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Supporting Information
S1. Single cell analysis
From the single cell tracks we quantified the migration behavior as depicted in Fig.
S1. The speed for each cell over the time period was calculated as the total distance
travelled over the total time spent moving. Since the cells frequently stopped for long
periods of time, we excluded this from the calculation. Due to uncertainty in the cell’s
center we defined a stopped cell as moving less than 5 µm over the sampling time.
The turning angles and persistence times were calculated by defining run times
punctuated by frequent stops. We defined a single run as i) traveling a distance
greater than 5 microns during the sampling time, and ii) continuing in the same
direction to within 15 degrees of the original trajectory. A single stop time is just the
amount of time spent before moving more than 5 µm. The sampling frequency
matters when capturing the observed speed and angle distributions (73,74). Due to
the noisy data, which was recorded every 3 minutes, we sampled in 30-minute
intervals, starting at different initial 3-minute time point within the 30-minute time
interval, so no data was missed. Using these rules, we calculated turning angles, and
persistence times.

Figure S1. Cell track data analysis algorithm. Stops, runs, and turning angles are defined from each cell’s 2D track.
The cell speed was calculated from the total distance travelled over the total time travelled (trajectory from solid
black lines). If the cell moves greater than 5 𝜇m and does not turn more than 15 degrees during its trajectory, it
is considered a single run (two runs and one turning angle labeled in blue).
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S2. Hexagonal lattice diffusion
We create a hexagonal lattice to store information on the type of tissue (gray or white
matter) and the concentration of PDGF. Since the lattice has a staggered layout, it is
indexed according to the scheme shown in Fig. S2. The concentration of PDGF at any
time point is determined by adding to the concentration at the previous time point
the sum of the differences between all the neighboring lattice sites times the diffusion
coefficient and the time step over the distance travelled from the center of one lattice
site to its neighbor. For each lattice point i, we write the concentration of PDGF as:
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𝐷𝑝 ∆𝑡
𝑝𝑥,𝑦 (𝑡 + ∆𝑡) = 𝑝𝑥,𝑦 (𝑡) +
∑ 𝑝𝑥,𝑦 (𝑡) − 𝑝𝑖 (𝑡)
∆𝑥 2

(𝑆1)

𝑛=1

where is Δt the time step, and Δx is the distance from one lattice point to a neighboring
one, which is just twice the apothem, so Δx = r√3/2 where r is the radius of the
hexagon, which in this model is also the same size as the radius of a cell. There is no
flux at the boundaries, so there is no contribution from off-grid neighbors.

Figure S2. Hexagonal lattice diffusion. The lattice points are indexed as shown, with the even columns (black
center dots) shifted down halfway in between the even rows (white center dots). Diffusion occurs at each lattice
point px,y between the nearest neighbors only within the boundary of the domain. Off-grid lattice points (gray
region) do not contribute to any flux.
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S3. Single cell data analysis
Using the detailed spatial movement behavior analysis explained in Section 1, we
analyzed the data to learn more about migration patterns. The results are shown in
Fig. S3 and described in detail here.

Figure S3. Behavior of single cells from rat data. A) Wind-Rose plot for infected and progenitor cells at 10d, B)
mean squared distance (MSD) for infected and recruited cells at both 2d and 10d, C) distribution of mean
migrations speeds at 2d and 10d (mean values, 2d: 24.4𝜇m/h, 10d: 22.6𝜇m/h), D) distribution of
instantaneous migration speeds (mean values, infected: 12.8𝜇m/h, recruited: 16.6𝜇m/h), and E) distribution
of turning angles averaged over infected and recruited cells at 10d.

Cell trajectories and distribution. To visualize the general distribution of cells over the
time period of the movie, we show a Wind Rose plot of the trajectories (Fig. S3A). This
plot shows the trajectories of all cells in one slice of data at 10d with all of the starting
points for each cell placed at the same origin. The observed paths and distances
travelled vary, and the recruited progenitor cells (red) appear to move farther than
the infected cells (green) over the same 25h time period.
Mean squared distances. To quantify how far the population of cells moved over the
length of time of the movie, we calculated the mean squared distances (MSDs) for
each population at each time point (Fig. S3-B). At both time points, the recruited cells
are seen to have a greater MSD slope than the infected cells. However, while the
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infected cells have similar slopes at both time points, the red progenitor cells appear
to slow down at the later time point.
Mean migration speeds. We calculated the mean migration speeds for each cell as the
total distance travelled over the total time spent moving. This separates the stop
times from the move times and allows for a coarse-scaled mean migration metric for
easy on-the-fly calculation. Here we compare day 2 and day 10.
Instantaneous migration speeds. We calculated the migration speeds for each cell
using the method in Section S1 and found that there is a large variation in the cell
speeds, going up to 100 μm/h but peaking around 14μm/h (Fig. S3-C). Because the
both time points had similar distributions, we grouped the two time points into one
plot, but the distribution of recruited cells speeds is slightly shifted toward higher
values.
Turning angles. The turning angles are calculated to have a narrow peak at 0 degrees,
indicating that there is a lot of persistent movement, but there is also a broad uniform
coverage of larger angles (see Fig. S3-D).
Values for model fitting. The values gathered from the data from which we matched to
the model are summarized in Table S1. This contains tumor scale data from imaging,
and single cell scale data from the tissue slice data.
PARAMETER

SCALE
tumor

Diameter (mm)
Ratio I/R
mean proliferation
rate
(% cells/h)

mean migration rate
(𝜇m/h)

standard deviation
migration (𝜇m/h)

TIME POINT (d)

VALUE

SOURCES
(14,33)

5

1.7

tumor

10

2.4

(14,33)

tumor

(14,33)

17

3.2

tumor

17

0.2

(14)

infected cells

0.33

recruited cells
infected cells

2
2
10

0.85
0.83

calculated
calculated
calculated

recruited cells

10

1.89

calculated

infected cells

2

21.3

calculated

recruited cells

2

24.9

calculated

infected cells

10

20.6

calculated

recruited cells

10

25.2

calculated

infected cells

2

5.7

calculated

recruited cells

2

7.6

calculated

infected cells

10

5.7

calculated

recruited cells
8.8
calculated
10
Table S1. Data measured from the rat experiment that was used to fit the model. The larger scale data was
taken from Assanah et al (12) and Massey et al (44), whilst the single cell data was calculated from the cell
tracks as stated in the methods.
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S4. Parameter estimation
Matching model to data metrics
Tumor size.
Since the tumor consists of cells often spread out with no clear boundary, the tumor
size was measured by finding the maximum distance from the center of mass where
the cell density is >= 10% of the carrying capacity (averaged over 12 angles).
I/R.
The ratio of infected to recruited cells is calculated, as with the data, by observing the
number of each cell type within the tumor core.
Single cell metrics.
For the single cell metrics, a randomly chosen subset of up to 200 cells were tracked
of the initially injected and labeled subset (as opposed to native inactive progenitors)
outside of the densest regions (less than 25% of the carrying capacity). These criteria
bias the tracks to the tumor edge where it is not too dense to agree with the
experimental tracking limitations. Proliferation events and positions of the cells were
tracked every 3 min. The measured proliferation rate and migration speeds were
calculated by recording the percent of divisions over the observation period and the
total distance traveled over the time spent moving, respectively. These values were
averaged for infected and recruited cells.
Convergence scheme
There are 16 free parameters that are either a) not measured, b) not well determined
by experimental estimates, or c) variables in the simulation. These are listed in Table
1 of the main text.
To converge on reasonable parameter estimates that result in good fits to the
data in Table S1, we start by drawing 5000 sets of random values for each parameter
within the determined ranges. From each parameter set we run the simulation,
calculate the output values for each metric, and compare to the data output to get a
total error, weighting the size values double, the proliferation rates half, and all else
single. We then sort these from least to most error and take the top 10%, excluding
any set of parameters that have more than 50% of the total error in one metric, and
transfer these directly to the next iteration. For the next 40% of the next iteration, we
tweak all of the parameters in the top 10% by a random value sampled from a normal
distribution with a standard deviation of 10% of the parameter range. For the final
50% of the next parameter set, we draw randomly from the parameter distribution
of the top 10% to introduce new combinations of values. We iterate this procedure
until the output error is within 10% for fitting the size dynamics, which turns out to
be after 5 iterations, and within 25% for fitting all metrics, which is after 13 iterations.
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S5. Supplemental Results

Figure S4. Parameter estimation by matching to data. Values over iterations of the convergence are shown for
A) metrics of top 300 fits fit to size dynamics only, B) parameters from the top 300 fits to size dynamics only, C)
metrics of top 300 fits using all data, and D) parameters from the top 300 fits using all data. Each iteration is
shown starting at light gray and going to black for the final fit. The red dashed line for the metrics indicates the
measured data values, while the blue lines and error bars show the mean and standard deviation over iterations
for each parameter.
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SYMBOL (UNITS)

RANGE

Nodular

Intermediate

Diffuse

Hetero

Homo

𝜌R (%)

0.1-5

3.3

3.2

4.8

3.8

3.8

𝜎𝜃 (degrees)

0-45

23

15

29

41

41

100-600

425

425

499

400

400

p0 (ng/mL)
Dp (x10 cm /day)

1-1000

67

165

187

301

301

rd (ng/mL.day)

0-0.500

0.343

0.299

0.064

0.025

0.025

rs (ng/mL.cell.day)

10-400

169

190

115

361

361

rc (% of rs)

0-100

2

5

20

5

5

pa (ng/mL)

0.1-50

36.7

47.9

37.5

7.6

7.6

Kp (ng/mL)

5-300

55

183

56

94

94

Km (ng/mL)

5-300

25

162

56

256

256

𝛽p

0.1-1.0

0.66

0.10

0.93

0.47

0.47

𝛽m

0.1-1.0

0.63

0.72

0.71

0.51

0.51

𝜏 (h)

20-100

24

45

40

48

48

𝜎𝜏 (h)

0-100

3

12

51

5

0

𝜈 (𝜇m/h)

0-100

12

51

62

60

60

𝜎𝜈 (𝜇m/h)

0-100

2

9

58

25

0

-6

2

Table S2. Parameter sets used for the example tumors in main text. The parameter ranges are used to search for fits to the
data. The nodular, intermediate, and diffuse tumors are found by fitting only to the tumor size data, and the heterogeneous
tumor is found by fitting to all of the data. The homogeneous tumor is just the heterogeneous tumor with the variation in
proliferation and migration set to zero.
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Figure S5. Tumor profiles over different scales at 17d (corresponding to Fig. 4). A) Tumor core and rim are
determined from density distributions. For the nodular (NOD), intermediate (INT), and diffuse (DIF) tumors, the core
is defined as having a cell density of at least 50% of the carrying capacity, while the rim is defined as having a cell
density of at least 1% of the carrying capacity. B) Stacked bar plot of average core diameter and average rim diameter
over 10 runs. We define the average rim size as the difference between the average rim diameter and the average
core diameter. The average core diameters were 2.3mm, 1.9mm and 1.9mm for the nodular, intermediate, and diffuse
tumors, and the average rim sizes were 0.6mm, 1.0mm, and 2.1mm, respectively. C) The measured and potential
phenotype combinations for all non-quiescent cells within a single tumor are shown as a scatter plot. The color and
location of each dot gives its proliferation rate and migration speed for each cell. The size of the circle is proportional
to the number of cells with that phenotype combination, while a white dot marks the mean of the population. D)
Spatial phenotype distributions along the radius of the tumor. The average values over 10 runs are plotted for
measured proliferation and migration rates and potential proliferation and migration rates.
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Figure S6. Changes in tumor profiles following an anti-proliferative treatment (corresponding to Fig. 5E). We compare
the density distributions and single cell distributions of recurrent tumors of different diameters (>3mm, 2-3mm, and
0.5-2mm). A) The cellular density distributions define the core size (average diameter with a cell density of at least
50% of the carrying capacity) and the rim size (average diameter with a cell density of at least 1% of the carrying
capacity). B) Stacked bar plot of average core diameter and rim diameter before and after treatment (over 10 runs).
C) The measured and potential phenotype combinations for all non-quiescent cells within a single tumor are shown
as a scatter plot. The color and location of each dot gives its proliferation rate and migration speed for each cell. The
size of the circle is proportional to the number of cells with that phenotype combination, while a white dot marks the
mean of the population.

Figure S7. Tumor profiles over different scales at 17d (corresponding to Fig. 6E). A) Tumor core and rim are
determined from density distributions. The the core is defined as having a cell density of at least 50% of the
carrying capacity, while the rim is defined as having a cell density of at least 1% of the carrying capacity. For
both tumors, the average core size was 1.9mm and average rim size was 0.6mm. B) The measured and
potential phenotype combinations for all non-quiescent cells within a single tumor are shown as a scatter
plot. The color and location of each dot gives its proliferation rate and migration speed for each cell. The size
of the circle is proportional to the number of cells with that phenotype combination, while a white dot marks
the mean of the population. C) Spatial phenotype distributions along the radius of the tumor at 17d. The
average values over 10 runs are plotted for measured proliferation and migration rates and potential
proliferation and migration rates.
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Figure S8. Changes in tumor profiles following an anti-proliferative treatment (from Fig. 7E). We compare the
density distributions and single cell distributions of the recurrent heterogenous tumor before and after
treatment. A) The cellular density distributions define the core size (average diameter with a cell density of at
least 50% of the carrying capacity) and the rim size (average diameter with a cell density of at least 1% of the
carrying capacity). B) The measured and potential phenotype combinations for all non-quiescent cells within
a single tumor are shown as a scatter plot. The color and location of each dot gives its proliferation rate and
migration speed for each cell. The size of the circle is proportional to the number of cells with that phenotype
combination, while a white dot marks the mean of the population. C) Stacked bar plot of average core diameter
and rim diameter before and after treatment (over 10 runs).

Figure S9. Correlation between treatment outcomes over cohort of simulated tumors. We show the distribution
of response as A) a waterfall plot with each treatment sorted ranked from best to worst response and B) a
waterfall plot for AP treatment sorted ranked from best to worst response but preserving the correlation of how
each tumor responds to the other treatments. The yellow line shows the responses for the diffuse tumor from
Fig. 9. C) Comparison of the responses for AP treatment alone to AP+AM combination treatment. The red line
shows where the response is the same for both treatments.
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Figure S10. Changes in tumor profiles following different treatments (corresponding to Fig. 9C). We compare
the density distributions and single cell distributions of the pre-treatment (Pre Tx) and recurrent diffuse
tumor after an anti-proliferative treatment (AP), an anti-migratory treatment (AM), and an anti-proliferative
and anti-migratory combination (AP+AM). A) The cellular density distributions define the core size (average
diameter with a cell density of at least 50% of the carrying capacity) and the rim size (average diameter with
a cell density of at least 1% of the carrying capacity). B) The measured and potential phenotype combinations
for all non-quiescent cells within a single tumor are shown as a scatter plot. The color and location of each dot
gives its proliferation rate and migration speed for each cell. The size of the circle is proportional to the
number of cells with that phenotype combination, while a white dot marks the mean of the population.
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Figure S11. Parameter estimation assuming go-or-grow by matching to data. Values over iterations of the
convergence are shown for A) metrics of top 300 fits using all data, and B) parameters from the top 300 fits
using all data. Each iteration is shown starting at light gray and going to black for the final fit. The red dashed
line for the metrics indicates the measured data values, while the blue lines and error bars show the mean and
standard deviation over iterations for each parameter. For the “grow” population, 𝜏grow was fit while 𝜈grow=0,
and for the “go” population, 𝜏grow=200h, while 𝜈grow was fit.

Figure S12. Model fit assuming go-or-grow. We show A) the growth dynamics, B) the infected/recruited ratio,
C) the mean proliferation rate and mean migration speed combination, D) the potential trait combinations,
and E) the mean and standard deviation of the speed distribution. Lower row, columns A-D show the spatial
distributions at day 17 from which each metric is measured. The distribution of migration speeds from the
single cell tracks is shown in the lower graph in column E).
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Figure S13. Comparison of the measured proliferation rates from data and different instances of the
computational model. The error bar shows the resulting proliferation rate for the same best fit parameter set
over 10 runs for each instance including: i) heterogeneous tumor: allowed heterogeneity in proliferation and
migration, ii) homogeneous tumor: only environmental heterogeneity allowed, and iii) go-or-grow tumor: one
cell type was fit to proliferation rate and allowed no migration, and one cell type was fit to migration speed
with a slow proliferation rate (200h intermitotic time).

