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Towards multi-drug adaptive therapy

Clinically feasible today Conceptual ideas for tomorrow
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Designing Adaptive Therapy schedules w/ multiple drugs



What is the purpose of adding a second drug?

The model: 
• Lotka-Volterra competition
• Norton-Simon drug effect

(Strobl, et. al. Cancer Research 2020)

Idea:
• Targeting shared resources or increasing turnover 

increases benefit of single drug Adaptive Therapy



Pro-turnover treatment (off treatment cycle)

Idea:
• Turnover increases competition – can we increase 

competition during off treatment periods?

Increasing turnover, targeted to resistant cells

(Strobl, et. al. “Spatial structure impacts adaptive therapy by shaping intra-tumoral competition” BioRxiv, 2020)

The model: 
• Agent-based 2-d analog of

Lotka-Volterra model



Pro-proliferation treatment (off treatment cycle)

Optimal is to leave 
well-enough alone!

Idea:
• Sensitive cells suppress Resistant -- can we boost 

competition by increasing proliferation off 
treatment?

(Strobl, et. al. “Spatial structure impacts adaptive therapy by shaping intra-tumoral competition” BioRxiv, 2020)

The model: 
• Agent-based 2-d analog of

Lotka-Volterra model



1. Primary-secondary adaptive therapy

"What's the difference between theory and practice? Small in 
theory; large in practice."
- Author attribution unknown -



Primary-secondary therapy

(Zhang. et. al. Nature Comm. 2017)

Cell Populations:
• Testosterone producers (TP)
• Testosterone dependent (T+)
• Testosterone independent
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Primary-secondary therapy

Cell Populations:
• Testosterone producers (TP)
• Testosterone dependent (T+)
• Testosterone independent

• Susceptible to Docetaxel
• Resistant to Docetaxel

(Zhang. et. al. Nature Comm. 2017)

Targeted by 
“Primary” drug 

Targeted by 
“Secondary” drug 

Primary drug
• Greatest efficacy and/or lower toxicity

Secondary drug
• Targets cell population which is 

resistant to primary drug



Primary mono-therapy

(Zhang. et. al. Nature Comm. 2017)

Testosterone
dependent

Testosterone
producers

T+TP +

Testosterone
independent

T–

Co-existence

Relapse dominated 
by resistance

total tumor burden

TTP: ~5500



Primary mono-therapy (adaptive)

(Zhang. et. al. Nature Comm. 2017)



Can docetaxel be used as “Secondary” drug?

(Zhang. et. al. Nature Comm. 2017)

TTPCT: ~5500

TTPAT: ~9500

TTPPS: ~13000



(Zhang. et. al. Nature Comm. 2017)

Problem with our secondary drug:
• Docetaxel is indiscriminately targeting 3 cell types

Can docetaxel be used as “Secondary” drug?

Delayed docetaxel:
• resistant cell type 

(T-) is growing
• sensitive cell types 

(TP, T+) are 
decaying



2. Evolutionary cycles

" Much is known but unfortunately in different heads."
- Werner Kollath -



Population- to frequency-dependent dynamics

Population Dynamics 
Lotka-Volterra

ẏi = riyi
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Frequency Dynamics
Replicator Dynamics

ẋi = (fi � �)xi
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*Joint work with Li You (Maastricht) & Paul Newton (Univ Southern California



Key assumption:
- since the goal of an adaptive 

therapy is to maintain a stable 
volume

- we can study frequency-
dependent dynamics
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cycle is completed when tumor 
composition matches starting point
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<latexit sha1_base64="4VUFDwIkdRNzwqpiLPrG+cGVMkc=">AAACDHicbZDLSsNAFIZPvNZ4q7p0EyyCq5IUQZdFNy4r2Au2oUymk3bozCTMTIol5BVcudWncCdufQcfwndwmmZhW38Y+PjPOZwzfxAzqrTrfltr6xubW9ulHXt3b//gsHx03FJRIjFp4ohFshMgRRgVpKmpZqQTS4J4wEg7GN/O6u0JkYpG4kFPY+JzNBQ0pBhpYz32JgSnT1m/ZvfLFbfq5nJWwSugAoUa/fJPbxDhhBOhMUNKdT031n6KpKaYkczuJYrECI/RkHQNCsSJ8tP84sw5N87ACSNpntBO7v6dSBFXasoD08mRHqnl2sz8r9ZNdHjtp1TEiSYCzxeFCXN05My+7wyoJFizqQGEJTW3OniEJMLahLSwBfNA0uFIZ3Yuk4+3nMYqtGpVz/D9ZaV+UyRVglM4gwvw4ArqcAcNaAIGAS/wCm/Ws/VufVif89Y1q5g5gQVZX7+25poe</latexit><latexit sha1_base64="4VUFDwIkdRNzwqpiLPrG+cGVMkc=">AAACDHicbZDLSsNAFIZPvNZ4q7p0EyyCq5IUQZdFNy4r2Au2oUymk3bozCTMTIol5BVcudWncCdufQcfwndwmmZhW38Y+PjPOZwzfxAzqrTrfltr6xubW9ulHXt3b//gsHx03FJRIjFp4ohFshMgRRgVpKmpZqQTS4J4wEg7GN/O6u0JkYpG4kFPY+JzNBQ0pBhpYz32JgSnT1m/ZvfLFbfq5nJWwSugAoUa/fJPbxDhhBOhMUNKdT031n6KpKaYkczuJYrECI/RkHQNCsSJ8tP84sw5N87ACSNpntBO7v6dSBFXasoD08mRHqnl2sz8r9ZNdHjtp1TEiSYCzxeFCXN05My+7wyoJFizqQGEJTW3OniEJMLahLSwBfNA0uFIZ3Yuk4+3nMYqtGpVz/D9ZaV+UyRVglM4gwvw4ArqcAcNaAIGAS/wCm/Ws/VufVif89Y1q5g5gQVZX7+25poe</latexit><latexit sha1_base64="4VUFDwIkdRNzwqpiLPrG+cGVMkc=">AAACDHicbZDLSsNAFIZPvNZ4q7p0EyyCq5IUQZdFNy4r2Au2oUymk3bozCTMTIol5BVcudWncCdufQcfwndwmmZhW38Y+PjPOZwzfxAzqrTrfltr6xubW9ulHXt3b//gsHx03FJRIjFp4ohFshMgRRgVpKmpZqQTS4J4wEg7GN/O6u0JkYpG4kFPY+JzNBQ0pBhpYz32JgSnT1m/ZvfLFbfq5nJWwSugAoUa/fJPbxDhhBOhMUNKdT031n6KpKaYkczuJYrECI/RkHQNCsSJ8tP84sw5N87ACSNpntBO7v6dSBFXasoD08mRHqnl2sz8r9ZNdHjtp1TEiSYCzxeFCXN05My+7wyoJFizqQGEJTW3OniEJMLahLSwBfNA0uFIZ3Yuk4+3nMYqtGpVz/D9ZaV+UyRVglM4gwvw4ArqcAcNaAIGAS/wCm/Ws/VufVif89Y1q5g5gQVZX7+25poe</latexit><latexit sha1_base64="YE1LNi80m2Ap8ZU/YbNH8UTLZRw=">AAAB9HicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwf5AO5RMJtOGJpkhuSOUoSt3bn0Kd+Lb+BC+g+m0C2s9EPg4J+HenDiXwmIQfHm1nd29/YP6oX/U8I9PTpuNns0Kw3iXZTIzg5haLoXmXRQo+SA3nKpY8n48u1/m/WdurMj0E85zHik60SIVjKKzOuNmK2gHlcg2hGtowVrj5vcoyVihuEYmqbXDMMgxKqlBwSRf+KPC8pyyGZ3woUNNFbdRWa25IJfOSUiaGXc0ksr9/aKkytq5it1NRXFq/2ZL879sWGB6G5VC5wVyzVaD0kISzMjyzyQRhjOUcweUGeF2JWxKDWXomtmYwlRsxGSKC7+Sqyf8W8Y29K7boePHAOpwDhdwBSHcwB08QAe6wCCBV3jzXrx372NVY81b93kGG/I+fwDyZZO4</latexit><latexit sha1_base64="mv/b5Rw+gzjQw7mdNr7xuDb1MIE=">AAACAXicbZC9TsMwFIVv+C2hQGFliaiQmKqkC4xILIxFoj+irSrHdVqrthPZNxVVlFdgYoWnYEM8CA/BO+CmHWjLkSx9OsfWvT5hIrhB3/92trZ3dvf2SwfuYfno+KRyWm6ZONWUNWksYt0JiWGCK9ZEjoJ1Es2IDAVrh5O7ed6eMm14rB5xlrC+JCPFI04JWuupN2U0e84HdXdQqfo1v5C3CcESqrBUY1D56Q1jmkqmkApiTDfwE+xnRCOnguVuLzUsIXRCRqxrURHJTD8rNs69S+sMvSjW9ij0Cvfvi4xIY2YytDclwbFZz+bmf1k3xeimn3GVpMgUXQyKUuFh7M2/7w25ZhTFzAKhmttdPTommlC0Ja1MoTLUfDTG3C1k+wnW29iEVr0WWH7woQTncAFXEMA13MI9NKAJFBS8whu8Oy/Oh/O5aHLLWVZ6Bityvn4BFHaYpw==</latexit><latexit sha1_base64="mv/b5Rw+gzjQw7mdNr7xuDb1MIE=">AAACAXicbZC9TsMwFIVv+C2hQGFliaiQmKqkC4xILIxFoj+irSrHdVqrthPZNxVVlFdgYoWnYEM8CA/BO+CmHWjLkSx9OsfWvT5hIrhB3/92trZ3dvf2SwfuYfno+KRyWm6ZONWUNWksYt0JiWGCK9ZEjoJ1Es2IDAVrh5O7ed6eMm14rB5xlrC+JCPFI04JWuupN2U0e84HdXdQqfo1v5C3CcESqrBUY1D56Q1jmkqmkApiTDfwE+xnRCOnguVuLzUsIXRCRqxrURHJTD8rNs69S+sMvSjW9ij0Cvfvi4xIY2YytDclwbFZz+bmf1k3xeimn3GVpMgUXQyKUuFh7M2/7w25ZhTFzAKhmttdPTommlC0Ja1MoTLUfDTG3C1k+wnW29iEVr0WWH7woQTncAFXEMA13MI9NKAJFBS8whu8Oy/Oh/O5aHLLWVZ6Bityvn4BFHaYpw==</latexit><latexit sha1_base64="JIJYMMzltSK19Lh3SvVe+lNzX7c=">AAACDHicbZC7TsMwFIZPyq2EW4GRJaJCYqqSLjBWsDAWiV5EG1WO67RWbSeynYoqyiswscJTsCFW3oGH4B1w0wy05ZcsffrPOTrHfxAzqrTrfluljc2t7Z3yrr23f3B4VDk+aasokZi0cMQi2Q2QIowK0tJUM9KNJUE8YKQTTG7n9c6USEUj8aBnMfE5GgkaUoy0sR77U4LTp2xQtweVqltzcznr4BVQhULNQeWnP4xwwonQmCGlep4baz9FUlPMSGb3E0VihCdoRHoGBeJE+Wl+ceZcGGfohJE0T2gnd/9OpIgrNeOB6eRIj9VqbW7+V+slOrz2UyriRBOBF4vChDk6cubfd4ZUEqzZzADCkppbHTxGEmFtQlragnkg6WisMzuXycdbTWMd2vWaZ/jerTZuiqTKcAbncAkeXEED7qAJLcAg4AVe4c16tt6tD+tz0VqyiplTWJL19Qu1ppoa</latexit><latexit sha1_base64="4VUFDwIkdRNzwqpiLPrG+cGVMkc=">AAACDHicbZDLSsNAFIZPvNZ4q7p0EyyCq5IUQZdFNy4r2Au2oUymk3bozCTMTIol5BVcudWncCdufQcfwndwmmZhW38Y+PjPOZwzfxAzqrTrfltr6xubW9ulHXt3b//gsHx03FJRIjFp4ohFshMgRRgVpKmpZqQTS4J4wEg7GN/O6u0JkYpG4kFPY+JzNBQ0pBhpYz32JgSnT1m/ZvfLFbfq5nJWwSugAoUa/fJPbxDhhBOhMUNKdT031n6KpKaYkczuJYrECI/RkHQNCsSJ8tP84sw5N87ACSNpntBO7v6dSBFXasoD08mRHqnl2sz8r9ZNdHjtp1TEiSYCzxeFCXN05My+7wyoJFizqQGEJTW3OniEJMLahLSwBfNA0uFIZ3Yuk4+3nMYqtGpVz/D9ZaV+UyRVglM4gwvw4ArqcAcNaAIGAS/wCm/Ws/VufVif89Y1q5g5gQVZX7+25poe</latexit><latexit sha1_base64="4VUFDwIkdRNzwqpiLPrG+cGVMkc=">AAACDHicbZDLSsNAFIZPvNZ4q7p0EyyCq5IUQZdFNy4r2Au2oUymk3bozCTMTIol5BVcudWncCdufQcfwndwmmZhW38Y+PjPOZwzfxAzqrTrfltr6xubW9ulHXt3b//gsHx03FJRIjFp4ohFshMgRRgVpKmpZqQTS4J4wEg7GN/O6u0JkYpG4kFPY+JzNBQ0pBhpYz32JgSnT1m/ZvfLFbfq5nJWwSugAoUa/fJPbxDhhBOhMUNKdT031n6KpKaYkczuJYrECI/RkHQNCsSJ8tP84sw5N87ACSNpntBO7v6dSBFXasoD08mRHqnl2sz8r9ZNdHjtp1TEiSYCzxeFCXN05My+7wyoJFizqQGEJTW3OniEJMLahLSwBfNA0uFIZ3Yuk4+3nMYqtGpVz/D9ZaV+UyRVglM4gwvw4ArqcAcNaAIGAS/wCm/Ws/VufVif89Y1q5g5gQVZX7+25poe</latexit><latexit sha1_base64="4VUFDwIkdRNzwqpiLPrG+cGVMkc=">AAACDHicbZDLSsNAFIZPvNZ4q7p0EyyCq5IUQZdFNy4r2Au2oUymk3bozCTMTIol5BVcudWncCdufQcfwndwmmZhW38Y+PjPOZwzfxAzqrTrfltr6xubW9ulHXt3b//gsHx03FJRIjFp4ohFshMgRRgVpKmpZqQTS4J4wEg7GN/O6u0JkYpG4kFPY+JzNBQ0pBhpYz32JgSnT1m/ZvfLFbfq5nJWwSugAoUa/fJPbxDhhBOhMUNKdT031n6KpKaYkczuJYrECI/RkHQNCsSJ8tP84sw5N87ACSNpntBO7v6dSBFXasoD08mRHqnl2sz8r9ZNdHjtp1TEiSYCzxeFCXN05My+7wyoJFizqQGEJTW3OniEJMLahLSwBfNA0uFIZ3Yuk4+3nMYqtGpVz/D9ZaV+UyRVglM4gwvw4ArqcAcNaAIGAS/wCm/Ws/VufVif89Y1q5g5gQVZX7+25poe</latexit><latexit sha1_base64="4VUFDwIkdRNzwqpiLPrG+cGVMkc=">AAACDHicbZDLSsNAFIZPvNZ4q7p0EyyCq5IUQZdFNy4r2Au2oUymk3bozCTMTIol5BVcudWncCdufQcfwndwmmZhW38Y+PjPOZwzfxAzqrTrfltr6xubW9ulHXt3b//gsHx03FJRIjFp4ohFshMgRRgVpKmpZqQTS4J4wEg7GN/O6u0JkYpG4kFPY+JzNBQ0pBhpYz32JgSnT1m/ZvfLFbfq5nJWwSugAoUa/fJPbxDhhBOhMUNKdT031n6KpKaYkczuJYrECI/RkHQNCsSJ8tP84sw5N87ACSNpntBO7v6dSBFXasoD08mRHqnl2sz8r9ZNdHjtp1TEiSYCzxeFCXN05My+7wyoJFizqQGEJTW3OniEJMLahLSwBfNA0uFIZ3Yuk4+3nMYqtGpVz/D9ZaV+UyRVglM4gwvw4ArqcAcNaAIGAS/wCm/Ws/VufVif89Y1q5g5gQVZX7+25poe</latexit><latexit sha1_base64="4VUFDwIkdRNzwqpiLPrG+cGVMkc=">AAACDHicbZDLSsNAFIZPvNZ4q7p0EyyCq5IUQZdFNy4r2Au2oUymk3bozCTMTIol5BVcudWncCdufQcfwndwmmZhW38Y+PjPOZwzfxAzqrTrfltr6xubW9ulHXt3b//gsHx03FJRIjFp4ohFshMgRRgVpKmpZqQTS4J4wEg7GN/O6u0JkYpG4kFPY+JzNBQ0pBhpYz32JgSnT1m/ZvfLFbfq5nJWwSugAoUa/fJPbxDhhBOhMUNKdT031n6KpKaYkczuJYrECI/RkHQNCsSJ8tP84sw5N87ACSNpntBO7v6dSBFXasoD08mRHqnl2sz8r9ZNdHjtp1TEiSYCzxeFCXN05My+7wyoJFizqQGEJTW3OniEJMLahLSwBfNA0uFIZ3Yuk4+3nMYqtGpVz/D9ZaV+UyRVglM4gwvw4ArqcAcNaAIGAS/wCm/Ws/VufVif89Y1q5g5gQVZX7+25poe</latexit><latexit sha1_base64="4VUFDwIkdRNzwqpiLPrG+cGVMkc=">AAACDHicbZDLSsNAFIZPvNZ4q7p0EyyCq5IUQZdFNy4r2Au2oUymk3bozCTMTIol5BVcudWncCdufQcfwndwmmZhW38Y+PjPOZwzfxAzqrTrfltr6xubW9ulHXt3b//gsHx03FJRIjFp4ohFshMgRRgVpKmpZqQTS4J4wEg7GN/O6u0JkYpG4kFPY+JzNBQ0pBhpYz32JgSnT1m/ZvfLFbfq5nJWwSugAoUa/fJPbxDhhBOhMUNKdT031n6KpKaYkczuJYrECI/RkHQNCsSJ8tP84sw5N87ACSNpntBO7v6dSBFXasoD08mRHqnl2sz8r9ZNdHjtp1TEiSYCzxeFCXN05My+7wyoJFizqQGEJTW3OniEJMLahLSwBfNA0uFIZ3Yuk4+3nMYqtGpVz/D9ZaV+UyRVglM4gwvw4ArqcAcNaAIGAS/wCm/Ws/VufVif89Y1q5g5gQVZX7+25poe</latexit>

~x3
<latexit sha1_base64="iv9NSPHDRUlA3QDm81vOdAVqRRs=">AAACC3icbZDLSgMxFIYzXmu9VV26CRbBVZlRQZdFNy4r2Iu0Q8mkZ9rQJDMkmWIZ+giu3OpTuBO3PoQP4TuYTmdhW38IfPznHM7JH8ScaeO6387K6tr6xmZhq7i9s7u3Xzo4bOgoURTqNOKRagVEA2cS6oYZDq1YAREBh2YwvJ3WmyNQmkXywYxj8AXpSxYySoy1HjsjoOnTpHvRLZXdipsJL4OXQxnlqnVLP51eRBMB0lBOtG57bmz8lCjDKIdJsZNoiAkdkj60LUoiQPtpdvAEn1qnh8NI2ScNzty/EykRWo9FYDsFMQO9WJua/9XaiQmv/ZTJODEg6WxRmHBsIjz9Pe4xBdTwsQVCFbO3YjogilBjM5rbQkWgWH9gJsVMNh9vMY1laJxXPMv3l+XqTZ5UAR2jE3SGPHSFqugO1VAdUSTQC3pFb86z8+58OJ+z1hUnnzlCc3K+fgF/pZoL</latexit><latexit sha1_base64="iv9NSPHDRUlA3QDm81vOdAVqRRs=">AAACC3icbZDLSgMxFIYzXmu9VV26CRbBVZlRQZdFNy4r2Iu0Q8mkZ9rQJDMkmWIZ+giu3OpTuBO3PoQP4TuYTmdhW38IfPznHM7JH8ScaeO6387K6tr6xmZhq7i9s7u3Xzo4bOgoURTqNOKRagVEA2cS6oYZDq1YAREBh2YwvJ3WmyNQmkXywYxj8AXpSxYySoy1HjsjoOnTpHvRLZXdipsJL4OXQxnlqnVLP51eRBMB0lBOtG57bmz8lCjDKIdJsZNoiAkdkj60LUoiQPtpdvAEn1qnh8NI2ScNzty/EykRWo9FYDsFMQO9WJua/9XaiQmv/ZTJODEg6WxRmHBsIjz9Pe4xBdTwsQVCFbO3YjogilBjM5rbQkWgWH9gJsVMNh9vMY1laJxXPMv3l+XqTZ5UAR2jE3SGPHSFqugO1VAdUSTQC3pFb86z8+58OJ+z1hUnnzlCc3K+fgF/pZoL</latexit><latexit sha1_base64="iv9NSPHDRUlA3QDm81vOdAVqRRs=">AAACC3icbZDLSgMxFIYzXmu9VV26CRbBVZlRQZdFNy4r2Iu0Q8mkZ9rQJDMkmWIZ+giu3OpTuBO3PoQP4TuYTmdhW38IfPznHM7JH8ScaeO6387K6tr6xmZhq7i9s7u3Xzo4bOgoURTqNOKRagVEA2cS6oYZDq1YAREBh2YwvJ3WmyNQmkXywYxj8AXpSxYySoy1HjsjoOnTpHvRLZXdipsJL4OXQxnlqnVLP51eRBMB0lBOtG57bmz8lCjDKIdJsZNoiAkdkj60LUoiQPtpdvAEn1qnh8NI2ScNzty/EykRWo9FYDsFMQO9WJua/9XaiQmv/ZTJODEg6WxRmHBsIjz9Pe4xBdTwsQVCFbO3YjogilBjM5rbQkWgWH9gJsVMNh9vMY1laJxXPMv3l+XqTZ5UAR2jE3SGPHSFqugO1VAdUSTQC3pFb86z8+58OJ+z1hUnnzlCc3K+fgF/pZoL</latexit><latexit sha1_base64="iv9NSPHDRUlA3QDm81vOdAVqRRs=">AAACC3icbZDLSgMxFIYzXmu9VV26CRbBVZlRQZdFNy4r2Iu0Q8mkZ9rQJDMkmWIZ+giu3OpTuBO3PoQP4TuYTmdhW38IfPznHM7JH8ScaeO6387K6tr6xmZhq7i9s7u3Xzo4bOgoURTqNOKRagVEA2cS6oYZDq1YAREBh2YwvJ3WmyNQmkXywYxj8AXpSxYySoy1HjsjoOnTpHvRLZXdipsJL4OXQxnlqnVLP51eRBMB0lBOtG57bmz8lCjDKIdJsZNoiAkdkj60LUoiQPtpdvAEn1qnh8NI2ScNzty/EykRWo9FYDsFMQO9WJua/9XaiQmv/ZTJODEg6WxRmHBsIjz9Pe4xBdTwsQVCFbO3YjogilBjM5rbQkWgWH9gJsVMNh9vMY1laJxXPMv3l+XqTZ5UAR2jE3SGPHSFqugO1VAdUSTQC3pFb86z8+58OJ+z1hUnnzlCc3K+fgF/pZoL</latexit>

~x4
<latexit sha1_base64="B6x8vENxCTWGnjYmEQi2pRru5Ng=">AAACC3icbZDLSgMxFIYz9VbrrerSTbAIrsqMCLosunFZwV6kHUomzbShSWZIzhTL0Edw5Vafwp249SF8CN/BdDoL2/pD4OM/53BO/iAW3IDrfjuFtfWNza3idmlnd2//oHx41DRRoilr0EhEuh0QwwRXrAEcBGvHmhEZCNYKRrezemvMtOGReoBJzHxJBoqHnBKw1mN3zGj6NO1d9soVt+pmwqvg5VBBueq98k+3H9FEMgVUEGM6nhuDnxINnAo2LXUTw2JCR2TAOhYVkcz4aXbwFJ9Zp4/DSNunAGfu34mUSGMmMrCdksDQLNdm5n+1TgLhtZ9yFSfAFJ0vChOBIcKz3+M+14yCmFggVHN7K6ZDogkFm9HCFioDzQdDmJYy2Xy85TRWoXlR9SzfX1ZqN3lSRXSCTtE58tAVqqE7VEcNRJFEL+gVvTnPzrvz4XzOWwtOPnOMFuR8/QKBRJoM</latexit><latexit sha1_base64="B6x8vENxCTWGnjYmEQi2pRru5Ng=">AAACC3icbZDLSgMxFIYz9VbrrerSTbAIrsqMCLosunFZwV6kHUomzbShSWZIzhTL0Edw5Vafwp249SF8CN/BdDoL2/pD4OM/53BO/iAW3IDrfjuFtfWNza3idmlnd2//oHx41DRRoilr0EhEuh0QwwRXrAEcBGvHmhEZCNYKRrezemvMtOGReoBJzHxJBoqHnBKw1mN3zGj6NO1d9soVt+pmwqvg5VBBueq98k+3H9FEMgVUEGM6nhuDnxINnAo2LXUTw2JCR2TAOhYVkcz4aXbwFJ9Zp4/DSNunAGfu34mUSGMmMrCdksDQLNdm5n+1TgLhtZ9yFSfAFJ0vChOBIcKz3+M+14yCmFggVHN7K6ZDogkFm9HCFioDzQdDmJYy2Xy85TRWoXlR9SzfX1ZqN3lSRXSCTtE58tAVqqE7VEcNRJFEL+gVvTnPzrvz4XzOWwtOPnOMFuR8/QKBRJoM</latexit><latexit sha1_base64="B6x8vENxCTWGnjYmEQi2pRru5Ng=">AAACC3icbZDLSgMxFIYz9VbrrerSTbAIrsqMCLosunFZwV6kHUomzbShSWZIzhTL0Edw5Vafwp249SF8CN/BdDoL2/pD4OM/53BO/iAW3IDrfjuFtfWNza3idmlnd2//oHx41DRRoilr0EhEuh0QwwRXrAEcBGvHmhEZCNYKRrezemvMtOGReoBJzHxJBoqHnBKw1mN3zGj6NO1d9soVt+pmwqvg5VBBueq98k+3H9FEMgVUEGM6nhuDnxINnAo2LXUTw2JCR2TAOhYVkcz4aXbwFJ9Zp4/DSNunAGfu34mUSGMmMrCdksDQLNdm5n+1TgLhtZ9yFSfAFJ0vChOBIcKz3+M+14yCmFggVHN7K6ZDogkFm9HCFioDzQdDmJYy2Xy85TRWoXlR9SzfX1ZqN3lSRXSCTtE58tAVqqE7VEcNRJFEL+gVvTnPzrvz4XzOWwtOPnOMFuR8/QKBRJoM</latexit><latexit sha1_base64="B6x8vENxCTWGnjYmEQi2pRru5Ng=">AAACC3icbZDLSgMxFIYz9VbrrerSTbAIrsqMCLosunFZwV6kHUomzbShSWZIzhTL0Edw5Vafwp249SF8CN/BdDoL2/pD4OM/53BO/iAW3IDrfjuFtfWNza3idmlnd2//oHx41DRRoilr0EhEuh0QwwRXrAEcBGvHmhEZCNYKRrezemvMtOGReoBJzHxJBoqHnBKw1mN3zGj6NO1d9soVt+pmwqvg5VBBueq98k+3H9FEMgVUEGM6nhuDnxINnAo2LXUTw2JCR2TAOhYVkcz4aXbwFJ9Zp4/DSNunAGfu34mUSGMmMrCdksDQLNdm5n+1TgLhtZ9yFSfAFJ0vChOBIcKz3+M+14yCmFggVHN7K6ZDogkFm9HCFioDzQdDmJYy2Xy85TRWoXlR9SzfX1ZqN3lSRXSCTtE58tAVqqE7VEcNRJFEL+gVvTnPzrvz4XzOWwtOPnOMFuR8/QKBRJoM</latexit>
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<latexit sha1_base64="OVe0jJwhPtPlYormOyydOPbvWsM=">AAACC3icbZDLSgMxFIYzXmu9VV26CRbBVZkRRZdFNy4r2Iu0Q8mkZ9rQJDMkmWIZ+giu3OpTuBO3PoQP4TuYTmdhW38IfPznHM7JH8ScaeO6387K6tr6xmZhq7i9s7u3Xzo4bOgoURTqNOKRagVEA2cS6oYZDq1YAREBh2YwvJ3WmyNQmkXywYxj8AXpSxYySoy1HjsjoOnTpHvZLZXdipsJL4OXQxnlqnVLP51eRBMB0lBOtG57bmz8lCjDKIdJsZNoiAkdkj60LUoiQPtpdvAEn1qnh8NI2ScNzty/EykRWo9FYDsFMQO9WJua/9XaiQmv/ZTJODEg6WxRmHBsIjz9Pe4xBdTwsQVCFbO3YjogilBjM5rbQkWgWH9gJsVMNh9vMY1laJxXPMv3F+XqTZ5UAR2jE3SGPHSFqugO1VAdUSTQC3pFb86z8+58OJ+z1hUnnzlCc3K+fgGC45oN</latexit><latexit sha1_base64="OVe0jJwhPtPlYormOyydOPbvWsM=">AAACC3icbZDLSgMxFIYzXmu9VV26CRbBVZkRRZdFNy4r2Iu0Q8mkZ9rQJDMkmWIZ+giu3OpTuBO3PoQP4TuYTmdhW38IfPznHM7JH8ScaeO6387K6tr6xmZhq7i9s7u3Xzo4bOgoURTqNOKRagVEA2cS6oYZDq1YAREBh2YwvJ3WmyNQmkXywYxj8AXpSxYySoy1HjsjoOnTpHvZLZXdipsJL4OXQxnlqnVLP51eRBMB0lBOtG57bmz8lCjDKIdJsZNoiAkdkj60LUoiQPtpdvAEn1qnh8NI2ScNzty/EykRWo9FYDsFMQO9WJua/9XaiQmv/ZTJODEg6WxRmHBsIjz9Pe4xBdTwsQVCFbO3YjogilBjM5rbQkWgWH9gJsVMNh9vMY1laJxXPMv3F+XqTZ5UAR2jE3SGPHSFqugO1VAdUSTQC3pFb86z8+58OJ+z1hUnnzlCc3K+fgGC45oN</latexit><latexit sha1_base64="OVe0jJwhPtPlYormOyydOPbvWsM=">AAACC3icbZDLSgMxFIYzXmu9VV26CRbBVZkRRZdFNy4r2Iu0Q8mkZ9rQJDMkmWIZ+giu3OpTuBO3PoQP4TuYTmdhW38IfPznHM7JH8ScaeO6387K6tr6xmZhq7i9s7u3Xzo4bOgoURTqNOKRagVEA2cS6oYZDq1YAREBh2YwvJ3WmyNQmkXywYxj8AXpSxYySoy1HjsjoOnTpHvZLZXdipsJL4OXQxnlqnVLP51eRBMB0lBOtG57bmz8lCjDKIdJsZNoiAkdkj60LUoiQPtpdvAEn1qnh8NI2ScNzty/EykRWo9FYDsFMQO9WJua/9XaiQmv/ZTJODEg6WxRmHBsIjz9Pe4xBdTwsQVCFbO3YjogilBjM5rbQkWgWH9gJsVMNh9vMY1laJxXPMv3F+XqTZ5UAR2jE3SGPHSFqugO1VAdUSTQC3pFb86z8+58OJ+z1hUnnzlCc3K+fgGC45oN</latexit><latexit sha1_base64="YE1LNi80m2Ap8ZU/YbNH8UTLZRw=">AAAB9HicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwf5AO5RMJtOGJpkhuSOUoSt3bn0Kd+Lb+BC+g+m0C2s9EPg4J+HenDiXwmIQfHm1nd29/YP6oX/U8I9PTpuNns0Kw3iXZTIzg5haLoXmXRQo+SA3nKpY8n48u1/m/WdurMj0E85zHik60SIVjKKzOuNmK2gHlcg2hGtowVrj5vcoyVihuEYmqbXDMMgxKqlBwSRf+KPC8pyyGZ3woUNNFbdRWa25IJfOSUiaGXc0ksr9/aKkytq5it1NRXFq/2ZL879sWGB6G5VC5wVyzVaD0kISzMjyzyQRhjOUcweUGeF2JWxKDWXomtmYwlRsxGSKC7+Sqyf8W8Y29K7boePHAOpwDhdwBSHcwB08QAe6wCCBV3jzXrx372NVY81b93kGG/I+fwDyZZO4</latexit><latexit sha1_base64="eDSPUK+R1qw3RAtcRTBYw/JR+g0=">AAACAHicbZDNSgMxFIXv+Ftr1erWzWARXJUZQXQpuHFZwf5IO5RMmmlDk8yQ3CmWYR7BlVt9Cnfii/gQvoPptAvbeiDwcU7CvTlhIrhBz/t2Nja3tnd2S3vl/crB4VH1uNIycaopa9JYxLoTEsMEV6yJHAXrJJoRGQrWDsd3s7w9YdrwWD3iNGGBJEPFI04JWuupN2E0e877V/1qzat7hdx18BdQg4Ua/epPbxDTVDKFVBBjur6XYJARjZwKlpd7qWEJoWMyZF2LikhmgqxYOHfPrTNwo1jbo9At3L8vMiKNmcrQ3pQER2Y1m5n/Zd0Uo5sg4ypJkSk6HxSlwsXYnf3eHXDNKIqpBUI1t7u6dEQ0oWg7WppCZaj5cIR5uZDtx19tYx1al3Xf8oMHJTiFM7gAH67hFu6hAU2gIOEV3uDdeXE+nM95kxvOotITWJLz9Qvg8ZiX</latexit><latexit sha1_base64="eDSPUK+R1qw3RAtcRTBYw/JR+g0=">AAACAHicbZDNSgMxFIXv+Ftr1erWzWARXJUZQXQpuHFZwf5IO5RMmmlDk8yQ3CmWYR7BlVt9Cnfii/gQvoPptAvbeiDwcU7CvTlhIrhBz/t2Nja3tnd2S3vl/crB4VH1uNIycaopa9JYxLoTEsMEV6yJHAXrJJoRGQrWDsd3s7w9YdrwWD3iNGGBJEPFI04JWuupN2E0e877V/1qzat7hdx18BdQg4Ua/epPbxDTVDKFVBBjur6XYJARjZwKlpd7qWEJoWMyZF2LikhmgqxYOHfPrTNwo1jbo9At3L8vMiKNmcrQ3pQER2Y1m5n/Zd0Uo5sg4ypJkSk6HxSlwsXYnf3eHXDNKIqpBUI1t7u6dEQ0oWg7WppCZaj5cIR5uZDtx19tYx1al3Xf8oMHJTiFM7gAH67hFu6hAU2gIOEV3uDdeXE+nM95kxvOotITWJLz9Qvg8ZiX</latexit><latexit sha1_base64="l633cDWUxrA1UGVSXeJCjNcPWr4=">AAACC3icbZDLSgMxFIbP1Futt6pLN8EiuCozguiy6MZlBXuRdiiZNG1Dk8yQZIplmEdw5Vafwp249SF8CN/BdDoL2/pD4OM/53BO/iDiTBvX/XYKa+sbm1vF7dLO7t7+QfnwqKnDWBHaICEPVTvAmnImacMww2k7UhSLgNNWML6d1VsTqjQL5YOZRtQXeCjZgBFsrPXYnVCSPKW9y1654lbdTGgVvBwqkKveK/90+yGJBZWGcKx1x3Mj4ydYGUY4TUvdWNMIkzEe0o5FiQXVfpIdnKIz6/TRIFT2SYMy9+9EgoXWUxHYToHNSC/XZuZ/tU5sBtd+wmQUGyrJfNEg5siEaPZ71GeKEsOnFjBRzN6KyAgrTIzNaGELEYFiw5FJS5lsPt5yGqvQvKh6lu/dSu0mT6oIJ3AK5+DBFdTgDurQAAICXuAV3pxn5935cD7nrQUnnzmGBTlfv4Gjmgk=</latexit><latexit sha1_base64="OVe0jJwhPtPlYormOyydOPbvWsM=">AAACC3icbZDLSgMxFIYzXmu9VV26CRbBVZkRRZdFNy4r2Iu0Q8mkZ9rQJDMkmWIZ+giu3OpTuBO3PoQP4TuYTmdhW38IfPznHM7JH8ScaeO6387K6tr6xmZhq7i9s7u3Xzo4bOgoURTqNOKRagVEA2cS6oYZDq1YAREBh2YwvJ3WmyNQmkXywYxj8AXpSxYySoy1HjsjoOnTpHvZLZXdipsJL4OXQxnlqnVLP51eRBMB0lBOtG57bmz8lCjDKIdJsZNoiAkdkj60LUoiQPtpdvAEn1qnh8NI2ScNzty/EykRWo9FYDsFMQO9WJua/9XaiQmv/ZTJODEg6WxRmHBsIjz9Pe4xBdTwsQVCFbO3YjogilBjM5rbQkWgWH9gJsVMNh9vMY1laJxXPMv3F+XqTZ5UAR2jE3SGPHSFqugO1VAdUSTQC3pFb86z8+58OJ+z1hUnnzlCc3K+fgGC45oN</latexit><latexit sha1_base64="OVe0jJwhPtPlYormOyydOPbvWsM=">AAACC3icbZDLSgMxFIYzXmu9VV26CRbBVZkRRZdFNy4r2Iu0Q8mkZ9rQJDMkmWIZ+giu3OpTuBO3PoQP4TuYTmdhW38IfPznHM7JH8ScaeO6387K6tr6xmZhq7i9s7u3Xzo4bOgoURTqNOKRagVEA2cS6oYZDq1YAREBh2YwvJ3WmyNQmkXywYxj8AXpSxYySoy1HjsjoOnTpHvZLZXdipsJL4OXQxnlqnVLP51eRBMB0lBOtG57bmz8lCjDKIdJsZNoiAkdkj60LUoiQPtpdvAEn1qnh8NI2ScNzty/EykRWo9FYDsFMQO9WJua/9XaiQmv/ZTJODEg6WxRmHBsIjz9Pe4xBdTwsQVCFbO3YjogilBjM5rbQkWgWH9gJsVMNh9vMY1laJxXPMv3F+XqTZ5UAR2jE3SGPHSFqugO1VAdUSTQC3pFb86z8+58OJ+z1hUnnzlCc3K+fgGC45oN</latexit><latexit sha1_base64="OVe0jJwhPtPlYormOyydOPbvWsM=">AAACC3icbZDLSgMxFIYzXmu9VV26CRbBVZkRRZdFNy4r2Iu0Q8mkZ9rQJDMkmWIZ+giu3OpTuBO3PoQP4TuYTmdhW38IfPznHM7JH8ScaeO6387K6tr6xmZhq7i9s7u3Xzo4bOgoURTqNOKRagVEA2cS6oYZDq1YAREBh2YwvJ3WmyNQmkXywYxj8AXpSxYySoy1HjsjoOnTpHvZLZXdipsJL4OXQxnlqnVLP51eRBMB0lBOtG57bmz8lCjDKIdJsZNoiAkdkj60LUoiQPtpdvAEn1qnh8NI2ScNzty/EykRWo9FYDsFMQO9WJua/9XaiQmv/ZTJODEg6WxRmHBsIjz9Pe4xBdTwsQVCFbO3YjogilBjM5rbQkWgWH9gJsVMNh9vMY1laJxXPMv3F+XqTZ5UAR2jE3SGPHSFqugO1VAdUSTQC3pFb86z8+58OJ+z1hUnnzlCc3K+fgGC45oN</latexit><latexit sha1_base64="OVe0jJwhPtPlYormOyydOPbvWsM=">AAACC3icbZDLSgMxFIYzXmu9VV26CRbBVZkRRZdFNy4r2Iu0Q8mkZ9rQJDMkmWIZ+giu3OpTuBO3PoQP4TuYTmdhW38IfPznHM7JH8ScaeO6387K6tr6xmZhq7i9s7u3Xzo4bOgoURTqNOKRagVEA2cS6oYZDq1YAREBh2YwvJ3WmyNQmkXywYxj8AXpSxYySoy1HjsjoOnTpHvZLZXdipsJL4OXQxnlqnVLP51eRBMB0lBOtG57bmz8lCjDKIdJsZNoiAkdkj60LUoiQPtpdvAEn1qnh8NI2ScNzty/EykRWo9FYDsFMQO9WJua/9XaiQmv/ZTJODEg6WxRmHBsIjz9Pe4xBdTwsQVCFbO3YjogilBjM5rbQkWgWH9gJsVMNh9vMY1laJxXPMv3F+XqTZ5UAR2jE3SGPHSFqugO1VAdUSTQC3pFb86z8+58OJ+z1hUnnzlCc3K+fgGC45oN</latexit><latexit sha1_base64="OVe0jJwhPtPlYormOyydOPbvWsM=">AAACC3icbZDLSgMxFIYzXmu9VV26CRbBVZkRRZdFNy4r2Iu0Q8mkZ9rQJDMkmWIZ+giu3OpTuBO3PoQP4TuYTmdhW38IfPznHM7JH8ScaeO6387K6tr6xmZhq7i9s7u3Xzo4bOgoURTqNOKRagVEA2cS6oYZDq1YAREBh2YwvJ3WmyNQmkXywYxj8AXpSxYySoy1HjsjoOnTpHvZLZXdipsJL4OXQxnlqnVLP51eRBMB0lBOtG57bmz8lCjDKIdJsZNoiAkdkj60LUoiQPtpdvAEn1qnh8NI2ScNzty/EykRWo9FYDsFMQO9WJua/9XaiQmv/ZTJODEg6WxRmHBsIjz9Pe4xBdTwsQVCFbO3YjogilBjM5rbQkWgWH9gJsVMNh9vMY1laJxXPMv3F+XqTZ5UAR2jE3SGPHSFqugO1VAdUSTQC3pFb86z8+58OJ+z1hUnnzlCc3K+fgGC45oN</latexit><latexit sha1_base64="OVe0jJwhPtPlYormOyydOPbvWsM=">AAACC3icbZDLSgMxFIYzXmu9VV26CRbBVZkRRZdFNy4r2Iu0Q8mkZ9rQJDMkmWIZ+giu3OpTuBO3PoQP4TuYTmdhW38IfPznHM7JH8ScaeO6387K6tr6xmZhq7i9s7u3Xzo4bOgoURTqNOKRagVEA2cS6oYZDq1YAREBh2YwvJ3WmyNQmkXywYxj8AXpSxYySoy1HjsjoOnTpHvZLZXdipsJL4OXQxnlqnVLP51eRBMB0lBOtG57bmz8lCjDKIdJsZNoiAkdkj60LUoiQPtpdvAEn1qnh8NI2ScNzty/EykRWo9FYDsFMQO9WJua/9XaiQmv/ZTJODEg6WxRmHBsIjz9Pe4xBdTwsQVCFbO3YjogilBjM5rbQkWgWH9gJsVMNh9vMY1laJxXPMv3F+XqTZ5UAR2jE3SGPHSFqugO1VAdUSTQC3pFb86z8+58OJ+z1hUnnzlCc3K+fgGC45oN</latexit>

m = 4 phenotypes

n = 2 drugs

Frequency-dependent Evolutionary Cycles



Combinations of 
n drugs:

+             + 2n possible 
combinations
(including no 

treatment)+             

… and so on.

Frequency-dependent cycles 
of tumor evolution

Controlling m cell types 
(genotype or phenotype)
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<latexit sha1_base64="dPA3NaDW08fBsTMmFUfMCALwiZM="></latexit><latexit sha1_base64="dPA3NaDW08fBsTMmFUfMCALwiZM="></latexit><latexit sha1_base64="dPA3NaDW08fBsTMmFUfMCALwiZM="></latexit><latexit sha1_base64="KooCSFWDasnL+KUxvM75EPzAAqk=">AAAB9HicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwf5AO5RMJtOGJpkhuSOUoSt3bn0Kd+Lb+BC+g+m0C2s9EDick3BvvjiXwmIQfHm1nd29/YP6oX/U8I9PTpuNns0Kw3iXZTIzg5haLoXmXRQo+SA3nKpY8n48u1/2/WdurMj0E85zHik60SIVjKKLOuNmK2gHlci2CdemBWuNm9+jJGOF4hqZpNYOwyDHqKQGBZN84Y8Ky3PKZnTCh85qqriNymrNBbl0SULSzLijkVTp7xclVdbOVexuKopT+7dbhv91wwLT26gUOi+Qa7YalBaSYEaWfyaJMJyhnDtDmRFuV8Km1FCGjszGFKZiIyZTXPiVHJ7wL4xt07tuh0E7fAygDudwAVcQwg3cwQN0oAsMEniFN+/Fe/c+Vhhr3prnGWzI+/wB8mOTuA==</latexit><latexit sha1_base64="TiOHaKkbdArBzOe1C41rGaFwlOE="></latexit><latexit sha1_base64="TiOHaKkbdArBzOe1C41rGaFwlOE="></latexit><latexit sha1_base64="/NLhbYlrPIZqDupBl1K87rdlQsM="></latexit><latexit sha1_base64="dPA3NaDW08fBsTMmFUfMCALwiZM="></latexit><latexit sha1_base64="dPA3NaDW08fBsTMmFUfMCALwiZM="></latexit><latexit sha1_base64="dPA3NaDW08fBsTMmFUfMCALwiZM="></latexit><latexit sha1_base64="dPA3NaDW08fBsTMmFUfMCALwiZM="></latexit><latexit sha1_base64="dPA3NaDW08fBsTMmFUfMCALwiZM="></latexit><latexit sha1_base64="dPA3NaDW08fBsTMmFUfMCALwiZM="></latexit>

A sequence of treatments gives rise 
to an evolutionary “cycle” if:

for some time period T > 0.

Treatment 1

Treatment 2

Treatment 3
~xT ⇡ ~x0
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What defines a treatment?
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- Hohmann Transfer Orbit
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1. Current orbit is fixed & known
2. Desired orbit is fixed & known
3. The connecting orbit is tangent 

to current orbit and intersects 
desired orbit

Drawing inspiration from orbital mechanics
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Drawing inspiration from orbital mechanics



x2 = TP

x1 = T+

x3 = T-

100% T+

100% T-100% TP �⃗� = [0.3, 0.5, 0.2]

Trilinear Coordinates

Visualizing frequency-dependent dynamics on a simplex

Trilinear Simplex
• The state space of all possible 

states of three populations
• x1 + x2 + x3 = 1

Triangular simplex



LupronNo treatmentLupron & Abiraterone

�⃗� = [0.45, 0.55, 0]

�⃗� = [0.69, 0.14, 0.17]

�⃗� = [0, 0, 1]

Frequency-dependent treatment dynamics
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<latexit sha1_base64="B6x8vENxCTWGnjYmEQi2pRru5Ng=">AAACC3icbZDLSgMxFIYz9VbrrerSTbAIrsqMCLosunFZwV6kHUomzbShSWZIzhTL0Edw5Vafwp249SF8CN/BdDoL2/pD4OM/53BO/iAW3IDrfjuFtfWNza3idmlnd2//oHx41DRRoilr0EhEuh0QwwRXrAEcBGvHmhEZCNYKRrezemvMtOGReoBJzHxJBoqHnBKw1mN3zGj6NO1d9soVt+pmwqvg5VBBueq98k+3H9FEMgVUEGM6nhuDnxINnAo2LXUTw2JCR2TAOhYVkcz4aXbwFJ9Zp4/DSNunAGfu34mUSGMmMrCdksDQLNdm5n+1TgLhtZ9yFSfAFJ0vChOBIcKz3+M+14yCmFggVHN7K6ZDogkFm9HCFioDzQdDmJYy2Xy85TRWoXlR9SzfX1ZqN3lSRXSCTtE58tAVqqE7VEcNRJFEL+gVvTnPzrvz4XzOWwtOPnOMFuR8/QKBRJoM</latexit><latexit sha1_base64="B6x8vENxCTWGnjYmEQi2pRru5Ng=">AAACC3icbZDLSgMxFIYz9VbrrerSTbAIrsqMCLosunFZwV6kHUomzbShSWZIzhTL0Edw5Vafwp249SF8CN/BdDoL2/pD4OM/53BO/iAW3IDrfjuFtfWNza3idmlnd2//oHx41DRRoilr0EhEuh0QwwRXrAEcBGvHmhEZCNYKRrezemvMtOGReoBJzHxJBoqHnBKw1mN3zGj6NO1d9soVt+pmwqvg5VBBueq98k+3H9FEMgVUEGM6nhuDnxINnAo2LXUTw2JCR2TAOhYVkcz4aXbwFJ9Zp4/DSNunAGfu34mUSGMmMrCdksDQLNdm5n+1TgLhtZ9yFSfAFJ0vChOBIcKz3+M+14yCmFggVHN7K6ZDogkFm9HCFioDzQdDmJYy2Xy85TRWoXlR9SzfX1ZqN3lSRXSCTtE58tAVqqE7VEcNRJFEL+gVvTnPzrvz4XzOWwtOPnOMFuR8/QKBRJoM</latexit><latexit sha1_base64="B6x8vENxCTWGnjYmEQi2pRru5Ng=">AAACC3icbZDLSgMxFIYz9VbrrerSTbAIrsqMCLosunFZwV6kHUomzbShSWZIzhTL0Edw5Vafwp249SF8CN/BdDoL2/pD4OM/53BO/iAW3IDrfjuFtfWNza3idmlnd2//oHx41DRRoilr0EhEuh0QwwRXrAEcBGvHmhEZCNYKRrezemvMtOGReoBJzHxJBoqHnBKw1mN3zGj6NO1d9soVt+pmwqvg5VBBueq98k+3H9FEMgVUEGM6nhuDnxINnAo2LXUTw2JCR2TAOhYVkcz4aXbwFJ9Zp4/DSNunAGfu34mUSGMmMrCdksDQLNdm5n+1TgLhtZ9yFSfAFJ0vChOBIcKz3+M+14yCmFggVHN7K6ZDogkFm9HCFioDzQdDmJYy2Xy85TRWoXlR9SzfX1ZqN3lSRXSCTtE58tAVqqE7VEcNRJFEL+gVvTnPzrvz4XzOWwtOPnOMFuR8/QKBRJoM</latexit><latexit sha1_base64="B6x8vENxCTWGnjYmEQi2pRru5Ng=">AAACC3icbZDLSgMxFIYz9VbrrerSTbAIrsqMCLosunFZwV6kHUomzbShSWZIzhTL0Edw5Vafwp249SF8CN/BdDoL2/pD4OM/53BO/iAW3IDrfjuFtfWNza3idmlnd2//oHx41DRRoilr0EhEuh0QwwRXrAEcBGvHmhEZCNYKRrezemvMtOGReoBJzHxJBoqHnBKw1mN3zGj6NO1d9soVt+pmwqvg5VBBueq98k+3H9FEMgVUEGM6nhuDnxINnAo2LXUTw2JCR2TAOhYVkcz4aXbwFJ9Zp4/DSNunAGfu34mUSGMmMrCdksDQLNdm5n+1TgLhtZ9yFSfAFJ0vChOBIcKz3+M+14yCmFggVHN7K6ZDogkFm9HCFioDzQdDmJYy2Xy85TRWoXlR9SzfX1ZqN3lSRXSCTtE58tAVqqE7VEcNRJFEL+gVvTnPzrvz4XzOWwtOPnOMFuR8/QKBRJoM</latexit>

Frequency-dependent treatment dynamics
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Frequency-dependent treatment dynamics



3. Evolutionary search space

" Most discoveries even today are a combination of serendipity 
and of searching.”
- Siddhartha Mukherjee -



LupronNo treatmentLupron & Abiraterone

�⃗� = [0.45, 0.55, 0]
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�⃗� = [0, 0, 1]

Evolutionary Search Space

Pairwise treatment combinations
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No treatmentLupron & Abiraterone

�⃗� = [0.69, 0.14, 0.17]

�⃗� = [0, 0, 1]
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space
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absorbing state 
space

No treatment ⬄ Lupron absorbing 
state space

absorbing state 
space

No treatment ⬄ Lupron/Abiraterone

absorbing state 
space

Lupron ⬄ Lupron/Abiraterone

Key observations:
- All possible drug sequences tend 

toward absorbing area
- Various drug combinations have 

varied size of absorbing space
- The longer time cycled, closer to 

absorbing space
- No treatment is an evolutionary 

process

3 treatments
- Vastly expands absorbing state space
- “Orthogonal” drugs are desirable

No treatment 
⇳

Lupron 
⇳

Lupron & Abiraterone

Evolutionary Search Space
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Velocity of frequency-dependent dynamics

Lupron

No treatment

Lupron & 
Abiraterone

T+ velocity TP velocity T- velocity



”The best investment is in the tools of own’s own trade.”
- Benjamin Franklin -

4. IsoMaTrix
A tool for visualizing matrix games



IsoMaTrix: visualizing Isoclines of Matrix games

Download at:
• github.com/MathOnco/isomatrix

Joint work with:
• Yongqian Ma (Univ. Southern California)
• Artem Kaznatcheev (Oxford Univ)
• Alexander Anderson (Moffitt)

How to use:
• 6 graphs with one 

command: isomatrix(A)



IsoMaTrix: visualizing Isoclines of Matrix games
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