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The four-dimensional analysis method is based on the assumption for the continuum of the 

object’s state and parameters space. It requires several impedance spectra recorded subsequently 

at the same set of frequencies (Fig. S1a). Every measured data at a given frequency should 

additionally contain the time of measurement (these so-called “timestamps” can be the starting or 

ending times of the measurements of the individual impedance values, arithmetic or other 

suitably selected averages, etc.).  

Thus, the experimental data form a set of 4-dimensional arrays, containing frequency, real and 

imaginary reconstruction of calculated instantaneous impedances. For every measured frequency 

two one dimensional functions of “iso-frequency dependencies” (e.g. for the real and for the 

imaginary components, Figs S1b and S1c) are constructed. On the basis of the continuity of the 

evolution, interpolation is performed (e.g. by using interpolating or smoothing cubic spline or 

other interpolation techniques) resulting in instantaneous projections of the full impedance-time 

space and “reconstructed” instantaneous impedances related to a selected instant of the time (i.e. 

the beginning of each frequency scan, Fig S1d). By extrapolation of the iso-frequency depen-

dencies to an instant outside the time interval of the impedance measurements the impedance 

diagram corresponding to the assumed starting time of the measurement series can be 

constructed. 
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Figure S1. Scheme of the four-dimensional analysis method. 3-D representation of the impedance and 
time evolution in the coordinates Re(Z), –Im(Z) and t (a), where Re(Z) and Im(Z) are the real and imaginary 

parts of the complex impedance, respectively, t is the time. •: data points (impedances) measured at 
frequencies fi; ti: starting time of the j-th frequency scan. b) Calculation of the instantaneous (corrected) 

Re(Z) values ()by interpolation of the measured Re(Z) data. c) Calculation of the instantaneous 

(corrected) –Im(Z) values () by interpolation of the measured Im(Z) data. d) 3-D representation of the 

“reconstructed” instantaneous impedances related to the beginning of each frequency scan. : corrected 
data points (impedances) assigned to frequencies fi. 




