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What are Tumor-Treating Fields (TTFields)?

• 200 KHz alternating current fields with target field strength of ~2 V/cm
• Approved by FDA for brain cancer (glioblastoma) in 2011
• ~1000 glioblastoma patients treated, survival extended to 19 vs 16 months
• Clinical trials for lung, stomach, pancreatic, liver, ovarian cancer and metastasis





Approaches 100% efficacy 
in vitro and some in vivo
preparations

Doesn’t affect non-
cancerous cells

Kirson E.D., Dbaly V., Tovarys F., Vymazal J., Soustiel J.F., Itzhaki A., et al. Alternating electric 
fields arrest cell proliferation in animal tumor models and human brain tumors. Proc Natl Acad 
Sci U S A 2007; 104: 10152-7.



Intrinsic 
and 
extrinsic 
apoptotic 
pathways



Why do we need modeling?
• TTFields kill all tumor cells in vitro

• Need to uncover the mechanism to transfer in vitro results to in vivo

• Cell studies measure outcomes

• They don’t get at low-level intra-cellular mechanisms

• Modeling is an excellent tool for those analyses

• Cheap and quick

• Can parameterize a model and run many scenarios



Clues to the Mechanisms
= Constraints on the Models

• Approaches 100% efficacy in vitro and some in vivo preparations

• 1 – 3 V/cm electric field strength

• Frequency-sensitive: 100 – 300 kHz = ~3 - 10 µs

• Field orientation-sensitive: 2 directional effects: 0⁰ and 90⁰ = 20% greater efficacy

• Doesn’t affect non-cancer cells

• Longer exposure = greater efficacy i.e. after 1st interphase

• Strongest correlation with TTFields applied in prophase
• Rosette formation

• Increase free vs polymerized tubulin (10 – 20%)

• Aberrant spindle formation

• Cell blebbing

• Aneuploidy

• Chromosome mis-segregation

• Multiple nucleation

• Decreased septin concentration at midline in mitosis

• Multiple cell pathways – apoptosis during interphase, mitotic arrest and death, normal 
progression to next cycle

• Immune system effects



100 - 300 kHz frequency
= 3 - 5 µs period

Sufficient to penetrate cell 
membrance and deliver ~2 V/cm

Wenger C., Giladi M., Bomzon Z., Salvador R., Basser P.J., and Miranda P.C. Modeling 
Tumor Treating Fields (TTFields) application in single cells during metaphase and 
telophase. Conf Proc IEEE Eng Med Biol Soc 2015; 2015: 6892-5.



Wenger model showing current density concentration at cell furrow



Electromechanical model
Structural mechanics + electromagnetics



Microtubule-as-coax model
• Model a microtubule as a layered cylinder 

• lumen, helix/protofilaments, C-termini, counter-ions, Bjerrum (insulation), hydration 
layer

• Counter-ion layer conductivity is 20x cytosol (Tuszynski lab)
• X elementary charges ‘flowing’ per second per square nanometer

• How to interpret and validate the results?

Aligned Perpendicular



Disruption metrics derive from signal-to-noise ratio

• Analogy: Background noise level against which nervous system evolved

• In the cell:
1. Background thermal energy: kBT = 4.2 J-nm
2. Cellular free energy = -54 - 101 x 10-21 J-nm = ~25 kT



Two minimal energy disruption hypotheses

• C-termini state transitions
• Kinesin walk

• https://www.youtube.com/watch?v=y-uuk4Pr2i8



Axiomatize 
underlying 
systems level







COMSOL Model 
calibration

1. Start with Young’s modulus at 2 Gpa. Adjust to achieve 
the following constraints:

2. kT (25 meV) calibration: A force of 4 pN acting through 
~1 nm should jostle the C-terminus tip around like 
thermal energy

3. 50 meV calibration: A force of 8 pN should displace 
the C-terminus tip by ~40⁰ (2.4 nm).

4. 120 meV calibration: A force of 16 pN should displace 
the C-terminus tip by ~80⁰ (4.9 nm).



Error in model
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