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[bookmark: _Toc532544004]1. VO2FITTING Tool

[bookmark: _Hlk488514183]The VO2FITTING is a web application based on R language (R Core Team 2015), with support of the “Shiny” [1] package, that provides freely available software for characterizing V̇O2 kinetics in exercise. The VO2FITTING software provides a dynamic and full analysis of the on-transient V̇O2 responses to exercise, offering functionalities that confer enough flexibility to compare simultaneously several cardiodynamic responses with sufficient precision to meet researchers requirements.

[bookmark: _Toc532543238][bookmark: _Toc532544005][bookmark: _Hlk501102391]2. Installation and quick tutorial

To run the software, the following configurations are necessary. VO2FITTING runs online inside a browser. Details about the application, source code, installation instructions, and other documentation, can be verified on the landing page (https://shiny.cespu.pt/vo2_news/). Source code is released under a GPL3 license (https://www.r-project.org/Licenses/GPL-3). Likewise, an R environment should be available, where all the app dependencies are installed. The R command line (where VO2FITTING folder is located) is needed prior to each launch, using the following commands: library(shiny) and runApp(vo2). The following dependencies should be previously installed (Table 1):


	Table 1. Required Dependencies

	Library (shiny) [1]
	#Version >= 0.14.2 

	Library (minpack.lm) [2]
	#Version >= 1.2-0 

	Library (chron) [3]
	#Version >= 2.3-47

	Library (zoo) [4]
	#Version >= 1.7-13

	Library (bcrypt) [5]
	#Version >= 0.2 

	Library (rmysql) [6]
	#Version >= 0.11-3 

	Library (digest) [7]
	#Version >= 0.6.10 

	Library (nlstools) [8]
	#Version >= 1.0-2 

	Library (tseries) [9]
	#Version >= 0.10-35 

	Library (openxlsx) [10]
	#Version >= 3.0.0 

	Library (readods) [11]
	#Version >= 1.6.4






A local MySQL or Mariadb database server is also necessary. The database needs two tables named “Models” and “Users”, with the following structure, respectively (Table 2 and 3):

	Table2. Models

	Field
	Type
	Null
	Key
	Default
	Extra

	id
	mediumint (9)
	No
	PRI
	Null
	auto_increment

	uid
	mediumint(9)
	No
	
	Null
	

	modeltype
	varchar(256)
	No
	
	Null
	

	modeldesc
	varchar(512)
	No
	
	Null
	

	model
	varchar(256)
	No
	
	Null
	

	data
	varchar(256)
	No
	
	Null
	

	timestamp
	char(25)
	No
	
	Null
	





	Table 3. Users

	Field
	Type
	Null
	Key
	Default
	Extra

	id
	mediumint(9)
	No
	PRI
	Null
	auto_increment

	username
	varchar(60)
	Yes
	UNI
	Null
	

	password
	char(60)
	Yes
	
	Null
	




The dump databasestructure.sql can be imported if this structure cannot be created manually. Database encoding should be utf8 and table collation utf8_general_ci. The database connection is configured in the file db.ini. Currently, there is no web interface to manage users. Thus, the small script createuser.R in the command line can be employed to create new users. The access to source code repository is granted upon request by email to the corresponding author.

Quick tutorial
1. Click browse on the left of “Upload VO2 data as a function of time” menu to upload a dataset (read section Input for help);
2. Choose model for fitting (or default);
3. Choose V̇O2 baseline option.

[bookmark: _Toc532543239][bookmark: _Toc532544006]3. Input

A text file must be used when setting the default input dataset, following the requirements below (See an example in Figure 1):

1. The first line must have two different columns named by default t (time) and VO2/kg. They can be located in any position (1st and last columns, for example);
2. The expected time format (default) is hh:mm:ss;
3. The first data point from each column starts (by default) on the 4th line;
4. The expected VO2/kg units are mL·kg-1·min-1;
5. Columns are separated by default with semicolon;

However, the following options can be chosen at “Input and Models -> Data format” menu:

1. Other input formats, such as XLSX and ODS;
2. The sheet name where the data is located;
3. The line where the data starts;
4. The name of the column which contains time data;
5. The name of the column which contains V̇O2 values;
6. The time format;
7. The data separator (text file format).

The Input file can have additional columns, which will be ignored. An example of an input dataset spreadsheet is shown in Figure 1.


[image: C:\Users\Rodrigo Zacca\AppData\Local\Microsoft\Windows\INetCache\Content.Word\suplementary figure.jpg]
Figure 1. Example of input dataset


Option: multiple files 
If two or more observations need to be time-aligned to yield a single profile, VO2FITTING has the option to upload multiple files and combine them in one. It is necessary to hold the CTRL button while selecting those files. There are three options to combine the datasets: using median, average or joining all data. By selecting median, if the instant t=1s has three observations, VO2FITTING will calculate the median for those three observations. The recommended (and the default) option is median, since is less sensitive to outliers. VO2FITTING starts by creating a list of all the times when the sampling times are not identical in all the files, as the following example:

If: Times file 1= 1s,3s,7s and Times file 2= 1s,2s,7s; Thus, all Times: 1s,2s,3s,7s

[bookmark: _Hlk488862304]Before combining the V̇O2 data, VO2FITTING needs information for V̇O2 in file 1 for t=2s, and in file 2 for t=3s. VO2FITTING uses linear interpolation to find that information. For instance, in the case of V̇O2 for file 1 at t=2s, VO2FITTING will linearly interpolate from t=1s, to t=3s to estimate what the V̇O2 observation would be at t=2s. An example of two time-aligned tests is shown in Figure 2, where one swimmer performed two square wave transitions (5 minutes) at 95% of velocity (vV̇O2max) associated with the V̇O2max intensity, separated by a 24 h rest period and performed immediately after ~800-m front crawl warm-up at a moderate intensity. Swimming speed was controlled by a visual pacer with flashing lights at the bottom of the swimming pool (TAR.1.1, GBKelectronics, Aveiro, Portugal).


[image: C:\Users\Rodrigo Zacca\AppData\Local\Microsoft\Windows\INetCache\Content.Word\time aligned tests swimming black.tif]
Figure 2. Example of two time-aligned tests with multiple files option on VO2FITTING. From the top to the bottom plots: Test 1 with raw data, Test 2 with raw data, Test 1 and 2 time-aligned with raw data and filtered data.


Option: click delete points
[bookmark: _Hlk488915334]This option allows to click on each point, deleting them if necessary. Thus, selected points are removed and not considered for modelling. Soon after, VO2FITTING adjusts the fit automatically. By clicking in the same point again or unchecking this option, it is possible to reset it.

[bookmark: _Hlk488913628]Option: show data cutter
A slider will appear below the plotted graphic when selecting this option. The slider allows to restrict the model fitting in a specific time range. 

[bookmark: _Hlk488932964][bookmark: _Hlk501119291]Figure 3 show examples for click delete points and data cutter options using a data set obtained from one elite runner during an 7x800-m intermittent protocol performed on a 400-m outdoor running track. The velocity was increased by 1 km·h-1 for each 800-m step with a 30-s rest interval until exhaustion and controlled by audio feedback emitted in markers placed at 100-m intervals.


[image: ]
[bookmark: _Hlk499716139]Figure 3. Illustration of click delete points and show data cutter options. Data from a square wave transition performed in treadmill by an Elite runner. 


Option: multiply by mass
This option can be used to change V̇O2 dataset unit of measurement to ml·min-1.

Option: choose how to define vo2baseline 
Adjusted by fitting (manual)
This option will fit the V̇O2baseline automatically, limiting the lower/upper range of the parameter for fitting to manually set values. Starting value will be calculated as the middle of the range.

Adjusted by fitting (automatic)
[bookmark: _Hlk479520271]This option can be used to fit V̇O2baseline automatically, ranging from 0 to +Inf, with a starting value of 40 (not really meaningful).

Manual Value
By selecting this option, the V̇O2baseline can be introduced manually, usually in units of mL·kg-1·min-1. If the “Multiply by mass” option has been chosen, then V̇O2baseline in mL·min−1 can be introduced.

Manual Value backwards repetition
This option can be useful if input data has V̇O2 values that starts from the beginning of the exercise (t=0), but V̇O2baseline is in another data file. This is one option to fit the onset of the first exponential by creating artificial baseline data, so the time delay can be accurately determined.

Average/Median of first X points
By setting this option, there is no limit for the number of points to define V̇O2baseline.

First data point
[bookmark: _Hlk479522092]By selecting this option, the first V̇O2 data point can be defined as the V̇O2baseline value.

[bookmark: _Toc532544007]4. Filtering
[bookmark: _Hlk488915654]It is arguable whether the model fitting should be conducted with filtered or raw data, since more stringency (allowing more 'errant' data points) could exert a major influence on parameter estimation. However, all filters mentioned below are available on VO2FITTING and can be applied before fitting the model and by the order which are selected.

[bookmark: _Hlk488968679]Moving average
Simple moving average using R’s filter function. The number of points when using this option can be specified in the interface. An odd number of points is recommended.

Moving median
Simple moving median using R’s runmed function. The number of points when using this option can be specified in the interface. An odd number of points is required.

Interpolate every 1s
[bookmark: _Hlk488968772]This filter will fill gaps using linear interpolation every 1s. For example, in one file with data points: (t=1s, V̇O2=30) (t=4s, V̇O2=40), VO2FITTING will create new data points at t=2s and t=3s.

[bookmark: _Hlk488968650]Averaging in a box
By selecting this filter, VO2FITTING will create boxes of the specified number of seconds and average all the data in that box.
For example, consider the data: 

· t=101s, V̇O2=30
· t=102s, V̇O2=40
· t=103s, V̇O2=50
· t=104s, V̇O2=60

By selecting averaging in a box is a box of 2 seconds, the new data will be:

· t=101.5s, V̇O2=35
· t=103.5s, V̇O2=55
(Note: this exact behavior is still being worked on.)

[bookmark: _Hlk488968535]Rolling standard deviation
Using an odd number of points, this filter calculates rolling mean and rolling standard deviation, excluding points which are above or below local mean ± threshold×std. deviation. For better results, an option which calculates the median of all rolling std. deviations is available an active by default. This median is then used as the reference std. deviation, rather than the local std. deviation. The number of points and the threshold can be chosen, which by default is 4. The exclusion of these aberrant values (> 4 standard deviations about the local mean) of V̇O2 is justified by the fact that they typically arise due to swallowing or coughing, or some other reason unrelated to the physiological response of interest [12, 14]. It is important to note that for a width of 3, one point is removed in the beginning and in the end. For a width of 5, two points are removed and so on. Data with few points in the beginning might be a problem for fitting V̇O2 kinetics.

[bookmark: _Hlk488931870][bookmark: _Hlk488932160][bookmark: _Hlk488919361][bookmark: _Hlk488931906]Table 4, Table 5 and Figure 4 illustrate quantitatively and graphically the use of selected filters in different mathematical models with datasets from swimming (n=1; adult) and running (N=1; adult), particularly V̇O2 related parameters and fits obtained from mono- and bi-exponential models (raw and filtered data) during square wave transitions at 100% of speed (vV̇O2max) associated with the V̇O2max intensity.





	Table 4. Estimated V̇O2 related parameters obtained from a mono-exponential model from running (n=1) and swimming (n=1) during a square wave transition at 100% of vV̇O2max, using raw and filtered data (±4SD, average 10s and smooth by a 3-breath moving average)

	
	Raw
	Filtered

	
	Mono-exponential
Swimming (N=1)
	Mono-exponential
Running (N=1)
	Mono-exponential
Swimming (N=1)
	Mono-exponential
Running (N=1)

	A0 (mL·kg−1·min−1)
	10.2
	 8.8
	10.2
	8.8

	Ap (mL·kg−1·min−1)
	47.3
	55.1
	46.84
	55.2

	CV (%)
	1.4%
	0.6%
	0.8%
	0.8%

	TDp (s)
	20.9 
	23.6
	17.8
	18.0

	CV (%)
	12.0%
	2.6%
	4.3%
	2.2%

	τp (s)
	32.9 
	15.1
	30.4
	15.8

	CV (%)
	12.3%
	6.4%
	5.6%
	7.0%

	Asc_end (mL·kg−1·min−1)
	-
	-
	-
	-

	CV (%)
	-
	-
	-
	-

	TDsc (s)
	-
	-
	-
	-

	CV (%)
	-
	-
	-
	-

	τsc (s)
	-
	-
	-
	-

	CV (%)
	-
	-
	-
	-

	V̇O2 at the end (mL·kg−1·min−1)
	58.8
	67.2
	57.4
	66.7

	vV̇O2 max (m.s-1)
	1.38
	5.10
	1.38
	5.10

	Time limit at vV̇O2 max (s)
	259 
	220
	259
	220


A0 is the V̇O2 at rest; Ap and Asc_end, TDp and TDsc, and τp and τsc are respectively amplitudes, corresponding time delays and time constants of the fast and slow V̇O2 components. CV (%) is the coefficient of variation for each parameter estimate.





	Table 5. Estimated V̇O2 related parameters obtained from a bi-exponential model from running (n=1) and swimming (n=1) during a square wave transition at 100% of vV̇O2max, using raw and filtered data (±4SD, average 10s and smooth by a 3-breath moving average)

	
	Raw
	Filtered

	
	Bi-exponential
Swimming (N=1)
	Bi-exponential
Running (N=1)
	Bi-exponential
Swimming (N=1)
	Bi-exponential
Running (N=1)

	A0 (mL·kg−1·min−1)
	10.2
	8.8
	10.2
	8.8

	Ap (mL·kg−1·min−1)
	43.4
	50.0
	42.7
	50.2

	CV (%)
	4.7%
	3.6%
	8.9%
	2.5%

	TDp (s)
	29.8 
	26.1
	18.2
	18.52

	CV (%)
	10.3%
	2.5%
	4.9%
	0.8%

	τp (s)
	17.7 
	8.9
	26.0
	11.2

	CV (%)
	26.2%
	13.6%
	18.6%
	6.0%

	Asc_end (mL·kg−1·min−1)
	5.9
	9.4
	5.3
	8.6

	CV (%)
	39.7%
	16.44%
	72.5%
	16.6%

	TDsc (s)
	131.7
	82.9
	81.4
	81.9

	CV (%)
	55.8%
	29.18%
	86.9%
	27.9%

	τsc (s)
	10108
	29854
	17498
	6587

	CV (%)
	765%
	460%
	713%
	995%

	V̇O2 at the end (mL·kg−1·min−1)
	58.8
	67.2
	57.4
	66.7

	vV̇O2 max (m.s-1)
	1.38
	5.10
	1.38
	5.10

	Time limit at vV̇O2 max (s)
	259 
	220
	259
	220


A0 is the V̇O2 at rest; Ap and Asc_end, TDp and TDsc, and τp and τsc are respectively amplitudes, corresponding time delays and time constants of the fast and slow V̇O2 components. CV (%) is the coefficient of variation for each parameter estimate.




[image: C:\Users\Rodrigo Zacca\AppData\Local\Microsoft\Windows\INetCache\Content.Word\FIGURA RUNNING SWIMMING 30 JUL.TIF]
Figure 4. Example of V̇O2 fits obtained from a mono- and bi-exponential models from running (n=1) and swimming (n=1) during a square wave transition at 100% of vV̇O2max, using raw and filtered data (±4SD, average 10s and smooth by a 3-breath moving average)



[bookmark: _Toc532544008]5. Available models
Find below the available models: 
Mono-exponential (no TDp)
There is no time delay in this model, so it is assumed that the exponential starts nearly or on the first data point.


[bookmark: _Hlk501112001]Mono-exponential (with TDp, Heaviside)
The first 20 s of data after the onset of exercise (cardiodynamic phase) is not considered for V̇O2 kinetics analysis in this model. This model also includes the Heaviside step function [13].
Given the Heaviside step function:


The model consists of a mono-exponential, with the onset only after TDp (Time delay of primary phase):


Bi-exponential (with TDs, Heaviside)
This is bi-exponential model with flexible time delays for the onset of each exponential. The first 20-s of data after the onset of exercise (cardiodynamic phase) are not considered for V̇O2 kinetics analysis in this model. This model also includes the Heaviside step function for both exponentials [13]. The model consists of two exponentials, where the first one only starts effectively after TDp (time delay of primay phase) and the second after TDsc (time delay of slow component): 


Bi-exponential (no TDp, Heaviside)
The model consists of two exponentials, the first one starts immediately, and the other after TDsc. This model includes Heaviside step functions [13] for the second exponential:



Mono-exponential and linear slow comp. (Heaviside)
This model is similar to previous one (Bi-exponential, with TDs, Heaviside), but rather than considering the onset of a second exponential, the onset of a linear function is considered:


Logistic Model
This experimental model was included for those situations where V̇O2 profile is similar to a logistic function:


Tri-exponential (Heaviside)
Although there are a few studies using tri-exponential models, it is also available, with onsets at TDcd (cardiodynamic phase), TDp and TDsc: 



[bookmark: _Toc532543240][bookmark: _Toc532544009]6. Output
[bookmark: _Toc532543241][bookmark: _Toc532544010]Main output window

[bookmark: _Toc532543242][bookmark: _Toc532544011]Plot of data and fit
· By clicking anywhere in the plot, the coordinates of the nearest time (s) and V̇O2 data point appear. 
· [bookmark: _Hlk479527235]By clicking download Data or “Download Filtered Data”, time (s) and V̇O2 in CSV format can be downloaded, with all the remaining columns might ignored. The ID of the study (defined in the interface) determines the name of the file. Description of the study will be affixed to the end of the file.
· By clicking Save Model to Compare, after logging in, a dialog will appear asking for a small description of the model to make it easier to identify it later while comparing models in the “Input and models -> Show saved models” section. After clicking OK the data and the current model are saved in the database together with the small description.

[image: C:\Users\Rodrigo Zacca\AppData\Local\Microsoft\Windows\INetCache\Content.Word\lklklk.tif]
[bookmark: _Toc532543243][bookmark: _Toc532544012]Figure 5.  Main output window (Plot of data and fit)

[bookmark: _Toc532543244][bookmark: _Toc532544013]Fitting Results
· The first table(s) list(s) shows: estimate of the fitted parameters, standard error, t-value and a two-sided p-value for the null/alternative hypothesis “H0 - the parameter is zero/Ha - the parameter is significantly different from zero”, i.e., “this parameter contributes to the explanatory power of the model” (if p-value less than the significance level, defined a priori). In Output Options -> Auxiliary Reports shows confidence intervals for the parameter estimates using profile likelihood (stable if data is not noisy). For details on the calculations of these quantities, mostly based on stats and nlstools packages, check comments in the files server.R and helpers.R.
· V̇O2baseline and mean V̇O2 data in the last 30 and 60 seconds (using raw and filtered data) are shown next to this table;
· By selecting the option “Show bootstrap confidence intervals” in Output Options -> Auxiliary reports, bootstrap estimates of the parameters will be calculated (This option can slow the application). There is no limit for the number of bootstrap samples (by default: 1000). The routine is based on the code from nlstools package [15].
· By selecting the option Show a table of the 5 points where V̇O2 is higher in Output Options -> Auxiliary reports, a table of the 5 points where the V̇O2 is higher (with and without subtraction of V̇O2baseline) with raw and filtered data is shown.
· By selecting the option Show: V̇O2 mean (30s and 60s) - Ap in Output Options -> Auxiliary reports, a table of the average of the V̇O2 in the last 30s and 60s with the fitted fast component amplitude (Ap) subtracted is also shown, using raw and filtered data. This option is useful for some intensity domains where the asymptotic value of the second function is not necessarily reached at the end of the exercise.
· By selecting the option Calculate and show CV for the last 30s and 60s in Output options -> Auxiliary reports, a table with the coefficients of variation for the last 30s and 60s of the data is also shown (raw and filtered data).
· By selecting the option Calculate and show slow component rigid intervals, a table of the mean of V̇O2 in the end of the data (the number of seconds to average out can be specified) less the average of V̇O2 at specific time intervals is shown, as well as the mean of those differences and standard deviations. When: (1) upload data with initial rest; (2) choosing V̇O2baseline manual value with backwards repetition”; it is possible to define where the exercise starts in seconds for the rigid intervals to make sense. Thus, when, for example 100 to 120 s in the output, it means time in seconds. Note: it is possible to input negative values. 

· V̇O2end- V̇O2 (100_to_120) s;
· V̇O2end- V̇O2 (90_to_120) s;
· V̇O2end- V̇O2 (80_to_120) s;
· V̇O2end- V̇O2 (lower and upper limits you may define in the interface) s.

Plots of residuals 
The plots of residuals permits evaluation of the goodness-of-fit of the model. Several plots are shown by default:

· Standardized residuals vs time;
· Residuals vs time;
· Standardized residuals vs fitted values;
· Partial autocorrelation function as a function of lag;
· Histogram of residuals with a Gaussian distribution on top of it;

The following statistical analysis are available after the plots of the residuals:
· [bookmark: _Hlk479579274]the output of a Shapiro-Wilk test on the residuals. If the p-value of the test is below the significance level that was defined a priori, it is an indication that the residuals are probably not normally distributed.
· the simple run test output. If the p-value of the test is below the significance level that was defined a priori, it is an indication that the residuals are probably autocorrelated.

Figure. 6 shows a screenshot from the bottom of the VO2FITTING home menu detailing residuals plots to evaluate the goodness of fit of the T400 modelled (swimming) V̇O2 response (bi-exponential) of the same swimmer presented in Fig 2 of the main manuscript.

[image: ]

Figure. 6 Residuals plots from a T400 (swimming) modelled V̇O2 response (bi-exponential). From the top to the bottom: Standardized residuals and residuals vs time, standardized residuals vs fitted values, partial autocorrelation function as a function of lag, histogram of residuals with a Gaussian distribution, output of a Shapiro-Wilk test on the residuals and the output of a simple test are shown. 

Confidence Regions - Contours based on RSS 
· [bookmark: _Hlk479580357]By selecting the option Show contours based on the residual sum of squares in Output Options -> Auxiliary reports, contours based on RSS will be available (this option can also slow the application). Expansion factor of the parameter intervals defining the grids can be selected. The factor can be increased if the 95 percent Beale’s confidence regions exceed the plot size and a better view is desired. The routine is based on the code from nlstools package [15].

[bookmark: _Toc532543245][bookmark: _Toc532544014][bookmark: _Hlk501117312]7. Constraining parameters in curve fitting
There is a functionality which allows individual constraining parameters (to setting the limits). These parameter procedures are located in the home menu, as shown in Figure 7:
 
[image: ]

Figure 7: Constraining parameters window for Mono-exponential with TDp, Heaviside) curve fitting.


[bookmark: _Toc532543246][bookmark: _Toc532544015][bookmark: _Hlk500880744]8. Model comparisons
By selecting the option Show Saved Models in Input Models -> Show Saved Models, a list of saved fits is shown. By selecting the models to compare and clicking in Compare Models, a plot with the fit of all compared models will be shown (see Figure 8). It is important to observe the order which each model is selected. The first selected model defines the corresponding base data points to be shown. A legend is automatically added. To better understand the functions used in the modelling, check the beginning of the file helpers.R. It is possible to select up to 21 saved models to compare at the same time, or only one for individual visual analysis.

[image: ]
Figure 8. Example of model comparison between two saved fits. 

The currently available option to compare each model is ANOVA, in which comparison analysis will be displayed above the plot. It is up to the user to check if the analysis makes sense or not, which will depend on the models chosen for comparison.


[bookmark: _Toc532543247][bookmark: _Toc532544016][bookmark: _Hlk501117362]9. Known issues and future work
https://gitlab.com/vo2fitting/app/issues
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Option: multiple files (EXAMPLE)

Protocol: Two square wave transitions (5 minutes) at 95% of speed
(W00 associated with the VO intensity (Test 1 and 2). Each test was
separaled by a 24h rest period and performed immediately after ~800-m
front crawl warm up at a moderate intensity. Swimming speed was controlled
by a visual pacer with flashing lights at the bottom of the swimming pool
(TAR.1.1, GBKelectronics, Aveiro, Portugal).
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Protocol: One eite runner performed a 7x800-m intermittent
protocol in a 400-m outdoor running track. The velocity was.
increased by 1 kmh" for each 800-m step (30-s interval) until

and by audio Legend: A) raw
data; B) “click delete points” example; C) “show data cutter”
example, selecting only the first 800 stage for analysis.
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FILTERING (EXAMPLE)

Protocol: Square wave transition at 100% of speed (WO, max) associated with the VO, intensity, performed by one swimmer and one runner immediately after 5 min
warm-up exercise at moderate intensity. Swimming and running speed were controlled by a visual pacer with flashing lights.
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Plot of data and model fits
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