatic cancer, as well as less frequent types of solid
malignancies (Table 1 (UTSW retrospective cohort)). We incorporated
routine autopsy, clinical data, and radiological records to provide
the most comprehensive documentation for determining the most
likely cause of the patient’s death®*">, We asked an interdisciplinary
panel of medical professionals to review the available data to identify
the most probable cause of death from a preselected list of common
clinical conditions observed at the end of life in patients with cancer,

including sepsis, end-organ failure, thromboembolic events, as well as
rarer conditions such as tumor lysis syndrome and type B lactic acidosis
(Supplementary Methods—List of the causes of death). To account for
clinical scenarios or events outside of thislist, we included an additional
category named ‘other causes’. To avoid introducing bias, each of our
experts was asked to review the clinical data and make their assessment
individually, without consulting colleagues. The interdisciplinary panel
of UTSW medical professionals consisted of nine physicians from dif-
ferent specialties: surgery (n = 3), internal medicine (n = 2), pathology
(n=2), intensive care medicine (n=1), and oncology (n =1). Most of
themwere attending physicians (n = 6), while three were trainees (that
is, residents) ingeneral surgery (n = 2) and internal medicine (n =1). Our
panelalsoincluded aregistered nurse (Fig. 1b (left)).

Quantification of tumor emboli and radiological signs of macrovas-
cular infiltration in patients with advanced solid tumors. To uncover
cancer-related events that could be implicated in patient death,
H&E-stained slides generated during the routine clinical autopsy
for the UTSW retrospective patient cohort were retrieved from
the CUH and PHHS Pathology Archives (Supplementary Table 2). A
UTSW board-certified anatomical pathologist (Z.C.) retrospectively
reviewed each slide. If tumor emboli in small/medium/large veins
and arteries or in heart chambers were identified, images of these
tissues were captured for quantification and downstream analysis
(Supplementary Table 3). Vessel calibers were determined as a stand-
ard method to classify arteries and veins. Veins were designated as
either small, medium or large if their diameters measured less than
1mm, equal to or greater than 1 mm but less than or equal to 10 mm,
or greater than 10 mm, respectively, while arteries were designated as
small, medium or large if their diameters measured less than 2 mm,
equaltoorgreaterthan2 mmbutless thanor equal to10 mmor greater
than 10 mm, respectively*’. Whenever there was uncertainty about
the presence of tumor emboli, a second board-certified anatomical
pathologist (M.B.W.), who was blinded to other clinical outcomes,
was consulted.

In addition to the H&E slide review, all CT scans of these patients
were recovered from the CUH and PHHS radiological archives and
reviewed by a board-certified UTSW radiologist (W.M.) to identify
any radiological signs of macrovascular infiltration during or before
their last hospitalization (Supplementary Table 4). Each CT scan was
reviewed by the board-certified UTSW radiologist, and only studies
that met the radiological standards for the appropriate evaluation of
vesselinfiltration were included for downstream analysis. Large caliber
vessels such as the pulmonary artery and veins, superior vena cava,
subclavian arteries and veins, portal vein, internal/external jugulars,
abdominal aorta, common/internal/external iliac arteries and veins,
superior mesenteric artery and vein, IVC and brachiocephalic trunk
were considered for this analysis (Supplementary Table 4).

The UTSW prospective cohort. Hypothesis and study design. To pro-
spectively validate the cancer-related events identified in the UTSW
retrospective cohort, we designed a case-control clinical study com-
prising bothacancer anda control (thatis, patients with nonmalignant
illnesses) cohort. Thislongitudinal study aimed to determine if vessel
infiltration occurred during tumor progression and whether tumor
emboli, also known as CTC clusters, increased in the days preceding the
patient’s death (Supplementary Fig. 33). The cancer cohort consisted
of patients with a diagnosis of carcinoma who had discontinued all
anticancer treatments with curative intent at the time of enrollment
(thatis, under palliative care treatments only), while the control cohort
included patients admitted to hospice with a nonmalignant illness.
Patients were enrolled and followed prospectively until death, after
which aresearch rapid (that is, warm) autopsy procedure was per-
formed (see ‘Research rapid autopsy procedure’ for more details on
theresearch procedure).
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Thecancer cohort and the control cohorts: inclusion and exclusion crite-
ria.Under anapproved protocol (STU-2020-0628), from17 November
2021to 7 November 2023, patients with a diagnosis of cancer were
screened from the Harold C. Simmons Comprehensive Cancer Center
at UTSW Medical Center as well as from three different hospices, Faith
Presbyterian Hospice, Visiting Nurse Association of Texas, and Path-
way Hospice. These hospices were included as enrolling off-campus
sites for this study, each with a local physician leader. The study was
approved by the Protocol Review and Monitoring Committee and
IRB, and oversight was maintained by the data and safety monitoring
board. To be eligible for the study, patients had to fulfill the following
criteria:be atleast18 yearsold, have received adiagnosis of carcinoma
(Extended DataFig.4 and Supplementary Table 5), have discontinued
allnonpalliative cancer therapies and be negative for HIV/HBV/HCV, as
confirmed by screening labs upon enrollment. In addition, under the
same protocol, from1August 2022 to 7 November 2023, patients were
alsoscreenedto serve as our control population. To be considered for
the control cohort, eligible participants needed to be admitted toone
of the above-mentioned hospices, have an underlying nonmalignant
iliness (Extended DataFig.4 and Supplementary Table 5), and be nega-
tive for HIV/HBV/HCV (exclusion criteria), as confirmed by screening
labs upon enrollment. Patients inboth the cancer and control cohorts
hadthe optiontoaccept/refuse the research autopsy procedure upon
death or withdraw from the study at any time. All participants in the
prospective study, or their legally authorized representatives, provided
written informed consent.

Patient visits, clinical assessments and laboratory tests. Upon enroll-
ment and confirmation of negative results for HIV, HBV and HCV,
participants were considered active. Patients with an active status
underwent a baseline visit followed by subsequent additional visits
(follow-up visits) until the time of death. Follow-up visits were triggered
by one or more of the following events: a decline of at least 20% in the
patients’ PPS, which is the current standard of care for documenting
the decline in hospice patients®, or onset of symptoms compatible
with infection, cardiac/cardiovascular events, deep vein thrombo-
sis and/or pulmonary embolism. Patient visits were also triggered
whenclinical conditions ofimminent death (PPS =10%) were reported
(Supplementary Fig. 4).

Each visit consisted of a detailed clinical assessment (Supplementary
Fig.5),an 80 mlblood draw (Supplementary Figs. 6 and 7 and Supple-
mentary Table 6), and height and weight measurement (using a patient
lift) whenever the conditions permitted (Supplementary Fig. 5).
Of note, central access was preferred over peripheral blood draw to
minimize the patient’s discomfort (Supplementary Figs. 6 and 7 and
Supplementary Methods—Blood draw).

The purpose of each visit was to determine the patient’s clinical
condition (Supplementary Methods—Clinical assessment) as well
as hematological and metabolic status, the presence of any acid-
base imbalance or ions level disorders, the onset of an inflammatory
systemic response syndrome or septic shock (for example, positive
blood culture), the existence of liver, kidney or lung dysfunctions, or
the occurrence of an acute cardiovascular event (for example, myo-
cardial infarction). In addition, given our hypothesis of an increased
number of CTCs at the end of life, mirrored by the infiltration within
the wall and inside the lumen of large vessels with the formation of
tumor thrombi, particular emphasis was placed on the coagulation
profile. Thus, the most common coagulation tests, as well as D-Dimer
levels and the activity of Von Willebrand and other coagulation fac-
tors (for example, factor X, factor II), were included in our labora-
tory panel (Supplementary Table 6). Well-established tumor markers
for each cancer type (for example, CEA, CA19.9) were also assessed,
while two independent 8.5-ml ACD-A tubes were used to quantify
the presence of CTC clusters (that is, tumor emboli) at each visit
(Supplementary Fig. 7).

Researchrapid autopsy procedure. Upon death, patients who accepted
the optional postmortem examination underwent aresearch autopsy
procedure (Supplementary Fig. 4). To obtain high-quality blood and
tissue samples, our goal was to start the autopsy within 6 hours of
pronouncement, which was achieved in 77% of the patients (24/31
patients). Before the routine en bloc organ dissection, blood draws
were collected from large vessels, such as the superior and IVC,
portal veins, left brachiocephalic vein, right atrium and iliac veins,
to assess the presence of CTCs. Upon blood draw completion, care-
ful surgical dissection and ligation of each large artery and vein
(that is, carotid and jugular, subclavian artery and veins, and iliac
artery and vein) was performed to ensure that the content of the
vasculature, such as tumor thrombi, was preserved before the en
bloc organ removal. Then, an analytical organ-by-organ autopsy
was performed. Autopsies were videoed in their entirety to
capture blood draws and the dissection of macroscopic tumor masses
infiltrating large vessels for all but two patients (pPt.2, who was not
recorded, and camera failure occurred in the middle of the autopsy
inpPt.32, preventing the recording of the blood draws). ACD-A tubes
containing blood taken from multiple vessels during each autopsy
were shipped to the Institute of Molecular Health Sciences, Depart-
ment of Biology, ETH, under an approved MTA (202212-0171). All
organ tissue and blood clots collected during autopsy were pro-
cessed to generate formalin-fixed paraffin-embedded (FFPE) tissue
blocks. These blocks were sectioned, and H&E-stained slides were
generated to assess the presence of cancer cellsin blood clots, organ
tissues, and within the wall and inside the lumen of large vessels
(Supplementary Fig. 4).

The validation external (German) cohort. Approval for the study was
obtained from the University of Liibeck and the University of Mainz
(IRB: 2024-112 and 2024-17558, respectively). Five cancer types rank-
ingamongthe tumors with the highest mortality rate worldwide were
included in the study*’.

The rationale for choosing lung cancer, CRC, pancreatic cancer,
ovarian cancer and HCC as our five cancer type for this study were
the following: (1) relatively high mortality rates compared to inci-
dencerates for these five solid malignancies*; (2) distinct anatomical
locations—ranging from thoracic to abdominal and retroperitoneal
regions—to minimize potential confounding factors related to ana-
tomical variations, including vessel size, proximity to encapsulated
or nonencapsulated organs or differences in accessibility between
veins and arteries and (3) availability of comprehensive clinical data
fromour collaborating institutionsin Germany (University of Liibeck
and University of Mainz). Patients were retrospectively identified
from the institutional databases of the University Medical Center
Schleswig-Holstein, Campus Liibeck and the University Medical Center
Mainz, two German high-volume cancer centers. Patients diagnosed
with one of the specified cancer types who presented for an inpa-
tient or outpatient appointment from 1 January 2018 to 1 Novem-
ber 2023 were selected from the institutional databases. Specific
inclusion criteria used in this retrospective study were the following;:
age of at least 18 years, follow-up imaging intervals consistent with
the German guideline recommendations for the respective cancer
types, and at least one cross-sectional imaging performed during
the follow-up period. Patients diagnosed with multiple malignan-
cies were excluded. To obtain a final cohort of 1,250 patients, 250
patients were randomly selected for each of the individual cancer
types from the total number of patients identified using the random
package in R (Supplementary Fig. 16). Clinical and demographic
parameters collected for all patients were sex, race, ethnicity, age
at the time of diagnosis, dates of diagnosis, clinical stage according
to AJCC 8th edition, time of primary tumor resection if applicable,
and timing and site of distant metastasis (if applicable), the timing
of last follow-up and acquisition of cross-sectional staging images
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(Supplementary Tables 10 and 11). All consecutive cross-sectional
imaging from the date of diagnosis until the date of the last follow-up
was reviewed independently by two radiologists (M.M.S. and L.M.)
and onesurgeon (L.B.).Inthe case of inter-rater variability, one senior
radiologist (R.K.) and one senior surgeon (T.K.) were consulted, and a
consensus was obtained after reviewing the CT scans. Major vascular
involvement was defined as tumor proximity to the following arterial
and venous structures: thoracic or abdominal aorta, vena cava, bra-
chiocephalic trunk, portal vein, subclavian vessels, main pulmonary
vessels, common, internal and external carotid artery and jugular
vein, common, internal and externaliliac vessels, main hepatic veins,
superior and inferior mesenteric vessels and splenic vessels. Vascular
involvement was classified as either present or absent. The presence
of'vascularinvolvement, whichis herein described by macrovascular
infiltration, was defined as the following: (1) if the mass did not touch
the vessel, the maximum distance between the mass and the vessel
needed to be less than 0.5 cm, or (2) if the mass touched the vessel,
radiological evidence of compression, infiltration or occlusion were
reported. Additional radiological parameters were collected, such as
dates of each examination, type ofimaging and whether the study used
a contrast agent (Supplementary Table 11). In addition, we gathered
INR, aPTT, Quick and fibrinogen values, as well as detailed informa-
tionon medications thatinfluence platelet aggregation (for example,
acetylsalicylicacid, clopidogrel, ticagrelor) or the coagulation cascade
(forexample, vitamin K antagonists, direct oral anticoagulants, unfrac-
tionated/low-molecular-weight heparin; Supplementary Table 12).

Statistical analysis

Tumor emboli and radiological signs of macrovascular infiltra-
tion. Descriptive statistics (ranges, s.d., means) were calculated using
the NumPy package for Python. The TableOne package for Python
was used to generate Table 1. For Supplementary Fig. 1, a cause of
death was counted for a case whenever at least one reviewer selected
it. This produced summary distributions describing agreement for
each cause of death, where high valuesindicate agreementin the cor-
responding cause of death for the case and low values indicate low
(or no) agreement for the cause of death for the case. A difference in
proportions of patients with tumor emboli by cancer type was tested
using a chi-squared test on a binary emboli present/absent contin-
gencytable (Extended Data Fig. 2). Plots were generated using Seaborn
and Matplotlib for Python. When generating metrics describing the
proportions of patients with emboli characteristics, all patients with
and without tumor emboli were examined. Pairwise comparisons of
tumor emboli countsin different calibers (‘small’and ‘medium/large’)
of arteries and veins were performed using Wilcoxon signed-ranked
tests (Fig. 1e).

Lag times between imaging and death were computed using
Python and differencesinlagtimes between groups were tested using
atwo-tailMann-Whitney Utest (comparing lag times between imag-
ingand death for patients with and without vessel involvement, using
SciPy for Python) and a Kruskal-Wallis test (comparing lag times
between imaging and death for patients with different cancer types,
using SciPy for Python). Plots were generated using Seaborn and
Matplotlib for Python.

A premortem spike of tumor emboli and pathological evidence
of macrovascular infiltration characterize patients who die of
cancer. The difference between PPS scores at the end of life for patients
with cancer versus patients without was tested using a two-tailed
Mann-Whitney U test (using SciPy for Python). Plots were gener-
ated using Seaborn and Matplotlib for Python, with the exception of
Fig. 2c and Extended Data Fig. 5¢c, which were generated using R. For
Extended Data Fig. 5, a paired, two-sided Wilcoxon signed-rank test
was used to calculate the significance of the change in INR using the
earliest available and final INR values.

CTC capture and enumeration. Blood samples were obtained via
blood draw from multiple locations (via port, left brachiocephalic,
superior vena cava, right atrium, portal vein, IVC, right iliac vein, left
commoniliac vein and aorta) in ACD-A vacutainers (Fisher Scientific,
BD364606) and supplemented with 0.5 pg Tirofiban (Sigma-Aldrich,
30165) per ml of blood. Upon arrival, the samples were equilibrated at
room temperature for 15 min. Subsequently, 7.5 pl of 0.5 M EDTA (Inv-
itrogen, AM9260G) per ml of blood was added. The samples were then
processed for microfluidic-based CTC capture within approximately
48 h of the blood draw. Using the Parsortix Cell Separation System
(ANGLE), CTCswere captured in Cell Separation cassettes (GEN3D6.5)
and stained withan antibody cocktail containing antihuman EpCAM-
AF488 (Cell Signaling Technology, CST5198; 1:50 dilution), HER2-
AF488 (BioLegend, 324410; 1:50 dilution), EGFR-FITC (GeneTex,
GTX11400; 1:25 dilution) and CD45-AF647 (BioLegend, 304018; 1:25
dilution). The enumeration of CTCs (defined in this study as ‘CTC
counts’), including single CTCs and CTC clusters, was performed while
thecellsremainedinthe cassette. After counting, CTCs were released
from the cassette in PBS (Gibco, 14190169) onto ultra-low-attachment
plates (Corning, 3471-COR) for downstream analysis.

CTC time-course analysis. The pattern of CTCrelease before deathwas
evaluated using R by fitting alocally estimated scatterplot smoothing
(LOESS) or polynomial regressionmodelsto CTClevels and CTC cluster
size (Fig. 2c) at each time point. The model for CTC levels included all
time points with at least two patients, and the CTC counts were normal-
ized by blood volume (ml). CTC count was defined as the sum of single
CTCs and the number of individual cells in each CTC cluster (that is,
cluster size). For postmortem evaluation, the CTC level was defined
as the total number of CTCs normalized by the total volume of blood
drawnacross all anatomical locations. The comparison of premortem
and postmortem CTC levels in patients with and without cancer was
performed using the ratio (fold-change) of CTC counts per ml postmor-
tem over premortem levels. The model for CTC cluster size included
patients with CTC clusters detected in premortem and postmortem
evaluations, and the size of a CTC cluster was determined by the num-
ber of CTCs withinthe cluster, excluding CD45-positive cells. Across the
analyses, a pseudocount (z) defined as z= (minimum value per ml)/2
was added to cases with zero counts to allow their visualization on the
log scale. In Extended Data Fig. 5c, the two-sided Wilcoxon rank-sum
test was used to assess significance. A paired, two-sided Wilcoxon
signed-rank test was used to calculate the significance of the difference
between the earliest available time point versus the postmortem time
point for CTC concentrationand mean CTC cluster size (Fig.2c-e and
Extended Data Fig. 5d-g). For Supplementary Figs. 9 and 10, exclud-
ing the autopsy time point, a paired, two-sided Wilcoxon signed-rank
test was used to calculate the significance of the difference between
the earliest available time point versus the final premortem time point
for CTC concentrations and mean CTC cluster size. For Fig. 2d,e and
Extended DataFig. 5a,b,d-g, regression lines were fit using either linear,
polynomial or LOESS regression. Comparisons between normalized
CTC counts at autopsy between patients with cancer and patients
with nonmalignant illnesses (Supplementary Fig. 8) were performed
with Mann-Whitney Utests using the SciPy package. To determine the
total number of CTCs involved in clusters (Extended Data Fig. 6), the
number of single CTCs was subtracted from the total number of CTCs.
For postmortem samples, the superior vena cavaterritory includes the
superior vena cava, left brachiocephalic vein, right internal jugular
and right atrium (Extended Data Fig. 6 and Supplementary Fig. 10).
The aorta territory includes the aorta and the right common carotid
artery (Extended Data Fig. 6).

RNA-seq analysis and variant calling. Amplified cDNA was prepared
on-bead according to the Smart-seq2 protocol. Libraries were prepared
using Nextera XT (Illumina) and sequenced on an Illumina NovaSeq X
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Plusinstrumentin 150-base-pair paired-end reads mode. Sequencing
reads were quality-trimmed with Trim Galore! (v0.6.6, https://www.
bioinformatics.babraham.ac.uk/projects/trim_galore/; parameters:
-q20 -length 20). Quality assessment of RNA-seq datawas carried out
using FastQC (v0.11.9, https://www.bioinformatics.babraham.ac.uk/
projects/fastqc), FastQ Screen (v0.15.2, https://www.bioinformatics.
babraham.ac.uk/projects/fastq_screen/), and visualized with MultiQC*
(v1.9). Trimmed reads were aligned to the human (GRCh38) genome
reference using STAR* (v.2.7.9a) in a two-pass mode with splice junc-
tions from the human GENCODE annotation (release 40). The resulting
BAM files were processed following the GATK best practices for variant
calling from RNA-sequencing using GATK* (v4.2.6.1) and PicardTools
(v2.27.5). Gene expression levels were computed with featureCounts
from the subread package*® (v.2.0.3) using the human gene annota-
tions from GENCODE (release 40). Variantsinindividual samples were
called using GATK HaplotypeCaller at the patient level and annotated
using SnpEff*’ (v5.1d) using dbSNP (retrieved from https://ftp.ncbi.
nih.gov/snp/organisms/human_9606_b151_GRCh38p7/VCF/
common_all_20180418.vcf.gz), OncoKB (accessed on 13 December
2023) and COSMIC (v98). Additional cancer-specific variant annotation
was performed using the Cancer Genome Interpreter®®. Low-quality
samples were identified using an adaptive threshold based on 2.5
median absolute deviations from the distribution of library size and
proportion of reads mapping to mitochondrial genes. Patients with-
out samples passing the quality filtering were excluded from further
analysis. The list of putative somatic driver mutations was obtained
based onthe followingfiltering criteria: (1) remove common SNPs with
atleast one 1000 Genomes population with a minor allele of frequency
>1% and for which two or more founders contribute to that minor allele
frequency, (2) keep mutationsingenes presentin OncokB Cancer Gene
List, (3) keep mutations present in COSMIC with at least four occur-
rences, (4) keep mutations predicted as ‘high’ or ‘moderate’ impact
according to SnpEff and (5) keep mutations defined as oncogenic
according to Cancer Genome Interpreter. A Wilcoxon rank-sum test
was used to compare putative driver mutation counts between cancer
and control cohortsin Supplementary Fig. 11.

Human tissue processing and H&E staining. Tissue samples obtained
during rapid autopsies were placed in pencil-labeled cassettes and
immediately placed in a4% paraformaldehyde (PFA, SC-281692) solu-
tion during the autopsy procedure. Samples were then positioned in
acassette basket, rinsed in fresh 4% PFA for aminimum of two washes,
and fixed for 18-24 h at 4 °C in the dark. After fixation, samples were
transferred into a70% ethanol solution and then transferred into pre-
printed cassettes and handed over to the UTSW Tissue Management
Shared Resource core (Simmons Comprehensive Cancer Center) for
the FFPE processing. FFPE blocks were then mounted, from which
4-micron slides were cut and stained with H&E staining. H&E-stained
slides were finally scanned at x40 magnification (NanoZoomer S60
Brightfield Slide scanning system—Hamamatsu, C13210-01-BF-KIT;
Vectra Polaris—Akoya Biosciences).

Prognostic value of macrovascular infiltration. Cox regression mod-
elswere constructed for overall survival, where the covariates included
baseline characteristics, age and sex, and metastasis, resection status,
and vesselinvolvement as time-dependent covariates (Fig. 3b). We used
the Akaike information criterion tocompare the fitness of Cox models
(Supplementary Table13). Cox regression analyses, log-rank tests and
the Kaplan-Meier curves survival analyses were carried out using the
Lifelines package for Python (Fig. 3, Extended Data Figs. 9 and 10 and
Supplementary Figs. 21-27 and 29-32). For all time-varying covariate
Cox regression models, patients without follow-up after diagnosis
were excluded. Additionally, for time-varying covariate Cox regres-
sion models using INR as a covariate (Supplementary Fig. 30b,c), all
time intervals without known INR were excluded, and only patients

with at least one interval with known INR were included. To assess
the impact on survival of macrovascular infiltration by vessel (Fig. 3c,
Extended DataFig.10 and Supplementary Figs. 31and 32), the earliest
infiltration time points were first sorted by frequency to determine
the five most frequently infiltrated vessels. Patients with simultane-
ous earliestinfiltration at multiple vessels were classified into the V,+
category (Fig. 3c, Extended Data Fig. 10 and Supplementary Figs. 31
and 32). For analysis of vessel significance within individual cancer
types (Extended Data Fig. 10), only vessels with the earliest infiltra-
tion events occurring in at least ten patients were used in subsequent
time-varying covariate Cox regression models. Sankey diagrams were
generated using the Plotly package for Python based on patient status
from diagnosis to last follow-up with respect to macrovascularinfiltra-
tion, resection status, and metastasis. For the Sankey diagrams, events
were considered co-occurring if they occurred within 30 days of each
other (Supplementary Fig. 28).

Analyses comparing synchronous and metachronous metastasis.
For analyses and visualizations comparing synchronous metastasis
and metachronous metastasis (Supplementary Figs. 29, 30a and 32),
patients with metastasis within 90 days of diagnosis were classified
as having synchronous metastasis, and patients with metastasis more
than 90 days after diagnosis were classified as having metachronous
metastasis® >,

Contingency table tests. For statistical tests performed on contin-
gency tables (Supplementary Figs.18a,b and 28b), we used the Fisher
exact testimplementation in SciPy with default parameters, includ-
ing two-sided alternative hypotheses for all tests. For comparisons
of vessel/cancer type frequencies between resection and metastatic
statuses (Supplementary Fig. 18a,b), the absolute counts matrices
were first flattened, creating n x 2 tables, where n representing the
number of rows is the number of cancer type/vessel combinations,
with the columns as either My and M, (metastasis positive or nega-
tive) or Ry and R, (resection positive or negative). Then, Fisher’s
exact tests were performed to assess the independence of row and
column variables.

Time to vessel infiltration detection analyses. For analyses examin-
ing the time from diagnosis to detection (Supplementary Fig.17), the
earliest date of vessel involvement was used. Mann-Whitney U tests
were used to compare time-to-detection distributions forindependent
groups (Supplementary Fig.17b-d). Kruskal-Wallis tests were used to
detectthe presence of asignificantly different group among all groups
inSupplementary Fig.17a,c,d.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Data analysis, statistical testing, and visualization were conducted
in R (version 4.2.2; R Foundation for Statistical Computing), Biocon-
ductor’' (v.3.16), and Python (v3.10.8) using the following packages:
SciPy*? (v1.11.1), lifelines® (v.0.27.7), Seaborn** (v0.13.2), Pingouin®
(v0.5.3), NumPy*® (v1.24.3), Plotly*’ (v5.20.0) and TableOne*® (v0.8.0).
RNA-seq data have been deposited in the Gene Expression Omnibus
(GEO, National Center for Biotechnology Information). GEO accession
code: GSE295441. Processed transcriptomics data, large datasets, and
other files required for reproducibility are available from the Zenodo
datarepository (https://doi.org/10.5281/zenod0.15829402)*. The
human reference genome (GRCh38) human gene annotation (release
40) was downloaded from GENCODE (https://www.gencodegenes.
org/). Censored data that can be used to reproduce the main results
areincluded as Supplementary tables.
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Code availability

All statistical analyses and results were created using existing, free,
open-source software packages. No new algorithms or implementa-
tions were used to compute the results presented here. Code demon-
strating how the main findings of this work can be reproduced using
the provided censored datais available on GitHub (https://github.com/
wigasper/vessel-inf-and-ctcs).
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Extended Data Fig. 5| Temporal changes in CTC counts, serum tumor markers,
and INR for patients in the UTSW prospective cohort. a, Plasmatic levels of
tumor markers over time. Each pointin the plots represents an individual patient/
tumor marker value. The bold red line represents a curve fitting data using a
polynomial regression model. In this panel, the ‘-1’,‘~2’, and ‘-3’ in the x-axis refer
to the closest, second closest, and third closest visit before death, respectively.

b, INR values for each patient at each visit. Each pointin the plots represents an
individual patient/INR value. The bold red line represents a curve fitting patient
datausing a polynomial regression model. ‘-1’,‘~2’, and ‘=3’ in the x-axis refer

to thefirst, second, and third closest visits before death, respectively. P-value
indicates the statistical significance of a two-sided Wilcoxon signed-rank test
comparing the earliest available versus final values for each patient. ¢, Abox and
whisker plot representing fold changes in the plasmatic levels of CTCs identified
in post- versus premortem blood samples for both patients with (n = 21)

and without cancer (n =9). Each point represents individual patient values.

P-value indicates the significance of performing a two-sided Mann-Whitney U
test comparing the groups. Box plotsindicate 25th, 50th, and 75th percentiles,
and whiskers represent the range of values within 1.5 interquartile ranges of the
25thand 75th percentiles. d-g, Graphs depicting changing blood levels of CTCs
over pseudo-time, that is, patient visits (d-f), or actual time (g). Each pointin the
plots represents individual patient/CTC values. The number of patients for each
visitis provided at the bottom. The bold red line represents a curve fitting patient
datausing either alocally estimated scatterplot smoothing (LOESS model or a
polynomial regression model. d-f, The numbers ‘0’, ‘-1’,-2’, and ‘-3’ in the x-axis
refer to the rapid autopsy procedure, closest, second closest, third closest visit
before death, respectively. P-values indicate the statistical significance of two-
sided Wilcoxon signed-rank tests comparing the earliest available versus final
values for each patient. INR = international normalized ratio; A(t,) = autopsy;
CTCs =circulating tumor cells; Pts = patients.
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Extended DataFig. 6 | Overview of pre- and post-mortem CTC countsin the
UTSW prospective cohort patients. Pie charts showing the relative frequencies
of single CTCs and CTC clusters for each patient at pre-mortem and autopsy
time points, and for each CTC type at autopsy for the prospective cancer
cohort.‘0’,‘-1,-2’,and ‘=3’ refer to the rapid autopsy procedure, closest, second
closest, third closest visit before death, respectively. CTCs = circulating tumor

cells; IVC = inferior vena cava; SVC = superior vena cava; BC = breast cancer,
PDAC = pancreatic ductal adenocarcinoma; NSCLC = non-small cell lung cancer;
PB = pancreatobiliary cancer; SCLC = small cell lung cancer; CRC = colorectal
cancer; PCa = prostate cancer; ESCA = esophageal cancer; RCC = renal cell
cancer; MMMT = malignant mixed mesodermal tumor; pPt = prospectively
enrolled patient.
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Extended Data Fig. 7| Representative gross and microscopic images of
macrovascular infiltrationin the UTSW prospective cohort patients.
Representative images illustrating macrovascularinfiltration by surrounding
tumor masses identified during the rapid (thatis, warm) autopsy procedure
in prospectively enrolled patients with multiple solid malignancies. From

left to right,images from the en bloc resection, the gross examination of the

resected specimen, and the paired H&E-stained slides demonstrate evidence of
macrovascular infiltration at low and high magnification. NSCLC = non-small cell
lung cancer; PB = pancreatobiliary cancer; BC = breast cancer; CRC = colorectal
cancer; PCa = prostate cancer; ESCA = esophageal cancer; RCC = renal cell
carcinoma; CRC = colorectal cancer; pPt = prospectively enrolled patients.
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Extended Data Fig. 9| Multivariate survival analyses using treatment
homogeneous groups of patients in the German retrospective cohort.

Plots showing the hazard ratios from time-varying Cox regression models that
included metastasis and macrovascular infiltration as time-varying covariates
for treatment-homogeneous patient subgroups based on their resection status
(presence or absence) and stratified by their tumor type. Along with metastasis

and macrovascular infiltration, sex and age were included in the model as
covariates. Diamonds indicate hazard ratios corresponding to variables shown
on the y-axis with error bars showing the 95% confidence interval for the hazard
ratio. Cl = confidence interval; CRC = colorectal cancer; PDAC = pancreatic ductal
adenocarcinoma; HCC = hepatocellular carcinoma; ovarian = ovarian cancer;
lung = lung cancer.
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Extended Data Fig. 10 | Most frequently infiltrated vessels in patients
diagnosed with colorectal, lung, ovarian, pancreatic, and hepatocellular
carcinoma. a-e, Graphs with frequencies of the earliest infiltrated vessels

(bar plots, left column), and hazard ratios (right column) resulting from time-
varying covariate Cox regression using metastasis, resection status, and earliest
infiltrated vessels occurring in ten or more patients for each cancer type.
V,+represents patients with involvement in other vessels or with at least one of

these top five infiltrated vessels, with any other vessel(s). Diamonds indicate
hazard ratios corresponding to variables shown on the y-axis with error

bars showing the 95% confidence interval for the hazard ratio. Hazard ratios
were estimated using multivariate, time-varying covariate Cox regression.
Mets = metastases; R = resection; IVC = inferior vena cava; Cl = confidence
interval; CRC = colorectal cancer; PDAC = pancreatic ductal adenocarcinoma;
HCC = hepatocellular carcinoma; Pts = patients.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed
IZ The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

< The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

|X’ A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
N Gjve P values as exact values whenever suitable.

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

XXX O OO0 000F

|:| Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  REDCap (14.6.7), OpenSpecimen (PROD), and Excel.

Data analysis Data analysis, statistical testing, and visualization were conducted in R (version 4.2.2; R Foundation for Statistical Computing), Bioconductor
(v.3.16), and Python (v3.10.8) utilizing the following packages: SciPy (v1.11.1), lifelines (v.0.27.7), Seaborn (v0.13.2), Pingouin (v0.5.3), NumPy
(v1.24.3), Plotly (v5.20.0), and TableOne (v0.8.0). Single-cell RNA-sequencing data processing and analysis was conducted using Trim Galore!,
FastQC (v0.11.9), FastQ Screen (v0.15.2), MultiQC (v1.9), STAR (v.2.7.9a), GATK (v4.2.6.1), PicardTools (v2.27.5), featureCounts (v.2.0.3), GATK
HaplotypeCaller, SnpEff (v5.1d), OncoKB (accessed on 20231213), and COSMIC (v98).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.




Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Clinical information is provided in the supplementary material. RNA-seq data have been deposited in the Gene Expression Omnibus (GEO, National Center for
Biotechnology Information; GSE295441). Processed transcriptomics data, large datasets, and other files required for reproducibility are available from the Zenodo
data repository (DOI: 10.5281/zenodo.15829402).

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender Sex was retrieved from medical record data and included in Cox regression models as a covariate.

Reporting on race, ethnicity, or Race and Ethnicity were recorded and are reported in Extended Data Table 1.
other socially relevant
groupings

Population characteristics Patients with a diagnosis of solid tumor (cases) or without a known history of cancer (controls) were included in the
prospective study.

Recruitment Under an approved protocol (STU-2020-0628), from November 17, 2021, to November 7, 2023, patients with a diagnosis of
cancer were screened from the Harold C. Simmons Comprehensive Cancer Center at UTSW Medical Center as well as from
three different hospices, Faith Presbyterian Hospice, The Visiting Nurse Association (VNA) of Texas, and Pathway Hospice.
These hospices were included as enrolling off-campus sites for this study, each with a local physician leader. The study was
approved by the Protocol Review and Monitoring Committee (PRMC) and IRB, and oversight was maintained by the Data and
Safety Monitoring Board (DSMB). To be eligible for the study, patients had to fulfill the following criteria: be at least 18 years
old, have received a diagnosis of carcinoma, have discontinued all nonpalliative cancer therapies, and be negative for HIV/
HBV/HCV, as confirmed by screening labs upon enrollment. In addition, under the same protocol, from August 1, 2022, to
November 7, 2023, patients were also screened to serve as our control population. To be considered for the control cohort,
eligible subjects needed to be admitted to one of the above-mentioned hospices, have an underlying non-malignant illness,
and be negative for HIV/HBV/HCV (exclusion criteria), as confirmed by screening labs upon enrollment. Patients in both the
cancer and control cohorts had the option to accept/refuse the research autopsy procedure upon death or withdraw from
the study at any time. To the best of our knowledge, no self-selection or other biases impacted recruitment.

Ethics oversight The prospective study was approved by the Protocol Review and Monitoring Committee (PRMC) and IRB, and oversight was
maintained by the Data and Safety Monitoring Board (DSMB) at the University of Texas Southwestern.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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|X| Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Due to the relatively high prevalence of our findings in the retrospective UTSW cohort—where 88% tested positive for tumor emboli within
veins, arteries, or heart chambers, and 59% exhibited radiological evidence of macrovascular infiltration—and the distinct presence or
absence of circulating tumor cells (CTCs) and tumor masses in cancer vs. cancer-free (control) patients, we did not perform a formal power
calculation to estimate sample size. Given the frequency of macrovascular infiltration, we did not perform a formal power calculation to
determine the sample size for the German retrospective cohort.

Data exclusions  We did not exclude any data.
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Replication Radiological criteria for defining macrovascular infiltration on CT scans are detailed in the Methods section, ensuring the reproducibility of our
data. Additionally, all autopsy procedures were video-recorded to further enhance reproducibility.

Randomization  This study did not include a randomization process since it is a prospective, case-control clinical study.

Blinding Investigators who performed CT scan evaluation to determine evidence of macrovascular infiltration and circulating tumor cell (CTC) counts
were blinded.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
|Z Antibodies |:| ChiIP-seq
Eukaryotic cell lines |Z |:| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms
Clinical data
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Plants

Antibodies

Antibodies used anti-human EpCAM-AF488 (Cell Signaling Technology, CST5198), HER2—AF488 (BioLegend, 324410), EGFR—FITC (GeneTex,
GTX11400), and CD45-AF647 (BioLegend, 304018).

Validation Diamantopoulou et. al., Nature, 2022 and Kurzeder et. al, Nature Medicine, 2025

Clinical data

Policy information about clinical studies

All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration  N/A

Study protocol UTSW retrospective: #122020-001. UTSW prospective: STU-2020-0628. University of Lubeck Retrospective study: #2024-112.
University of Mainz Retrospective study: #2024-17558.

Data collection UTSW retrospective and prospective study: From January 2010 to November 2023, data were collected and stored at the UTSW
system. German cohort: from September 2023 to May 2025, data were collected and stored at the University of Libeck and Mainz.

Qutcomes Overall survival
Plants
Seed stocks Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If

plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Novel plant genotypes Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor
was applied.

Authentication Describe-any-atithentication-procedtres foreach seed stock- tised-ornovel- genotype generated—Describe-any-experiments-tsed-to
assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.
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