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 30 

SUMMARY 31 

Presented here is a protocol for imaging and measurement of cerebrovascular reactivity in 32 

humans with functional Near Infrared Spectroscopy (fNIRS). fNIRS is a novel imaging modality 33 

that captures the concentration changes of hemoglobin species in the brain’s outermost cortex 34 

under specific stimuli.  35 

 36 

ABSTRACT: 37 

Cerebrovascular reactivity (CVR) is the capacity of blood vessels in the brain to alter the cerebral 38 

blood flow (either with dilation or constriction) in response to chemical or physical stimuli. The 39 

rate of reactivity in the cerebral microvasculature depends on the integrity of the capacitance 40 

vasculature and is the primary function of the endothelial cells. CVR is, therefore, an indicator of 41 

the microvasculature’s physiology and overall health. Imaging methods that can measure CVR 42 

are available but can be costly, require magnetic resonance imaging centers and require technical 43 

expertise. In this study, we used fNIRS technology to monitor changes of oxyhemoglobin (HbO) 44 
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and deoxyhemoglobin (HbR) in the cerebral microvasculature to assess the CVR of 15 healthy 45 

controls (HC) in response to a vasoactive stimulus (inhaled 5% carbon dioxide or CO2). Our results 46 

suggest that this is a promising imaging technology that can offer a non-invasive, accurate, 47 

portable, and cost-effective method of mapping cortical CVR and associated microvasculature 48 

dysfunction, resulting from a traumatic brain injury or other conditions associated with 49 

microvasculopathy. 50 

 51 

INTRODUCTION 52 

Vascular health in the cerebral cortex can be measured via the vessels’ ability to constrict or dilate 53 

under varying physiological conditions. Measuring vascular reactivity can be useful in the 54 

diagnosis and management of neurological conditions associated with cerebral microvascular 55 

dysfunction, like dementia, traumatic brain injury (TBI) and even aging1-4. Additionally, CVR can 56 

be used as a predictive and/or pharmacodynamic biomarker for neurological disorders such as 57 

Alzheimer5 or TBI6-10. Well-established imaging methods exist to study CVR in human and animal 58 

subjects. A typical method includes functional magnetic resonance imaging (fMRI) in conjunction 59 

with an exogenous or endogenous stimulus, such as hypercapnia11, breath holding, or 60 

acetazolamide2 . Lu et al.12,13 demonstrated that a simple gas delivery system coupled with MRI- 61 

Blood Oxygen Level Dependent (MRI-BOLD) imaging generates an accurate whole brain CVR 62 

maps. 63 

 64 

Disruptions to the cerebral vasculature’s blood flow, volume, and metabolic rate of oxygen 65 

produces changes in the tissue concentrations of HbO and HbR. Tissue absorption of light at the 66 

near infrared range is sensitive to changes in the concentration of hemoglobin species, such as 67 

HbO and HbR. Therefore, measuring backscattered light over time can quantify changes of HbO 68 

and HbR concentration in the outermost cortex (approximately 2 cm)15, and can be used to assess 69 

temporal hemodynamic variations16 including cerebrovascular reactivity (CVR) 17. 70 

 71 

In our research paradigm, we employ the fNIRS instrument with continuous wave function. The 72 

device is composed of 4 sources and 10 detectors, which create 16 source-detector pairs (see 73 

Figure 1). The source-detector pairs are molded together onto a silicone strap that can easily be 74 

set over the forehead and held in place with self-adherent wrap. The device measures light 75 

intensity at 730 and 850 nm and has an acquisition frequency of 2 Hz. This system was selected 76 

because it is patient-friendly, easy to wear, and collects data from the prefrontal cortex, a brain 77 

region particularly vulnerable to TBI.  Fortunately, most other fNIRS systems are compatible with 78 

our CVR acquisition technique, differing only in the cortical regions measured based on the brain 79 

area of interest.  80 

 81 

While fMRI is considered the gold standard for the functional brain imaging, fNIRS technology 82 

has unique advantages for assessing CVR in comparison to fMRI. The fNIRS imaging technique 83 

provides a high temporal resolution (with a granularity of milliseconds) and can quantify changes 84 

in both HbO and HbR concentration, while fMRI only measures changes in HbR18-20. Moreover, 85 

fNIRS instruments are portable, economical, and easier to operate than fMRI. Finally, fNIRS 86 

technology better resolves subject motion, which is necessary given that vascular challenges like 87 

hypercapnia are often used as cognitive or physical study tasks21.   88 



 89 

In this paper, a hypercapnia challenge, combined with fNIRS technology is presented. We 90 

measured CVR values and studied the reproducibility of this method, hoping to offer a reliable 91 

alternative to fMRI CVR measures. 92 

 93 

PROTOCOL 94 

The participants were recruited under an institutional review board approved protocol 95 

(ClinicalTrials.gov NCT01789164). The equipment described in the protocol is ethically approved 96 

by our institution. 97 

 98 

1. Prepare the Materials used for the Hypercapnia Challenge (Figure 2) 99 

 100 

1.1. Inflate a 200 L Douglas bag (Item #1) with a pre-mixed canister of medical-grade gas which 101 

comprises of 5% carbon dioxide, 21% oxygen, and 74% nitrogen until full. 102 

 103 

1.2. Insert two diaphragms (Item #3) into the two-way non-rebreathing valve (Item #4) to 104 

safeguard that the gas will only flow in one direction. Attach one port of the three-way valve 105 

(Item #2) to the Douglas bag (Item #1) via the gas delivery tube (Item #5), and the other port to 106 

the two-way non-rebreathing valve (Item #4) via a second gas delivery tube (Item #5). 107 

 108 

1.3. Fasten the mouthpiece (Item #6) to the connector (Item #7) and then fasten the connector 109 

to the two-way non-rebreathing valve (Item #4). 110 

 111 

1.4. Insert the capnograph tubing (Item #8) into the hole in the connector (Item #7).  112 

 113 

1.5. Attach the air-filter (Item #9) to the capnograph tubing (Item #8). 114 

 115 

1.6. Screw the end of the plastic air-filter (Item #9) that isn’t connected to the capnograph tubing 116 

(Item #8) into the CO2 (Item #10) monitor. 117 

 118 

1.7. Connect the capnograh (Item #10) to a laptop with a cable. Open the data port reader 119 

software, select the corresponding USB port and start the data reading. Turn on the capnograph. 120 

Data will automatically be displayed on the computer screen.  121 

 122 

1.7. Connect the fNIRS box to the computer with a USB cable. Connect the source-detector 123 

headband to the FNIRS box. Connect the power adapter to the fNIRS box and turn on the switch. 124 

 125 

2. Procedures during the experiment 126 

 127 

2.1. Ask the participant to sit on the chair and to make themselves comfortable while setting up 128 

the devices. Turn the fNIRS system on.  129 

 130 

2.2. Place the source-detector headband on the patient’s forehead, over the underlying 131 

prefrontal cortex areas (dorsal and inferior frontal cortical areas)21.  132 



 133 

2.3. Check that the source-detector headband is carefully positioned above the eyebrow and in 134 

the middle of the forehead. Place the lower detector row approximately 3.5 cm above the nasion 135 

or bridge of the nose where the indentation of the upper nose meets the forehead between the 136 

eyes.  137 

 138 

2.4. Make sure the detectors are firmly adhered to the participant’s skin without chromophores 139 

(e.g., make-up) or hair interfering. No skin preparation is needed. 140 

 141 

2.5. Under “Device Setting”, set the gain for detectors between 1 and 20. A higher gain will 142 

increase the sensitivity of the light detectors. The default value is 20. Set the “LED Current” 143 

between 5 mA and 20 mA. Larger values will result in brighter light and will increase the signal 144 

level generated by the detectors. The default value is 20 mA. 145 

 146 

2.6. In the acquisition software, press “Start Current Experiment”. Sources will send light at 2 147 

wavelengths and light signal intensity detected from each detector will be displayed in real time. 148 

In case of saturated (signal>4,000) or low signal (signal <1,000), adjust the contact between the 149 

source-detector headband and the skin or the parameters in step 2.3 and 2.4. The exact full 150 

procedure has been explained in Ayaz et al.22. 151 

 152 

2.7 Direct the participant to inhale and exhale through their mouth at their normal breathing 153 

pace. Fasten a nose clip on the participant’s nose and remind them to continue breathing 154 

normally through their mouth, and to alert someone if they feel any discomfort or have any 155 

difficulty breathing. 156 

 157 

2.8. Carefully insert the mouthpiece (item#6) into the participant’s mouth so that they can 158 

continue to breathe. For increased participant comfort during the procedure, ask the participant 159 

to support the non-rebreathing valve (Item #3) with their hand. 160 

 161 

2.9. Press the “Baseline” button in associated software. It will measure and automatically record 162 

the light signal for the fNIRS baseline for 20s. 163 

 164 

2.10. Press “Record” before starting the experiment. 165 

 166 

2.11. At the beginning of the experiment, start the clock, press “Manual Marker” and write on a 167 

paper the time displayed by the capnograph. Every minute turn the valve connected to the gas 168 

tubing to cycle between room air and room air mixed with 5% CO2. Again, press “Manual Marker” 169 

and write on a paper the time displayed by the capnograph each time the inhaled gas mixture is 170 

changed (Figure 3).  171 

 172 

NOTE: Manually marking the time displayed on the capnograph is essential for future 173 

synchronization between fNIRS optical signals and capnograph’s EtCO2 trace. 174 

 175 



2.12. After 7 min, stop the fNIRS recording by clicking the “Stop” button. Allow 60 additional 176 

seconds of recording for the EtCO2 and save the EtCO2 data as ASCII within the data reader 177 

software. 178 

 179 

2.13. Notify the participant that the procedure is completed. Carefully take off the nose clip and 180 

withdraw the mouthpiece. Offer a tissue to the participant to absorb any accumulated saliva from 181 

the procedure.  182 

 183 

3. Clean up Procedures 184 

 185 

3.1. Dispose of the capnograph tubing (Item #8), filter (Item #9), mouthpiece (Item #6) and nose 186 

clip.  187 

 188 

3.2. Cleanse the reusable equipment. Detach the two-way valve (Item #4) from the gas-delivery 189 

tube (Item #5) and the connector tube (Item #7) and extract the diaphragms (Item #3). Immerse 190 

the diaphragms (Item #3), connector tube, and two-way valve (Item #4) in a container full of a 191 

medical-grade detergent disinfectant that is phosphate-free and contains surfactants for 20 min. 192 

Dilute the detergent with distilled water in a ratio of 1:64.  193 

 194 

3.3. Wash items #1,4,7 with distilled water then place them on top of a clean counter with a 195 

sterile material such as a chux pad underneath. Allow them to air-dry before re-use.   196 

 197 

3.4. Empty the Douglas bag. 198 

 199 

4. Data analysis  200 

 201 

4.1. Signal processing using fNIRS data processing software   202 

 203 

NOTE: Signal processing is the first step of the data analysis. It is done using an fNIRS data 204 

processing software (e.g., fNIRSoft) in order to remove noise or artefact in the data due to patient 205 

movement. Only data from the acquisition software are needed for this analysis. 206 

 207 

4.1.1. In data processing software, click on “Load File” to select and then upload the acquired 208 

fNIRS data. 209 

 210 

4.1.2. Click on “Refine” and a pop-up window will appear. Select “Raw Data” and press “Next”. 211 

  212 

4.1.2.1. Click on both the median filtering and the sliding window motion artifact rejection 213 

(SMAR)23 tools to recognize and delete both motion artifact and saturated channels from the raw 214 

signal. Press “Apply”. 215 

 216 

4.1.2.2. Click on “Low Pass Frequency” filter to discard pulse and breathing component (Hanning 217 

filter, n=20, cutoff=0.1Hz)21;24-26. Press “Apply”. 218 
 219 



4.1.2.3. Click on “Detrend” to eliminate the slow temporal variation. Press “Apply”. 220 

 221 

4.1.3. Click on “OXI” to transform the light intensity into HbO and HbR concentrations. Click on 222 

“Save” and then select MATLAB as the save file format. 223 

 224 

4.2. Signal processing with MATLAB 225 

 226 

NOTE: The second part of the analysis is done using MATLAB in order to correlate the fNIRS signal 227 

with the time shifted EtCO2. Data from the previous step (4.1.5) and data from the capnograph 228 

(EtCO2 trace, step 2.12) are needed for processing the data. 229 

 230 

4.2.1. Import the EtCO2 trace from the capnograph in MATLAB as two columns (one for time 231 

and the second for EtCO2 values). Shift the EtCO2 time with pre-calibrated time to correct the 232 

delay from the sampling tubing time. 233 

 234 

NOTE: This is the time difference between one breath to the mouthpiece and the appearance of 235 

that breath on the CO2 recording. In this set-up, it was 15 s.  236 

 237 

4.2.2. Use the first time point recorded from the capnograph at the beginning of the 238 

experiment, step 2.11 as the starting point (t=0). Convert the EtCO2 into seconds. 239 

 240 

4.2.3. Import the oxy and deoxyhemoglobin data from step 4.1.3 into MATLAB. 241 

 242 

4.2.4. Calculate the physiological delay between EtCO2 (measured in the mouth) and the fNIRS 243 

signal (measured in the brain) by finding the higher correlation coefficient between these two 244 

signals at varying time shifts. (see MATLAB script attached for step 4.2.3 to step 4.2.6). The time 245 

shift with the higher correlation coefficient is considered the optimal time. 246 

 247 

4.2.5. Shift the EtCO2 time course by the optimal time (obtained in step 4.2.4). Keep the time 248 

points that have both fNIRS and EtCO2 data. The two-time series should have the same length. 249 

 250 

4.2.6. Calculate CVR values for each channel, which is the solution of the linear equation 251 

between HbO (or HbR) and EtCO2 using the Cholesky decomposition in MATLAB. 252 

 253 

REPRESENTATIVE RESULTS 254 

fNIRS was performed with hypercapnia challenge on 15 healthy participants. Exclusion criteria 255 

were history of TBI, pre‐existing disabling disorders or pregnancy. The participants had a mean 256 

age of 37.7 ± 16 years (range 20-55) and 20% were female. As shown in a similar fMRI study28, a 257 

60 s inhalation of 5% CO2 was accompanied by an increase in EtCO2 pressure as measured by 258 

capnography. In our study, the EtCO2 trace was accompanied by an increase of HbO and a 259 

decrease of HbR (Figure 4). 260 

 261 

Physiologically, HbO and HbR are out of phase14. In Figure 4, which represents the fNIRS signal of 262 

one participant, we observed that the HbR signal precedes the HbO signal by 3.5 s (a precise 263 



measurement can be derived from the time shift for each signal).  On an average, across all 264 

participants, it was observed that the HbO signal increases 2.3 +2.6 s after the HbR signal 265 

decreases. This implied that the time shift for HbO and HbR were different and needed to be 266 

estimated before calculating a participant’s CVR. For this same reason, we also needed to 267 

estimate the time shift between the EtCO2 tracing and Hb-diff (the difference between HbO and 268 

HbR signals). The Hb-diff parameter gave us the strongest amplitude between the two 269 

conditions.  270 

 271 

On an average, in our HC group, the increase of HbO appeared 2.3 + 2.6 s before the HbR decrease 272 

was noted. Because of this delay between HbO and HbR, the time shift between the EtCO2 tracing 273 

and HbO signal was not the same as the time shift between the EtCO2 tracing and HbR signal. In 274 

addition, also calculated was the time shift between the EtCO2 tracing and Hb-diff (difference 275 

between HbO and HbR signal). The Hb-diff parameter gave us the strongest amplitude between 276 

the two conditions.  277 

 278 

After shifting the EtCO2 trace for HbO, HbR, and Hb-diff, we measured the Pearson correlation 279 

between the shifted EtCO2 traces and HbO, HbR, and Hb-diff.  EtCO2 trace highly correlated with 280 

fNIRS signals (Pearson’s correlations of 0.94, -0.98 and 0.91 for HbO, HbR and Hb-diff, 281 

respectively; p<0.0001). (Figure 5). 282 

 283 

We explored the CVR inter- and intra- variability between all 15 participants and all 284 

source/detector pairs. Averaging the CVR between the source/detector pair for each participant, 285 

we assessed the CVR from HbO, HbR, and Hb-diff (difference between HBO and HbR). On average 286 

between all participants, CVR values were 13.1 + 4.7 μM/mmHg using HbO, -14.6 + 10.2 287 

μM/mmHg using HbR, and 12.4 + 3.7 μM/mmHg using Hb-diff (Table 1). Variability between the 288 

channels within each participant was also analyzed. On average, the intra-variability of CVR 289 

assessed with Hb-diff was lowest (30%), appeared to be the best parameter to investigate CVR 290 

using fNIRS.  291 

 292 

Finally, we can overlay the CVR values on an anatomical template or directly on the structural 293 

image of the patient’s brain, as available for better visualization.27  294 

 295 

FIGURE AND TABLE LEGENDS: 296 

 297 

Figure 1: Optical sensor pad schematic. It is composed of 4 sources (large red circles), and 10 298 

detectors (small red dots), which form 16 source/detector pairs having 2.5 cm separation. The 299 

sensor pad is positioned on the volunteer’s forehead.  The numbers indicate the position of the 300 

16 source/detector pairs on the sensor. 301 

 302 

Figure 2: Diagram of the Gas Delivery System. (1) Douglas bag. (2) Three-way valve. (3) 303 

Diaphragms. (4) Two-way non-rebreathing valve. (5) Gas delivery tube. (6) Mouthpiece. (7) 304 

Connector. (8) Gas sampling tube. (9) Hydrophobic filter. (10) EtCO2 monitor. (11) fNIRS system. 305 

 306 



Figure 3: Timing and marker of the breathing paradigm. Every minute, the three-way valve 307 

switched between the two gases. A marker signal was sent to the fNIRS software to sort each 308 

period with the appropriate gas inhalation.  309 

 310 

Figure 4: Example of HbO and HbR concentration measures under a 5% CO2 challenge of one 311 

participant. Each fNIRS curve is the average of 16 channels. The red curve represents the 312 

variation of HbO during 60s of room air and 60s under 5% of CO2. The blue curve represents the 313 

variation of HbR under the same conditions. The curves were time shifted in order to match the 314 

EtCO2 (black curve). Each HbO and HbR curves are the average of 3 challenges. 315 

 316 

Figure 5: Correlation between the EtCO2 and the HbO, HbR, oxygenation, in one channel for 317 

one participant. HbO, HbR and oxygenation were time shifted in order to temporally match the 318 

EtCO2 trace. Pearson’s correlations is 0.94, -0.98 and 0.91 for HbO, HbR and Hb-diff, respectively 319 

(p<0.0001 ) 320 

 321 

Table 1:  Inter-subject and inter-channel variability of CVR values for 15 HC. CVR variability 322 

was calculated with 3 physiological signals: HbO, HbR and oxygenation (HbO-HbR). 323 

 324 

DISCUSSION 325 

We were able to measure CVR using fNIRS and a CO2 gas inhalation technique in 15 healthy 326 

volunteers. The CVR value measured is the correlation between the acquired fNIRS signal and the 327 

EtCO2. The challenge is to accurately align the temporal EtCO2 trace with the fNIRS signal. In other 328 

words, to account for the time that it takes for blood to travel from the pulmonary vascular 329 

system to the heart and then to the cerebral vasculature. The inter-channel variability is low 330 

(30%) and shows a uniform CVR value in the cortex which correlates with previous fMRI results 331 
12. Our data show the inter-participant variability in CVR among HC is lowest for the oxygenation 332 

signal but increases significantly when using HbO or HbR. For future group difference studies with 333 

HC, we recommend using CVR values with the least variability, i.e., the CVR values from the 334 

oxygenation signal. 335 

 336 

The critical step of the technique is the same as any fNIRS experiment: the placement of the 337 

sources and light detectors on the head. A loose connection can lead to a displacement of the 338 

sensors during the experiment and artefacts in the signal. Too much artefact will corrupt the 339 

signal and disrupt the analysis. 340 

 341 

CVR is mostly measured in humans by 2 different techniques: Doppler ultrasound and fMRI. This 342 

third method, fNIRS, give us a precise and accurate measure of CVR under gas inhalation. Like 343 

ultrasound, it gives excellent temporal resolution, but in addition, it also provides a 2D map of 344 

CVR (cortical values). While these images are low in resolution compared to CVR measured with 345 

fMRI, fNIRS provides both measures inexpensively and non-invasively, and can be easily carried 346 

out in the outpatient clinical setting. In addition, fNIRS can measure the two components of 347 

hemoglobin (HbO and HbR), which has potential benefits for vascular research. Depending on 348 

the application, this method of measuring CVR via fNIRS can be carried out over a single area of 349 

interest or over a multi-band array for a 2D map of the brain. Cerebrovascular using hypercapnia 350 



measures changes of blood flow across the brain with fNIRS, as opposed to a cognitive task which 351 

would only allow for detection of changes in blood flow in the motor cortex.   352 

 353 

Because this procedure can be performed safely, inexpensively, and without side effects in a 354 

clinic setting, this method is well suited for both research and clinical use, especially for 355 

neurovascular diseases like vascular dementia or traumatic brain injury (TBI). In Alzheimer’s 356 

disease, early evidence of cerebrovascular reactivity deficits is detectable28. In the same way, 357 

traumatic cerebrovascular injury is one endophenotype of TBI29 where endothelial cells are 358 

disrupted and lead to cerebrovascular pathology. Clinical trials measuring an intervention with a 359 

pharmacodynamic biomarker for vascular injury will need to assess CVR with fMRI or fNIRS to 360 

provide information on proof of mechanism.   361 
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Mean CVR between patient Variability between channels

HbO 13.1 +/- 4.7 41%

HbR  -14.6 +/- 10.2 85%

Hb-diff (HbO-HbR) 12.4 +/- 3.7 30%
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Item Catalog Number Vendor

Blue cuff 22254 Vacumed

CO2-Air Gas Mixture Size 200 R012000 2003 Roberts Oxygen

Diaphragm (Size: medium, Type: spiral) 602021-2608 Hans Rudolph

Douglas bag (200-liters capacity) 500942 Harvard Apparatus

Gas delivery Tube 1011-108 Vacumed

Gas sampling Tube T4305 QoSINA

Hydrophobic filter 9906-00 Philips Medical Systems

Male luer 11547 QoSINA

Mouth piece (Silicone, Model #9061) 602076 Hans Rudolph

Nose clip (Plastic foam, Model #9014) 201413 Hans Rudolph

Three-way valve (100% plastic) CR1207 Hans Rudolph

Two-way non-breathing valve (22mm/ 15mm ID) CR1480 Hans Rudolph
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Editorial comments 
 
1. The editor has formatted the manuscript to match the journal's style. Please retain and use 
the attached file for revision. 

Response: We used the document for revision 
 

2. Please address all the specific comments marked in the manuscript. 
Response:  Full response of editorial comments are below. Original comments were 

kept. 
 

3. Please ensure that there is a minimum of one page and a maximum of 2.75 pages of 
highlighting including headings and spacings. 

Response: The highlighting is in a separate document 
 

4. Please proofread the manuscript well before submitting it. 
Response: We proofread the manuscript carefully before re-submitting. 
 

5. Please reword lines 123-128, 208-211, 227-229, 234-236 as it matches with previously 
published literature. 

Line 123-128. Previously:  
2.5. Set the LED current between 5mA to 20mA. LED drive current defines how bright 

each LED shines. The default value for LED drive current is 20mA. This value may have to 
change based on the skin pigmentation and other characteristics of the participant.  

2.6. Set the initial gain. Default value for gain for all channels is 20. Suggested values for 
gain are 1,5,10,15,20. 

Now reads: 
Under “Device Setting”, set the gain for detectors between 1 and 20. A higher gain will 

increase the sensitivity of the light detectors. The default value is 20. Set the “LED Current” 
between 5mA and 20mA. Larger values will result in brighter light and will increase the signal 
level generated by the detectors. The default value is 20mA. 

 
Line 208-211. Previously: 
4.2.3. Identify the physiological delay between EtCO2 (measured in the lungs) and the 

fNIRS signal (measured in the brain) by calculating the correlation coefficient between these two 
time courses at varying time shifts. The shift value that yields the higher correlation coefficient is 
considered the optimal time. 

Now reads: 
Calculate the physiological delay between EtCO2  (measured in the mouth) and the fNIRS 

signal (measured in the brain) by finding the higher correlation coefficient between these two 
signals at varying time shifts. (MATLAB script attached for step 4.2.3 to step 4.2.5).  The time shift 
with the higher correlation coefficient is considered the optimal time. 



   

Line 227-229. Previously: 
On average, in our HC group, the increase of HbO appeared 2.3 + 2.6 s before the HbR 

decrease was noted. Because of this delay between HbO and HbR, the time shift between the 
EtCO2 tracing and HbO signal is not the same as the time shift between the EtCO2 tracing and 
HbR signal. 

Now reads: 
Physiologically, HbO and HbR are out of phase14. In Figure 4, which represents the fNIRS 

signal of one participant, we observed that the HbR signal precedes the HbO signal by 3.5 seconds 
(a precise measurement can be derived from the time shift for each signal).  On average across 
all participants, we observed that the HbO signal increases 2.3 +2.6 s after the HbR signal 
decreases. 

 
Line 234:236. Previously: 
After applying the appropriate temporal shift, we measured the Pearson correlation 

between EtCO2 and HbO, HbR, and Hb-diff. fNIRS signals are highly correlated with EtCO2. 
Now reads: 
After shifting the EtCO2 trace for HbO, HbR, and Hb-diff, we measured the Pearson 

correlation between the shifted EtCO2 traces and HbO, HbR, and Hb-diff.  We found that EtCO2 
are correlated with fNIRS signals. 

 
6. If reusing previously published figures, please obtain explicit copyright permission to reuse 
any figures from a previous publication. Explicit permission can be expressed in the form of a 
letter from the editor or a link to the editorial policy that allows re-prints. Please upload this 
information as a .doc or .docx file to your Editorial Manager account. The Figure must be cited 
appropriately in the Figure Legend, i.e. “This figure has been modified from [citation].” 

Response: no previously published figures were used. 
 
 
 

Comments and responses: 
Editor’s comment: Please refer figures in order. 

Author’s response: Line 62: Changed the order of the figures. Figure 1 is now figure 2 
and figure 2 is now figure 1. Legend numbers have been adjusted accordingly.  

Editor’s comment:  Please ensure all steps are written in imperative tense as if suggesting 
someone how to do the experiment with all specific details. There should be a cohesive story 
from the beginning to the end. 
For each step, please include how it is done. Please include all the button clicks, knob turns etc.  

Once done, please highlight 2.75 pages of the protocol section to be used for filming purpose.   
Author’s response:  The protocol steps have been reordered and additional steps and 
instructions have also been added for clarity. Imperative tense has been incorporated in 
the steps. These modified and expanded steps are the following: 



 

Line 87---Under heading “Protocol”: 1. “Preparing” changed to imperative tense, 
“Prepare”.  Now reads:   “Prepare the Materials used for the Hypercapnia Challenge 
(Figure 2).” 
Subsection 1.7,  Line 107-109—Modified subsection 1.7 Previously read:  Previously said 
“Turn on the capnograph and then connect to a laptop for data recording. … 
Etc… 
Revised for more detail to read: (Line 107) “Connect the capnograh (Item #10) to a laptop 
with an RS232 cable. Open the data port reader software, select the corresponding USB 
port and start the data reading. Turn on the capnograph. Data will automatically be 
displayed on the computer screen.”  
 
Author added subsection 1.8, line 112: “1.8 Connect the fNIRS box to the computer with 
a USB cable. Connect the source-detector headband to the FNIRS box. Connect the power 
adapter to the fNIRS box and turn on the switch.” 
 
Author removed turn on the capnograph in step 2.1 (line 116) 

 
Section 2  Procedures during the experiment  
 
Section 2.3, line 124:    
Revised the subsection 2.3 which uses the term “rigid mount”. Previously read: “Check that the 
rigid mount is carefully positioned above the eyebrow and in the middle of the forehead. Place 
the lower detector row approximately 3.5 cm above the nasion.” 
 
Editor’s comment: Where is this (rigid mount) in the figure? These are detectors for fNIRS 
measurement?” 

 
Author response:  The “rigid mount” was changed to “source-detector headband”, the 
term used in subsection 2.2, for clarity that this is the headband with light detectors and 
is referred to in Figure 1 (previously Figure 2). 
Beginning on line 124, the subsection now includes a more detailed position description 
of nasion: “or bridge of the nose where the indentation of the upper nose meets the 
forehead between the eyes.”  The revised sentences read, “Check that the source-
detector headband is carefully positioned above the eyebrow and in the middle of the 
forehead. Place the lower detector row approximately 3.5 cm above the nasion, or bridge 
of the nose where the indentation of the upper nose meets the forehead between the 
eyes.“ 

 
2.4, Line 127  
Editor’s comment:  So you do not clean the skin area with 70% alcohol?  
 



   

Author’s response:  This is correct.  There is no alcohol required for cleaning the skin. 
Revised the instruction so that it currently reads:   
 

“Make sure the detectors are firmly adhered to the participant’s skin without 
chromophores (e.g. make-up) or hair interfering. No skin preparation is needed.”  (added 
e.g. make-up to give an example of a chromophore)  

 
2.5, Line 130  
Editor’s comments:  (Referring to the LED current.)   Where is this in the figure? How do you set 
this? Significance of this? Why do you need LED light? Where are LED lights placed? How many 
of these are present?  Additional Editor’s comment about this same subsection regarding the last 
sentence “skin pigmentation and other characteristics of the participant”: What is being looked 
for here? 
Original paragraph:  “Set the LED current between 5mA to 20mA. LED drive current defines how 
bright each LED shines. The default value for LED drive current is 20mA. This value may have to 
change based on the skin pigmentation and other characteristics of the participant. “ 
 
Author’s response:  Combined the information from 2.5 and 2.6  which is now 2.5.   

Revised the paragraph to now read: “Under “Device Setting”, set the gain for detectors 
between 1 and 20. A higher gain will increase the sensitivity of the light detectors. The 
default value is 20. Set the “LED Current” between 5mA and 20mA. Larger values will 
result in brighter light and will increase the signal level generated by the detectors. The 
default value is 20mA.” 

 
2.6, Line 141 
 Editor’s comments:   What kind of signal is obtained here? What is being tested? Please reword 
for clarity. How is the signal obtained? What form? 
Original sentences: “In case of saturated (raw signal>4000) or low signal (raw signal <1000), 
adjust the corresponding sensor placement or the parameter in step 2.5 and 2.6. The exact full 
procedure has been explained by Ayaz et al. 22 
 
Author’s response:  Modified the subsection for clarity and more detailed information about the 
signal obtained to read:   

2.6.”In CobiStudio, press “Start Current Experiment”. Sources will send light at 2 
wavelengths and light signal intensity detected from each detector will be displayed in 
real time in CobiStudio. In case of saturated (signal>4000) or low signal (signal <1000), 
adjust the contact between the source-detector headband and the skin or the parameter 
in steps 2.3 and 2.4. The exact full procedure has been explained by Ayaz et al. 22 

 
2.8, line 148 



 

Editor’s comment: Significance of this?  (regarding, why the participant holds the non-
rebreathing valve which is the extension of the mouthpiece and the non-rebreathing valve)  
Original sentence, “Carefully insert the mouthpiece (item#6) into the participant’s mouth so that 
they can continue to breathe.  During the procedure, ask the participant to support the non-
rebreathing valve (Item #3) with their hand.” 
 
Author’s response:    Revised the sentences by adding “for increased participant comfort” and 
referring to Section 1.2 where the non-rebreathing valve is described. 

 
The revised paragraph reads:  “Carefully insert the mouthpiece (item#6) into the 
participant’s mouth so that they can continue to breathe. For increased participant 
comfort during the procedure, ask the participant to support the non-rebreathing valve 
(described in Section 1.2, Item #4) with their hand.  

 
2.9, 2.10, and 2.11, line 150-162 (formerly 2.10) 
 Original sentence: Start recording the end-tidal carbon dioxide (EtCO2) pressure with the 
capnograph.  
Editor’s comment:  How is this done? (refers to recording the EtCO2) 
 
Author’s response:  Recording is in CobiStudio computer program.  
Omit the sentence about the capnograph in the former 2.9 subsection.  It will be discussed in the 
new subsection 2.11. 
 
Subsection 2.9, line 150  
Subsection formerly 2.11 now 2.9: Original sentence:  “Record the fNIRS baseline for 20s.”   
Editor’s comments: Is this connected to a computer and is there an associated software? Do you 
press the record button on the fNIRS?  
 
Author’s response: The selections occur on the laptop computer in CobiStudio.  The start button 
for the baseline and the record button for the experiment are in CobiStudio. 
 

Revised the sentences in the next paragraphs/subsections:  subsection 2.9, line 159 now 
reads: 
“Press “Baseline” button in CobiStudio. It will measure and automatically record the light 

signal for the fNIRS baseline for 20 seconds. “ 
 
Author added instructions:  2.10, line 153 Reworded the sentence: “Start to record the 
experiment (press record). “  Author:  New sentence reads: “Press Record before starting 
the experiment.” 

 
2.11, line 155 



   

Editor’s comments:  What is new marker with respect to your experiment? How do you send it? 
  
Author’s response:  Revised section 2.11 to give more detailed directions and explanation about 
the “Manual Marker” which is a selection in the computer program CobiStudio. The manual 
marker in CobiStudio allows you to synchronize the signal and the stimulus (type of gas).  The 
time the valve is switched is “marked” by pushing “Manual Marker”. 
 

The revised sentences read: “At the beginning of the experiment, start the clock, press 
“Manual Marker” in CobiStudio, and write on paper the time displayed by the 
capnograph. Every minute, turn the valve connected to the gas tubing to cycle between 
room air and room air mixed with 5% CO2.  Again, press “Manual Marker” in CobiStudio 
and write on paper the time displayed by the capnograph each time the inhaled gas 
mixture is changed (Figure 3). Manually marking the time displayed on the capnograph is 
essential for future synchronization between fNIRS optical signals and capnograph’s 
EtCO2 trace.”  Omit lines 172-177 which have been incorporated in the revised section 
2.12. 

 
2.12, line 163. Original sentences:  “After 7 min, stop the fNIRS recording. Allow 60 additional 
seconds of recording for the EtCO2 and synchronize the EtCO2 trace with the fNIRS signal. Save 
the data.” 
 
Author revised these sentences for further clarification: 

“After 7 min, stop the fNIRS recording by clicking on “Stop” in CobiStudio. Allow 60 
additional seconds of recording for the EtCO2 and save the EtCO2 data as ASCII within the 
data port reader software.” 

 
 
Section 4 Data analysis (Line 187)  
 
4.1, line 189. Signal Processing using fNIRSoft (Changed Signal Processing to Signal Processing 
using fNIRSoft) 
Original NOTE: Signal processing is the first step of the data analysis. It’s done under an fNIRS 
data processing software in order to remove noise or artefact in the data due to patient 
movement.   
 

Modified NOTE:  Signal processing is the first step of the data analysis. It is done using an 
fNIRS data processing software (fNIRSoft) in order to remove noise or artifact in the data 
due to patient movement. Only data from CobiStudio are needed for this analysis.  
4.1 In fNIRSoft, Click on “Load File” to select and then upload the acquired fNIRS data. 

 



 

Original subsection 4.1.1, line 195:  Select both the median filtering and the sliding window 
motion artifact rejection (SMAR)23 tools to recognize and delete both motion artifact and 
saturated channels from the raw signal.  
 
Editor’s comment: How and where are these tools selected. E.g., in the fNIRS acquitision system 
collect all data save. Now go to the edit mode and click on “xxx” to select the median filtering.  
 
Author’s response: The author added more steps, including pop-up window and buttons to click.   
 

Added “fNIRSoft” and the sentence “Only data from CobiStudio are needed for this 
analysis,” for clarification and new, more detailed instructions in response to the Editor’s 
question.  

 
Added: Subsection 4.1.2, line 197 added “Click on “Refine” and a pop-up window will 
appear. Select “Raw Data” and press “Next”.  

 
Added subsection 4.1.2.1:  Click on both the median filtering and the sliding window 
motion artifact rejection (SMAR).23  tools to recognize and delete both motion artifact and 
saturated channels from the raw signal. Press “Apply”. 

  
Revised subsection 4.1.1.2, line 202:  Original sentence in 4.1.2: “Select the low pass 
frequency filter to discard pulse and breathing component (Hanning filter, n=20, 
cutoff=0.1Hz). 21;24-26 ”. 

 
Editor’s comment:  How is this done? 
Author’s response:  revised sentence to read:   

Click on “Low Pass Frequency” filter to discard pulse and breathing component (Hanning 
filter, n=20, cutoff=0.1Hz).21;24-26 Press “Apply. 

 
Original sentence in 4.1.3 line 204:  Select the detrend option by clicking on xxx to eliminate the 
slow temporal variation. 
Editor’s comment:  Please include 
 
Author’s response:  Now 4.1.2.3 line 204:  

Click on ”Detrend” to eliminate the slow temporal variation. Press “Apply”. Omitted 
“Select”, “clicking on xxx”, and added “Press “Apply” for clarification. 

 
Original sentence in 4.1.4 (Now 4.1.3, line 206): Transform the light intensity into HbO and HbR 
concentrations. Save the data into a MATLAB format. 
Editor’s comment:  Please include as supplementary file. 
 



   

Author’s response:  Revised in 4.1.2 with more specific detail to read:   
Click on “OXI” to transform the light intensity into HbO and HbR concentrations. Click on “Save” 
and then select MATLAB as the save file format. 

 
4.2 Signal processing with MATLAB Line 209 
4.2 originally read: Signal processing. “The second part of the analysis is done under MATLAB in 
order to correlate the fNIRS signal with the time shifted EtCO2.” 
 
For clarification, the title was expanded: 4.2. “Signal processing with MATLAB” 
 
Also, more information was added:  The new paragraph reads:  
(line 210) “NOTE: The second part of the analysis is done using MATLAB in order to correlate the 
fNIRS signal with the time-shifted EtCO2. Data from the previous step (4.1.5) and data from the 
capnographe (EtCO2 trace, step 2.12) are needed for processing the data.”4.2.1 Originally 
(formerly 4.1.1) read: “Open the EtCO2 trace from the capnograph in MATLAB. Shift the EtCO2 
time with the sampling tubing time delay (use the pre-calibrated time difference between one 
breath to the mouthpiece and the appearance of that breath on the CO2 recording). 
Editor’s comment:  How is this done? 
 
Author’s response:  Revised: 4.2.1, line 214 to read:  

Import the EtCO2 trace from the capnograph in MATLAB as two columns (one for time 
and the second for EtCO2 values). Shift the EtCO2 time with pre-calibrated time to correct 
the delay from the sampling tubing time (This is the time difference between one breath 
to the mouthpiece and the appearance of that breath on the CO2 recording. In this set-
up, it was 15 seconds). Use the first time point recorded from the capnograph at the 
beginning of the experiment, step 2.11 as the starting point (t=0). Convert the EtCO2 into 
seconds. 

 
Added 4.2.2, line 222: as follows: Import the oxy and deoxyhemoglobin data from step 
4.1.3 into MATLAB. 

 
Subsection 4.2.3, line 224:  Original sentences:  Identify the physiological delay between EtCO2 
(measured in the lungs) and the fNIRS signal (measured in the brain) by calculating the correlation 
coefficient between these two time courses at varying time shifts. The shift value that yields the 
higher correlation coefficient is considered the optimal time. 
Editor’s comment:  Please include how each step is done. Please include all the button clicks in 
the software, command lines, knob turns etc. Scripts used can be included as supplementary files. 
 
Author’s response:  Revised the paragraph with more detailed instructions.  4.2.3, line 224 now 
reads:  



 

“Calculate the physiological delay between EtCO2  (measured in the mouth) and the fNIRS 
signal (measured in the brain) by finding the higher correlation coefficient between these 
two signals at varying time shifts. (MATLAB script attached for step 4.2.1 to step 4.2.2)  
The time shift with the higher correlation coefficient is considered the optimal time.” 

 
Original manuscript these subsections were omitted and revised/incorporated into 4.2.3 above. 

 
4.1.1. Based on the synchronizing marker (step 2.13), segment the EtCO2 data to keep only the 

recording from 30 sec prior to the first marker to 60 sec after the data acquisition entry.  
Editor’s comments:  Please include how each step is done. Please include all the button clicks in 
the software, command lines, knob turns etc. Scripts used can be included as supplementary 
files. 
Author’s response:  See 4.2.3. 
Originally 4.1.2 read “Identify the physiological delay between EtCO2 (measured in the lungs) 
and the fNIRS signal (measured in the brain) by calculating the correlation coefficient between 
these two time courses at varying time shifts. The shift value that yields the higher correlation 
coefficient is considered the optimal time.” Included in 4.2.3 currently (detailed above). 

 
REPRESENTATIVE RESULTS 
Editor’s comments:  For the representative result, please also include your inference from the 
observations as well. Please also include how do these results show that the technique is 
effective. 
 
Author’s comments: Some precision has been added in paragraph line 241 to compare this 
result to validated fMRI study. It now reads” As shown in a similar fMRI study28,  a 60- second 
inhalation of 5% CO2 was accompanied by an increase in EtCO2 pressure as measured by 
capnography. In our study  the EtCO2 trace was accompanied by an increase of HbO and a 
decrease of HbR (figure 4).”  
More  
Regarding discussion on the observation can be found in the discussion. Discussion on CVR 
variability and correlation with previous CVR study is described in the first discussion paragraph. 
(Line 310): The inter-channel variability is low (30%) and shows a uniform CVR value in the cortex 
which correlates with previous fMRI results 12. Our data show the inter-participant variability in 
CVR among HC is lowest for the oxygenation signal but increases significantly when using HbO or 
HbR. For future group difference studies with HC, we recommend using CVR values with the least 
variability, i.e. the CVR values from the oxygenation signal. 
 
Editor’s comments:  For the representative result, please also include your inference from the 
observations as well. Please also include how do these results show that the technique is 
effective. 
We carried out fNIRS with hypercapnia challenge on 15 HC.  



   

Editor’s comments:  Please expand. Please include clinical characteristic table along. 
 
Author’s response: Revised the section in response as follows:  

Our exclusion criteria were: history of TBI, pre‐existing disabling disorders or pregnancy. 
The participants had a mean age of 37.7 ± 16 years (range 20-55) and 20% were female.  
A 60 second inhalation of 5% CO2 was reliably accompanied by an increase in EtCO2 
pressure as measured by capnography. The EtCO2 trace was accompanied by an 
increase of HbO and a decrease of HbR (figure 4). 

 
Editor’s comment:  Is this figure a representative of one participant? 
Author’s response:  One participant. The legend specifies it now as shown below: 

On average, in our HC group, the increase of HbO appeared 2.3 + 2.6 s before the HbR 
decrease was noted. Because of this delay between HbO and HbR, the time shift between 
the EtCO2 tracing and HbO signal is not the same as the time shift between the EtCO2 
tracing and HbR signal. In addition, we also calculated the time shift between the EtCO2 
tracing and Hb-diff (difference between HbO and HbR signal). The Hb-diff parameter gave 
us the strongest amplitude between the two conditions.  

 
Editor’s comment:  Where is this data? 
Author’s response:  Data are from the average of 15 patients. The second paragraph has been 
rephrase for better clarity, as follows: 

Physiologically, HbO andHbR are out of phase14. In figure 4, which represents the 
fNIRSsignal of one participant, we observed that the HbR signal precedes the HbO 
signalby 3.5 s (a precise measurement can be derived from the time shift for 
eachsignal).  On average across all participants, we observed that the HbOsignal increases 
2.3 +2.6 s after the HbR signal decreases. This impliesthat the time shift for HbO and HbR 
are different and need to be estimatedbefore calculating a participant’s CVR. For this 
same reason, we also need toestimate the time shift between the EtCO2 tracing and Hb-
diff (the differencebetween HbO and HbR signals). The Hb-diff parameter gave us the 
strongestamplitude between the two conditions.  

 
Editor’s comment: Please upload the table as .xlsx file separately to your editorial manager 
account.   
Author’s response:  This has been done. 
 
 



1. Prepare the Materials used for the Hypercapnia Challenge (Figure 1) 

1.1. Inflate a 200 L Douglas bag (Item #1) with a pre-mixed canister of medical-grade gas comprised of 

5% carbon dioxide, 21% oxygen, and 74% nitrogen until full. 

1.2. Insert two diaphragms (Item #3) into the two-way non-rebreathing valve (Item #4) to safeguard that 

the gas will only flow in one direction. Attach one port of the three-way valve (Item #2) to the Douglas 

bag (Item #1) via the gas delivery tube (Item #5), and the other port to the two-way non-rebreathing 

valve (Item #4) via a second gas delivery tube (Item #5). 

1.3. Fasten the mouthpiece (Item #6) to the connector (Item #7) and then fasten the connector to the 

two-way non-rebreathing valve (Item #4). 

1.4. Insert the capnograph tubing (Item #8) into the hole in the connector (Item #7).  

1.5. Attach the air-filter (Item #9) to the capnograph tubing (Item #8). 

1.6. Screw the end of the plastic air-filter (Item #9) that isn’t connected to the capnograph tubing (Item 

#8) into the CO2 (Item #10) monitor. 

2. Procedures during the experiment 

2.1. Ask the participant to sit in the chair and to make themselves comfortable while setting up the 

devices. Turn the fNIRS system on.  

2.2. Place the source-detector headband on the patient’s forehead, over the underlying prefrontal 

cortex areas (dorsal and inferior frontal cortical areas)21.  

2.3. Check that the  source-detector headband is carefully positioned above the eyebrow and in the 

middle of the forehead. Place the lower detector row approximately 3.5 cm above the nasion or bridge 

of the nose where the indentation of the upper nose meets the forehead between the eyes.  

2.6. In CobiStudio, press “start current experiment”. Sources will send light at 2 wavelengths and light 

signal intensity detected from each detector will be displayed in real time in CobiStudio. In case of 

saturated (signal>4000) or low signal (signal <1000), adjust the contact between the source-detector 

headband and the skin or the parameters in step 2.3 and 2.4. The exact full procedure has been 

explained by Ayaz et al. 22 

2.7 Direct the participant to inhale and exhale through their mouth at their normal breathing pace. 

Fasten a nose clip on the participant’s nose and remind them to continue breathing normally through 

their mouth, and to alert someone if they feel any discomfort or have any difficulty breathing. 

2.9. Press the “Baseline” button in CobiStudio software. It will measure and automatically record the 

light signal for  the fNIRS baseline for 20s. 

2.10. Press “Record” before starting the experiment. 

2.11. At the beginning of the experiment, start the clock, press “Manual Marker” in CobiStudio and write 

on paper the time displayed by the capnograph. Every minute turn the valve connected to the gas 

tubing to cycle between room air and room air mixed with 5% CO2. Again, press “Manual Marker” in 

CobiStudio and write on paper the time displayed by the capnograph each time the inhaled gas mixture 
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is changed (Figure 3). Manually marking the time displayed on the capnograph is essential for future 

synchronization between fNIRS optical signals and capnograph’s EtCO2 trace. 

2.12. After 7 min, stop the fNIRS recording by clicking on “Stop” in CobiStudio. Allow 60 additional 

seconds of recording for the EtCO2 and save the EtCO2 data as ASCII within the data reader software. 

2.13. Notify the participant that the procedure is completed. Carefully take off the nose clip and 

withdraw the mouthpiece. Offer a tissue to the participant to absorb any accumulated saliva from the 

procedure.  

4. Data analysis  

4.1.1. In fNIRSoft, Click on “Load File” to select and then upload the acquired fNIRS data. 

4.1.2. Click on “Refine” and a pop-up window will appear. Select “Raw Data” and press “Next”.  

4.1.2.1. Click on both the median filtering and the sliding window motion artifact rejection (SMAR).23  

tools to recognize and delete both motion artifact and saturated channels from the raw signal. Press 

“Apply”. 

4.1.2.2. Click on “Low Pass Frequency” filter to discard pulse and breathing component (Hanning filter, 

n=20, cutoff=0.1Hz).21;24-26 Press “Apply”. 

4.1.2.3. Click on ”Detrend” to eliminate the slow temporal variation. Press “Apply”. 

4.1.3. Click on “OXI” to transform the light intensity into HbO and HbR concentrations. Click on “Save” 

and then select MATLAB as the save file format 

4.2.1. Import the EtCO2 trace from the capnograph in MATLAB as two columns (one for time and the 

second for EtCO2 values). Shift the EtCO2 time with pre-calibrated time to correct the delay from the 

sampling tubing time (This is the time difference between one breath to the mouthpiece and the 

appearance of that breath on the CO2 recording. In this set-up, it was 15 seconds). Use the first time 

point recorded from the capnograph at the beginning of the experiment, step 2.11 as the starting point 

(t=0). Convert the EtCO2 into seconds. 

4.2.2. Import the oxy and deoxyhemoglobin data from step 4.1.3 into MATLAB. 

4.2.3. Calculate the physiological delay between EtCO2  (measured in the mouth) and the fNIRS signal 

(measured in the brain) by finding the higher correlation coefficient between these two signals at 

varying time shifts. (MATLAB script attached for step 4.2.3 to step 4.2.5). The time shift with the higher 

correlation coefficient is considered the optimal time. 

4.2.4. Shift the EtCO2 time course by the optimal time (obtained in step 4.2.3). Keep the time points 

that have both fNIRS and EtCO2 data. The two time series should have the same length. 

4.2.5. Calculate CVR values for each channel, which is the solution of the linear equation between HbO 

(or HbR) and EtCO2 using the Cholesky decomposition in MATLAB. 
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