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Abstract

Calibrated functional Magnetic Resonance Imaging (fMRI) is a widely used method to investigate 

brain function in terms of physiological quantities such as the cerebral metabolic rate of oxygen 

(CMRO2). The first and one of the most common methods of fMRI calibration is hypercapnic 

calibration. This is achieved via simultaneous measures of blood-oxygenation-level dependent 

(BOLD) and the arterial spin labeling (ASL) signals during a functional task that evokes regional 

changes in CMRO2. A subsequent acquisition is then required during which the subject inhales 

carbon dioxide for short periods of time. A calibration constant, typically labeled M, is then 

estimated from the hypercapnic data and is subsequently used together with the BOLD-ASL 

recordings to compute evoked changes in CMRO2 during the functional task. The computation of 

M assumes a constant CMRO2 during the CO2 inhalation, an assumption that has been questioned 

since the origin of calibrated fMRI. In this study we used Diffuse Optical Tomography (DOT) 

together with BOLD and ASL – an alternative calibration method that does not require any gas 

manipulation and therefore no constant CMRO2 assumption - to cross-validate the estimation of M 

obtained from a traditional hypercapnic calibration. We found a high correlation between the M 

values (R=0.87, p<0.01) estimated using these two approaches. The findings serve to validate the 

hypercapnic fMRI calibration technique and suggest that the inter-subject variability routinely 
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obtained for M is reproducible with an alternative method and might therefore reflect inter-subject 

physiological variability.
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Introduction

The blood-oxygenation-level dependent (BOLD) contrast1 in functional magnetic resonance 

imaging (fMRI) is a widely used tool to map brain activity. The technique rapidly found 

broad applications in basic neuroscience research2 as well as in clinical studies3. Despite its 

widespread utilization, standard BOLD-fMRI is only a qualitative representation of brain 

activity2. The signal measured is a reflection of changes in cerebral blood flow (CBF) and 

cerebral metabolic rate of oxygen (CMRO2), and also depends on baseline physiological 

parameters such as cerebral blood volume (CBV) and oxygen extraction fraction 

(OEF)4,5,6,7. This shortcoming of BOLD-fMRI significantly limits the interpretation of 

neural responses observed in between-group comparisons in clinical studies, particularly 

when individuals from clinical samples may have aberrant baseline physiology8,9. Thus, 

overcoming this drawback would enhance the utility of BOLD-fMRI for clinical 

investigations by facilitating unambiguous neuroimaging data in studies designed to test 

hypotheses related to pathophysiology within the human brain.

To overcome this problem, a significant effort has been directed towards estimating relative 

changes in CMRO2 (rCMRO2) from fMRI measurements. A method routinely used for this 

purpose is based on simultaneous measurements of the BOLD contrast together with a CBF 

measurement typically obtained from an arterial spin labeling (ASL) technique. In order to 

compute rCMRO2 from the simultaneous BOLD-ASL acquisitions, the BOLD-ASL 

measurement is typically repeated during brief periods of carbon dioxide inhalation. This 

procedure has been referred to as BOLD calibration5 and enables computation of a 

calibration constant for BOLD, which is routinely identified by the variable M in the 

literature5,6.

An important assumption incorporated into the computation of M is that CMRO2 remains 

constant during the hypercapnic challenge, an assumption that is still under debate. Some 

studies found no statistically significant change in CMRO2 with a moderate increase in CO2 

levels10,11,12, whereas other studies have found a significant decrease13,14. The discrepant 

findings in the literature combined with logistical and technical challenges involved with 

hypercapnic fMRI studies, has prompted the investigation of novel methods for calibrating 

the BOLD signal. Hyperoxic calibration15, breath holding approach16 and carbogen 

inhalation17 are alternative approaches that also allow calibration of the BOLD signal. 

Although carbogen (any mixture of carbon dioxide and oxygen gas) inhalation still requires 

gas manipulation, it does not require constant CMRO2. In this approach, it is aimed to obtain 

complete elimination of deoxyhemoglobin (HbR) by increasing arterial pO2 and CBF, which 

provide a direct estimation of the M value. Finally, multimodal imaging combining 
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simultaneous diffuse optical tomography (DOT) and fMRI measurements18,19,20 allows 

computation of M in the absence of gas manipulation or extra scans and all measurements 

are acquired simultaneously during the functional task of interest.

As the hypercapnic calibration is still the most commonly used method, there is a need for 

cross-validation of this technique against an alternative method. Ideally, the alternative 

method would not require a hypercapnic challenge or a critical assumption related to brain 

physiology. This will allow an independent consensus or dissent to the fMRI calibration 

literature. In the present study, M values obtained from the hypercapnic calibration 

procedure were cross-validated against those obtained with DOT-fusion model using 

simultaneous DOT-BOLD-ASL measurements.

Methods

Subjects

Eight healthy right-handed male subjects (26±5 years old) with no history of neurological, 

cardiopulmonary, or psychiatric illness participated in the study. All subjects were right-

handed. The study was approved by the Partners Healthcare Human Subjects Committee and 

all subjects gave written consent form.

Experimental paradigm

The study comprised two imaging sessions conducted over a period of one hour: 1) four 6-

min simultaneous acquisitions of: a) blood oxygen level dependent functional magnetic 

resonance imaging (BOLD-fMRI), b) arterial spin labeled (ASL)-fMRI and c) diffuse 

optical tomography (DOT) during a right hand finger tapping task, 2) two 10-min 

acquisitions of BOLD- and ASL-fMRI during hypercapnic challenge. The finger tapping 

task involved rapid opposition/touch of the thumb with the rest of the fingers. Each finger 

tapping scan included ~20 finger tapping trials of 10 sec duration with a pseudo-random 

inter-trial interval of 5–10 sec. Each hypercapnic challenge scan comprised alternating 

conditions of eucapnia (3 min) and hypercapnia (2 min) (3-min-off/2-min-on/3-min-off/2-

min-on). During the hypercapnic condition, the inhalation gas was manually titrated to 

achieve an average increase in end-tidal CO2 of 8 mmHg above each subject’s baseline 

(habitual) end-tidal CO2. A specialized breathing circuit was used to minimize breath to 

breath fluctuations in end-tidal CO2 during the hypercapnic challenge scan21 and thus 

mitigate associated artifacts22.

DOT

A multichannel continuous wave optical imager (CW6, Techen Inc. Milford, Massachusetts) 

was used for this study. The instrument consisted of 32 lasers (half of them at 690 and the 

other half at 830 nm) and 32 detectors. Four sources and eleven detectors (eight long 

distance and three short distance) were used in this study. The DOT probe included one row 

of sources interleaved by short separation detectors23, and two rows of long separation 

detectors above and below the source row. A fiducial marker was glued on top of each 

optode to determine the 3D locations in the anatomical MR volume. The probe was fixed on 

the left motor cortex of the subject during the finger tapping experiment. The probe was 
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removed during the gas manipulations to allow for more space in the coil for the gas mask. 

Optical density changes were obtained by taking the negative log of the light intensity. The 

sensitivity profiles were obtained running a GPU-bases Monte Carlo simulation (108 

photons) on the segmented anatomical MPRAGE volume with five tissue layers. SPM 

software was used for segmentation (SPM8)24.

Functional MR Imaging (BOLD and ASL)

Pulsed arterial spin labeled (pASL) sequence with proximal inversion with control for off-

resonance effects (PICORE) labeling geometry25 and thin-slice TI1 periodic saturation 

(Q2TIPS)26 were obtained on a 3 T Siemens Trio MR Scanner (Siemens Medical Systems, 

Erlangen, Germany). Six slices of 6 mm thickness were acquired with the parameters: TR = 

3 s, TE = 13 ms, TI1 = 600 ms, TI2 = 1800 ms, 3.4×3.4×6 mm resolution. A 3D anatomical 

volume was obtained using a T1-weighted MPRAGE sequence (1×1×1.33 mm resolution, 

TR/TE/α=2530 ms/3.25 ms/7°). The images were motion corrected and spatially smoothed 

with a 6-mm Gaussian kernel. The time courses were linearly interpolated. The BOLD time 

course images were obtained by combining the control images, whereas the perfusion time 

course images were obtained by iterative pair-wise subtraction of the tag images from the 

control images. The preprocessing steps above were performed using the FreeSurfer 

software27.

Data Analysis

DOT-fusion model estimation of M—We used the DOT-BOLD-ASL fusion model 

described in Huppert et al., 200818 and Yücel et al., 201220 to simultaneously reconstruct 

oxy- and de-oxy hemoglobin (HbO and HbR) concentrations while simultaneously 

estimating the calibration constant M. A short description of the model is introduced here, 

details can be found in the references above. The model consisted of a linear model 

describing HbO and HbR spatio-temporal changes as well as three observation models 

relating HbO and HbR to changes in the DOT signal, BOLD signal and ASL signal 

respectively. The DOT observation model related the HbO and HbR changes to the light 

intensity change through the photon diffusion equation28. The BOLD observation model 

relied on the relationship between the BOLD signal and HbR signal5. For the ASL 

observation model, the Grubb relationship29 was used to relate flow changes to total 

hemoglobin changes. Finally, the three observation models and the HbO and HbR models 

were concatenated in matrix form and then solved using a Bayesian formulation to 

reconstruct HbO and HbR changes as well as estimating the calibration constant M.

Hypercapnic estimation of M—We used the following equation5 which assumes a 

constant CMRO2 during the CO2 challenge to estimate the M value:

Eqn. 1

The BH and FH are the BOLD and CBF ratio to baseline, β is a physical parameter (1.5)5 and 

α is the Grubb’s exponent (0.23)30. The subscript H indicates changes measured during the 
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hypercapnic challenge. When estimating the M value, we only used voxels with a 

statistically significant BOLD response over the motor and somatosensory areas of the 

contralateral cortex during the finger tapping task. The BOLD and CBF changes in the 

above-mentioned region of interest (ROI) were first averaged and then an estimate of the M 

value was obtained. As such, a single M value was obtained over the corresponding ROI.

CMRO2 estimation—CMRO2 was estimated by two different approaches: 1) using the M 

values obtained by hypercapnic calibration together with the BOLD and CBF data (Eqn.2) 

and 2) using the M values obtained from the fusion model and the BOLD, CBF and HbT 

data (Eqn.3)5,31. The symbol Δ indicates a change from baseline while the subscript 0 

indicates baseline values.

Eqn. 2

Eqn. 3

Error Analysis—The error in M obtained from the hypercapnic calibration was estimated 

using Eqn. 4 where σ represents the variance32, while the error in M obtained from the 

fusion model was estimated using Equations 5 and 6 where H is the fusion model forward 

matrix, pinv is the pseudo-inverse, and R is the measurement covariance33. For each 

method, error on CMRO2 was estimated using Eqn. 732.

Eqn. 4

Eqn. 5

Eqn. 6

Eqn. 

7
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Results

Simultaneous recordings of DOT, BOLD and ASL during finger tapping and optical 
calibration of BOLD

Multimodal recordings of DOT, BOLD and ASL were performed simultaneously during a 

10 s finger tapping task on 8 human subjects. All subjects showed significant BOLD, CBF 

and optical response to the finger tapping paradigm over the motor-sensory cortex (t 

statistics, p<0.05). Each subject was analyzed separately. Fig. 1A shows activation maps 

obtained using a standard GLM approach (p<0.05) for BOLD and CBF. Fig. 1B illustrates 

time courses of BOLD and CBF averaged over respective activation maps. Time courses of 

oxy- (HbO), deoxy- (HbR) and total hemoglobin (HbT) concentration changes measured 

simultaneously with DOT are plotted in Fig. 1C. The group average of the BOLD and CBF 

changes in response to finger tapping averaged over the ROI were 0.5% ± 0.2% (mean±std) 

and 40% ± 14% (mean±std) respectively.

For each subject, the complete data set (DOT, BOLD and ASL) was used in a multimodal 

fusion model to reconstruct changes in HbO and HbR and to simultaneously estimate the 

BOLD calibration constant M. This multimodal fusion model has been described in detail in 

our previous paper20 and its key features are summarized in the Methods section. Fig. 2 

shows the fusion model output for each of the eight subjects (HbO t-map, p<0.05). In each 

case, an increase in HbO and a decrease in HbR were reconstructed over the motor-sensory 

areas of the brain on the contralateral side to the finger tapping task. M values obtained from 

the fusion model are also shown for each subject and varied from 0.03 to 0.11.

BOLD and ASL responses to hypercapnia

For each subject, an extra scan was performed during which the subject breathed CO2. We 

aimed to increase end-tidal pCO2 (EtCO2) by 8 mmHg in each run. Fig. 3A illustrates the 

time course of EtCO2 for a typical subject. The resulting BOLD and CBF responses to 

hypercapnia averaged over trials and runs (two runs per each subject, each consisting of two 

trials of hypercapnia) are shown in Fig. 3B. For all subjects, hypercapnia led to global 

BOLD and CBF responses across the brain. The colored area in Fig. 3B corresponds to the 

six slices covered during the image acquisition. The group average of the BOLD and CBF 

changes during hypercapnia averaged over the same ROI were 1.4% ± 0.9% (mean±std) and 

28% ± 23% (mean±std) respectively.

Inter-subject variability in M is consistent across both calibration techniques

The simultaneous BOLD-ASL acquisition during hypercapnia allowed for another 

estimation of the BOLD calibration constant M for each subject5, independently of the one 

computed from the multimodal fusion model. Details of computations are provided in the 

Methods section.

The M values obtained with the hypercapnic calibration ranged from 0.03 to 0.11 across the 

8 subjects (mean±std: 0.06 ±0.03). A subject-by-subject comparison of the M values 

obtained with each method is shown in Fig. 4 (see Table 1 for individual M values). A 
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correlation of R = 0.87 (p < 0.01) was obtained between the M values computed from the 

two methods.

The rCBF/rCMRO2 ratio (also known as the flow-consumption ratio) was computed with 

both methods for each subject and values are presented in Table 2. A mean flow-

consumption ratio of 1.5 ± 0.3 was obtained with the fusion model and a value of 1.8 ± 0.3 

was obtained with the hypercapnic calibration. Such lower rCBF/rCMRO2 values for the 

fusion model could potentially be explained by pial veins contamination in the NIRS data34, 

which can results in slightly higher rCMRO2 and therefore lower flow-consumption ratios. 

Moreover, both the fusion and the calibrated-fMRI flow-consumption values are slightly 

lower than the ones previously observed35,36 for a finger tapping paradigm. A potential 

variability in finger tapping frequencies between different studies presented in the literature 

could explain this discrepancy35.

The evoked changes in CMRO2 in response to finger tapping recovered with each method 

were also compared and are shown in Table 2. A high correlation (R = 0.98, p<0.01) was 

obtained between the two methods. However, this high correlation between the changes in 

CMRO2 should be carefully interpreted and probably arises from the shared noise, 

particularly ASL noise, between the two methods. In fact, the same BOLD and ASL signal 

acquired during finger tapping were used in the CMRO2 calculation. However, it is 

important to note that this is not the case for the M value estimation, since different BOLD 

and ASL measurements were used to estimate M from the DOT-fusion model (the finger 

tapping measurements) and the hypercapnic calibration method (the hypercapnica 

measurements).

Discussion

In this study, we sought to validate the accuracy of the hypercapnic calibration of BOLD-

fMRI by using an alternative approach that neither relies on gas manipulation nor an 

assumption of constant CMRO2. For this purpose, the DOT-BOLD-ASL multimodal 

fusion20 was the method of choice. A high degree of correlation was observed between the 

two methods for the calibration constant M (R=0.87, p<0.01). We contend that these data 

serve to cross-validate the hypercapnic calibration procedure and confirm its validity as a 

method to calibrate the BOLD signal and therefore extract rCMRO2 time courses during a 

functional task.

We also aimed at investigating the origins of inter-subject variations in M values reported in 

the literature 15,37,38. This inter-subject variability has been attributed to differences in 

baseline physiology across subjects but also to experimental noise. However, it has been 

difficult to quantify the fraction of the variability attributed to differences in baseline 

physiology because no alternative calibration method was used to test if the inter-subject 

variability was reproducible across different calibration modalities. Here, we found that the 

inter-subject variability in calibration constants M was consistent across the two calibration 

methods (R = 0.87, p<0.01). Moreover, the individual errors in M values (Table 2, Figure 4) 

were lower compared to the inter subject variability in M. These results taken together 

indicate that inaccuracies in the hypercapnic calibration procedure (i.e. experimental noise) 

Yücel et al. Page 7

Neuroimage. Author manuscript; available in PMC 2015 November 15.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



cannot account for a significant portion of the inter-subject variability. Therefore, 

differences in baseline physiology between subjects must account for most of the variability 

in M values.

Our group average values for M (Table 1) obtained with both modalities (6.6 ± 2.8 for the 

fusion model and 5.9 ± 2.5 for the hypercapnic calibration) are comparable with previously 

published values obtained over the motor cortex (4.3 ± 3.536, 6.1 ± 1.135). The intra-subject 

variability in M reported in Table 1 is also comparable with literature32 and ranges between 

<0.1 and 1.7 % for the fusion model and between 0.4 and 1.9 % for the hypercapnic 

calibration.

Estimation of the M value could be biased by some assumed parameters in the model, as 

discussed previously in our previous paper20. However, our analysis showed that variation 

in the baseline oxygen extraction fraction was not sufficient to explain the variability in M 

values across subjects20. As for the Grubb’s constant (α) and the imaging parameter β, we 

used the same values in the two calibration methods. This procedure decreases their 

contribution as a source of variability in the comparison of the M values.

A non-negligible rCBF and hence rCMRO2 variability was observed between subjects 

which could be the result of variability in the finger tapping frequencies between different 

subjects. Previous work has shown that the magnitude of the hemodynamic response 

depends on the frequency of finger tapping.35, 39 In this work, the frequency of finger 

tapping was not controlled, and thus this maybe a confounding factor in the variability in 

rCMRO2. The noise in ASL measurements is another factor that can further add up to this 

variability.

The choice of the ROI is also a source of variation in the rCBF/rCMRO2 ratio estimation37. 

In this study, we chose the ROIs based on voxels with significant BOLD activation during 

the finger tapping runs. BOLD was selected over ASL because of its higher signal-to-noise 

ratio. Although it does not change our main results, it is still important to discuss the effect 

of using an ASL-based or an overlapping BOLD and ASL based ROI instead. Our 

estimation of CMRO2 using an ASL-based ROI as well as an overlapping BOLD and ASL 

based ROI (not shown) tend to be higher compared to CMRO2 calculated using a BOLD-

based ROI, with the ASL-based ROI giving the highest values. This was due to the fact that 

the CBF change in ASL-based ROI was higher than that in BOLD based ROI, as would be 

expected. The corresponding M values decreased due to the same reason i.e. the higher 

CBF. We note that the M values obtained from fusion model were independent of the ROI 

selection.

The interpretations of the present study should be considered on balance with certain 

limitations. Although our two different rCMRO2 estimations relied on two independent 

calibration constants, they both depended upon a simplified form of the Davis model5. 

Consequently, a systematic bias introduced by this simplification may not have been 

detected in the current work. Although other cross-validation approaches such as PET would 

avoid this potential confound, resources for the current study precluded the inclusion of PET 

imaging. Nevertheless, the constant inter-subject variability across modalities observed in 
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the present study serves as robust and convincing evidence to support the hypercapnic fMRI 

technique in calibration of the BOLD signal.
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Figure 1. 
Multimodal recordings of BOLD, ASL and DOT for a typical subject. A) Activation maps 

(p<0.05) for BOLD and CBF respectively. B) BOLD and CBF responses averaged over its 

respective statistically significant voxels. C) HbO (red), HbR (blue) and HbT (green) (μM) 

responses from simultaneous DOT recordings.
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Figure 2. 
Output of the DOT-BOLD-ASL multimodal fusion model. HbO t-maps (p<0.05) are shown 

for each subject (n=8). Activation was reconstructed over the motor and somatosensory 

regions. The fusion model also simultaneously estimate the BOLD calibration constant M, 

which is given for each subject.

Yücel et al. Page 13

Neuroimage. Author manuscript; available in PMC 2015 November 15.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 3. 
Simultaneous BOLD and ASL measurement during hypercapnia. A) End-tidal pCO2 

(EtCO2) (mmHg) time course during a hypercapnic challenge (example data from a typical 

subject). An increase of 8 mmHg was aimed for EtCO2 during the hypercapnic inhalation. 

B) Percent signal change in BOLD and CBF responses to hypercapnia for a typical subject. 

The colored area corresponds to the six slices covered during the image acquisition.
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Figure 4. 
Comparison of M values (in percent) obtained using the multimodal DOT-BOLD-ASL 

fusion model against those obtained from the hypercapnic calibration (n=8).
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Table 1

M values from the fusion model and the hypercapnic calibration (mean ± standard error).

Subject Mfusion Mhypercapnia

1 9.9 ± 0.1 10.2 ± 1.4

2 6.2 ± 0.0 6.1 ± 1.9

3 3.1 ± 0.0 4.6 ± 1.0

4 6.4 ± 0.3 6.1 ± 1.2

5 5.1 ± 0.1 4.6 ± 0.6

6 4.2 ± 0.1 2.7 ± 0.4

7 11.3 ± 0.2 8.9 ± 0.9

8 6.6 ± 1.7 4 ± 1.0

Mean + Std 6.6 ± 2.8 5.9 ± 2.5
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