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S1. Supplemetary Methods
Comparison of cell outline approximation and Her2-segmented cell outlines
We estimate cell outlines by watershedding the signal of segmented nuclei
and the boundaries of the cancer cluster. To find out how good this approx-
imation matches actual cell shapes, we compare the approximated outlines
with segmented outlines of one whole slide digital image of Her2-stained
breast cancer tissue. As the Her2 receptor locates at cell membranes it can
be used to find the actual cell outlines. The first step of the segmentation is a
color-deconvolution which performs a basis transformation from RGB-space
to the space of Her2, the blue nucleus signal and a residuum channel. The
Her2-channel and the nucleus channel are further manipulated in order to
enhance useful signal and delete noise. Next, the nucleus channel is used as
input to the StarDist algorithm referenced in the main text which segments
the nuclei with the pre-trained model for fluorescent nuclei. The segmenta-
tion of the cell outlines is carried out using the watershed algorithm on the
gradient image of the Her2-channel with regional minima where segmented
nuclei are. We further filter out segments with areas smaller than (32 ·π)µm2

or larger than (112 · π)µm2, with a weak Her2 signal along the boundary,
and with too much Her2 signal within the segmentation. Thus, we arrive at
a set of segmented cell outlines based on the Her2 segmentation, and a set
of outlines approximated by the watershed algorithm using the positions of
the nuclei and cancer boundaries.
An illustration of the Her2-segmented and watershed-estimated cell outlines
can be found in Supplementary Fig. 1 A, presented below. The segmented
and watershed-estimated cells count as synchronised when their areas over-
lap by more than 80%. There is a good correlation between segmented and
estimated cell aspect ratios as can be seen in Supplementary Fig. 1 B (Pear-
son correlation coefficient 0.59). A moderate correlation is found between
the cell shape indices of the estimated and segmented cells (Pearson corre-
lation coefficient 0.42). Also, the estimated cell shape indices statistically
underestimate the segmented cell shape indices.
Shape distributions of nuclei and approximated cell outlines
The aspect ratio distributions of the nuclei of the patients are typically
highly right-skewed with sknewnesses (median ±median absolute deviation)
of 1.45± 0.47. The distributions of the cell shape indices of the patients are
most often highly right-skewed with skewnesses of 1.35± 0.19.
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Figure S1 Comparing the Her2-segmented with the watershed-estimated
cell outlines. (A) Exemplary image of the approximated and segmented
cell segments (dark masks). (B) Direct correlation of the aspect ratios of
the segmented and estimated cell segments (n = 712). Pearson correlation

coefficient 0.59. (C) Direct correlation of the cell shape indices of the
segmented and estimated cell segments (n = 712). Pearson correlation

coefficient 0.42.
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S2. Supplementary Table

Cohort mean Cohort standard deviation

CS indices median 3.9273 0.0270
CS indices variance 0.0559 0.0072
Nucleus AR median 1.4659 0.0645
Nucleus AR variance 0.1422 0.0251
Cell area mean 79.781 14.477

Supplementary Table 1: Standardisation values for measures presented
in the main text. Means and standard deviations of a cohort of 530 patients
for the standardisation of cell shape (CS) indices, nucleus aspect ratios (AR)
and cell areas in µm2.
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S3. Supplementary Discussion
Combine SI and ĀC

stand
with lymph node information

This section aims to discuss to what extent our found prognostic evaluation
can be linked to lymph node status. For this purpose, the individual prog-
nostic markers for all cases (N = 1380) are first shown in Extended Data
Fig. 1, where in (A) the stratification from the main text is shown and
in (B) the stratification of the lymph node status (1 or more lymph nodes
invaded being high-risk patients) is shown for all available cases. Both dis-
criminations are highly significant with p-values in the order of magnitude
-5.
Now, in Extended Data Fig. 2 the decision boundary presented in the main
text is applied to (A) only nodal negative cases and (B) only nodal positive
cases extracted from all available cases and the resulting stratification is
shown in Kaplan-Meier curves. In both subsets the decision boundary in
the space of SI and ĀC

stand
can significantly (nodal negative collective p

= 8 ·10−3, nodal positive collective p = 7 ·10−3) refine the information given
by the lymph node status.
In a next step, we combined lymph node status and the decision boundary
in the space of SI and ĀC

stand
, see Extended Data Fig. 3. In Extended

Data Fig. 3 A, the high-risk group is defined via patients whose jamming
parameters are above the decision boundary and have affected lymph nodes.
The low-risk group is the remaining cases, i.e. those that are either below
the decision boundary or lymph node negative. Here, a very reliable high-
risk group is found (log-rank p = 3 · 10−7). In Extended Data Fig. 3 B, the
high-risk group is defined via patients whose jamming parameters are above
the decision boundary or have affected lymph nodes. The low-risk group
is the remaining cases, i.e. those whose jamming parameters are below the
decision boundary and lymph node negative. Here, a very reliable low-risk
group is found (log-rank p = 1 · 10−4) in which no metastases occur after
∼10 years and metastasis-free survival has a probability of 97%.
Cox Proportional Hazard Models
Both, univariable (Extended Data Table 4) and multivariable (Extended
Data Table 5) Cox models are discussed for which patients without distant
metastases are censored.
In Extended Data Table 4, the univariate Cox models are shown for the vari-
ables Jamming Threshold (1 if below decision boundaries presented in the
main text, 0 otherwise), the largest tumour diameter in cm, the histological
grade, the lymph node status (1 if one or more lymph nodes are invaded,
0 otherwise), the Nottingham Prognostic Index (NPI) which was calculated
as 0.2 · dt +N +G, where N is equal to 1 if no lymph nodes are invaded, 2
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if 1-3 nodes are invaded and 3 otherwise and the chemotherapy status (1 if
patient was treated with cytotoxic chemotherapy, 0 otherwise). Considering
independently, only the variables NPI, grade and largest tumour diameter
are not significant, while chemotherapy status, Jamming Threshold and the
lymph node invasion are significant. However, as can be seen in Extended
Data Table 5, only the jamming threshold and the lymph node status re-
main significant after adjusting to the largest tumour diameter, grade and
chemotherapy in the multivariable Cox model. As expected, the regression
coefficient b for the lymph node status is positive (b = 0.82, exp(b) = 2.27),
indicating worse prognosis with lymph nodes affected, i.e. for at least one
lymph node affected, the estimated hazard increases 2.27 times. In con-
trast, the regression coefficient for the jamming threshold is -1.19 and the
hazard ratio is 0.30. Thus, the jamming threshold shows better prognosis
for subjects whose jamming score is larger - that is 1 if under the decision
boundary presented in the main text and 0 otherwise -, reducing the hazard
to 0.30 (30%) for subjects whose tumour structure indicates a more jammed
tumour.
In addition, it is important to note that in the multivariable Cox model, the
jamming threshold significantly co-occurs with the non-significant chemother-
apy status. In particular, this means that the good and bad groups found
by jamming do not just reflect a positive treatment effect on the patients.
S4. Supplementary Data
separate files
S5. Supplementary Video
separate file
S6. Supplementary Video and Data Legends
Legend for Supplementary Video 1
Nuclei (cells) squeezing through between each other in vital breast cancer.
The video shows a vital patient-derived breast cancer sample stained with
a vital DNA stain. This is the same specimen as shown in Fig. 2 in the
main text. The 2D cut is at 20 µm from the bottom of the sample. This is
a native video and not registered. Scaling bar is 100µm in length.
Legend for Supplementary Data 1
The ”HE Hand.docx” file contains the composition of the staining solution
for the HE-staining routine of the Pathology Hamburg-West.
Legend for Supplementary Data 2
The ”HE Automat.docx” file contains the sequence of the Leica ST4040
automat for the HE-staining routine of the Pathology Hamburg-West.
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