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Abstract
Objective First implementation of dynamic oxygen-17 (17O) MRI at 7 Tesla (T) during neuronal stimulation in the human 
brain.
Methods Five healthy volunteers underwent a three-phase 17O gas (17O2) inhalation experiment. Combined right-side visual 
stimulus and right-hand finger tapping were used to achieve neuronal stimulation in the left cerebral hemisphere. Data analysis 
included the evaluation of the relative partial volume (PV)-corrected time evolution of absolute 17O water  (H2

17O) concentra-
tion and of the relative signal evolution without PV correction. Statistical analysis was performed using a one-tailed paired 
t test. Blood oxygen level-dependent (BOLD) experiments were performed to validate the stimulation paradigm.
Results The BOLD maps showed significant activity in the stimulated left visual and sensorimotor cortex compared to the 
non-stimulated right side. PV correction of 17O MR data resulted in high signal fluctuations with a noise level of 10% due 
to small regions of interest (ROI), impeding further quantitative analysis. Statistical evaluation of the relative  H2

17O signal 
with PV correction (p = 0.168) and without (p = 0.382) did not show significant difference between the stimulated left and 
non-stimulated right sensorimotor ROI.
Discussion The change of cerebral oxygen metabolism induced by sensorimotor and visual stimulation is not large enough 
to be reliably detected with the current setup and methodology of dynamic 17O MRI at 7 T.

Keywords Ultrahigh field MRI · Cerebral oxygen metabolism · Neuronal activity · Dynamic oxygen-17 imaging · fMRI

Introduction

The effect of neuronal activity on the brain’s energy con-
sumption and the mapping of it are main areas of research 
in cognitive neuroscience [1]. Blood oxygen level-dependent 
(BOLD) imaging is an established method for non-inva-
sively investigating neuronal activity with the advantage of 
not holding major obstacles for application [2]. This method, 
used in functional MRI (fMRI), provides an indirect measure 
for brain activation by correlating the changes in blood flow, 
blood volume and the oxygenation of hemoglobin with neu-
ronal activity [3]. However, the signal changes are small, in 
the order of < 1% for many cognitive processes [1], and are 
susceptible to confounding factors, such as intrinsic noise 
and artifacts, which adds difficulty to data interpretation [4]. 
Secondly, BOLD imaging does not provide a direct meas-
urement of neuronal oxygen consumption [5]. Instead, it is 
a compound metric and many factors influence the amount 
by which the BOLD response reflects the hemodynamic 
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response, making quantification of this response challeng-
ing [6].

Dynamic 17O MRI on the other hand is a promis-
ing research tool that is able to provide direct metabolic 
information, e.g., after inhalation of the non-radioactive 
oxygen-17 isotope [7]. The inhaled oxygen-17 gas (17O2) 
remains undetectable until it is metabolized to oxygen-17 
water  (H2

17O), thus ensuring that a signal increase after 
inhalation originates from metabolic activity. Atkinson and 
Thulborn described a metabolic model for determining the 
cerebral metabolic rate of oxygen consumption  (CMRO2) 
in 17O measurements in the human brain. In their experi-
ments, 17O-labeled water was investigated in an inhalation 
experiment of 17O-enriched oxygen gas to show the feasi-
bility of determining  CMRO2 in a healthy volunteer at 9.4 
Tesla (T) [8]. A few years later, Hoffmann et al. designed 
and applied an efficient breathing system for 17O MRI at 7 T 
[9]. In 2014, the feasibility of cerebral and cardiac 17O MRI 
at 3 T was demonstrated on a healthy volunteer by Borow-
iak et al. [10]. The reproducibility of  CMRO2 determina-
tion in a small cohort of healthy volunteers was shown by 
Niesporek et al. [11]. In clinical research, dynamic 17O MRI 
has mainly been applied in brain tumor imaging. The first 
clinical research exam employing dynamic 17O MRI was 
performed on a patient with glioblastoma at 7 T [12]. In this 
study the feasibility of assessing the  CMRO2 in tumor tissue 
and the importance of partial volume (PV) correction for 
data analysis was demonstrated [12]. Following this, Paech 
et al. performed the first dynamic 17O MRI study including 
ten patients with newly diagnosed glioma. In accordance 
with the Warburg effect, a reduction of oxidative glycolysis 
could be shown for both, high- and low-grade glioma [13]. 
Recently, dynamic 17O MRI has been applied to a patient 
with early subacute stroke, not showing any significant dif-
ference between the stroke region and the mirrored healthy 
contralateral side, but motivating the application of this 
modality to patients with larger strokes [14].

17O MRI is a unique method that enables a direct and 
non-invasive assessment of cerebral oxygen metabolism and 
is thus interesting for studying physiological effects during 
neuronal activity. The effect of visual stimulation on the cer-
ebral oxygen metabolism in cats has been investigated using 
17O magnetic resonance spectroscopy (MRS), showing a sig-
nificant increase of  CMRO2 during stimulation compared to 
the resting state [15]. A few years later, Zhu et al. published 
an abstract with preliminary results examining the effect 
of visual stimulation on the human brain in one participant 
using 17O MRS, revealing a > 10% increase of  CMRO2 in the 
occipital lobe [16]. However, 17O MRI for functional imag-
ing has not yet been studied in a group of volunteers, so far.

The aim of this study was to evaluate the feasibility of 
detecting neuronal stimulation using dynamic 17O MRI at 
7 T. For this purpose, dynamic oxygen data of five healthy 

volunteers undergoing combined sensorimotor and visual 
stimulation were acquired and compared to fMRI results.

Materials and methods

Study design and study participants

Five healthy right-handed volunteers (three females, age: 23, 
23, 24, 29, 69) were included in this study. Written informed 
consent from all participants according to the institutional 
guidelines and approval from the local ethics committee 
were obtained prior to examinations. Study participants 
with refractive errors wore contact lenses throughout the 
measurement. A combination of visual and sensorimotor 
stimulation, explained below, was applied to yield a large, 
stimulated volume. BOLD images were used to validate the 
stimulation paradigm.

Stimulation paradigm

To provide a comparison for the stimulated brain area, a 
half-sided stimulation paradigm was designed, which com-
bines simultaneous right-sided finger tapping with a half-
screen visual paradigm for stimulation of the left sensorimo-
tor and visual cortex, leaving the right cerebral hemisphere 
as an in-experiment negative control, see Fig. 1.

A block design was used with alternating blocks of 45 s 
of activation and 15 s of rest, deviating from the classic 
30 s/30 s block design which is conventionally used for 
BOLD experiments [19]. The rationale of this change was 
to increase the overall "ON"-time of the stimulation para-
digm in the experiment to achieve maximal neuronal stimu-
lation. Meanwhile, the 45 s/15 s setup still enables evalua-
tion of the BOLD response, and the resting period of 15 s 
makes tapping throughout the whole measurement feasible 
and prevents habituation to the stimulus. This was investi-
gated by conducting two additional BOLD measurements, 
one without prior stimulation and the second after 40 min 
of continuous exposition to the stimulation paradigm. The 
analysis and the BOLD activity maps are shown in the sup-
plements, see Figure S1.

A commonly used visual stimulus pattern was applied, 
consisting of a radial checkerboard pattern [20], chang-
ing at a rate of 8 Hz [21]. The stimulus was limited to the 
right-hand side of the screen with iso-luminescent gray on 
the left side. As attention task, the cross in the center of 
the screen randomly changes color between blue and red. 
An exemplary image of the visual paradigm can be seen in 
Fig. 2. The participant was asked to make a fist with the right 
hand at every color change of the cross, while being visu-
ally observed by the experimenters to check the participant's 
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attention. Additionally, this task was implemented to keep 
participants focused on the center of the screen.

The right-hand sequential finger-to-thumb tapping was 
conducted simultaneously with the checkerboard pattern for 
activation of the sensorimotor cortex.

Hardware

All examinations were performed on a 7  T whole-
body MR system (Magnetom 7 T; Siemens Healthcare, 
Erlangen, Germany) with horizontal  B0 orientation and 

approximately 60 cm bore diameter. The oxygen data were 
obtained using a home-built 17O birdcage head coil with an 
additional proton (1H) channel, used for  B0 shimming and 
acquisition of basic proton images [11, 12]. Subsequently, 
a 24-channel 1H head coil (Nova Medical, Wilmington, 
Massachusetts) was used for acquisition of high-resolu-
tion morphological data for registration and segmentation, 
and for performing the BOLD experiments. For the visual 
stimulation, an MR-safe screen was set up, which could be 
viewed from inside the scanner using prism glasses [22].

Fig. 1  Anatomical data (magnetization prepared rapid gradient echo, 
MPRAGE) of participant 2 (P2) overlaid with segmentations of sen-
sorimotor and visual cortices, created manually in MITK [17, 18] 
(German Cancer Research Center, Heidelberg, Germany). a Axial 
slice shows 1: right sensorimotor cortex (negative control), 2: left 
sensorimotor cortex (stimulated), 3: right visual cortex (negative 
control), 4: left visual cortex (stimulated). b Lower axial slice shows 
right and left visual cortices (3 and 4). In (c) a schema of the regions 

of interest (ROI) is shown which will be used throughout this article: 
the blue ROI named  stimulatedleft  (Sleft) refers to the stimulated left 
sensorimotor and visual cortex. The orange ROI  controlright  (Cright) 
includes the non-stimulated right sensorimotor and visual cortex and 
serves as negative control. The non-stimulated area of the left hemi-
sphere is termed non-stimulatedleft  (Nleft), whereas the non-stimulated 
regions of the right hemisphere are referred to as non-stimulatedright 
 (Nright)

Fig. 2  Screenshot of visual 
paradigm with right-side invers-
ing checkerboard pattern
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MRI protocol

The MRI protocol used for this study consists of three parts: 
oxygen imaging, BOLD imaging and anatomical imaging. 
The total acquisition time per measurement amounted to 
approximately 1.5 h, divided by a 15 min break for coil 
change.

Oxygen imaging

The double-tuned 17O/1H birdcage coil was used to obtain 
the oxygen MRI data using a 3D density-adapted radial 
sequence [23] with a golden angle distribution of projections 
[24]. In the 17O inhalation experiments, 40 min of 17O MR 
data were acquired continuously (TR/TE = 20 ms/0.56 ms, 
flip angle: 60°, tpulse = 1.00 ms, tReadout = 5.5 ms, 120 000 
projections, number of radial samples = 196, nominal spa-
tial resolution = (7.5 mm)3). These parameters were cho-
sen to minimize relaxation weighting and to meet specific 
absorption rate (SAR) limitations [11]. The experimental 
inhalation setup is described below. Since the measured 
17O signal distribution is influenced by transmit and receive 
profiles of the radiofrequency (RF) coil, the absolute 17O 
images are corrected with a flip angle map [25–27] prior to 
PV correction. This is not necessary for the relative evalua-
tion of the 17O data without PV correction, since the influ-
ence of the radiofrequency coils is canceled out. Dynamic 
17O data were reconstructed with a temporal resolution of 
∆t = 1 min and a Hamming filter as well as a zero filling 
factor of 8 was applied. Additionally, a gradient echo (GRE) 
image (TR/TE = 7.5 ms/3.25 ms, flip angle: 10°, matrix size: 
256 × 256 × 176, nominal resolution: (1 mm)3) was acquired 
with the 1H channel of the coil for co-registration of the 
oxygen data onto high-resolution morphologic data, as 
described below.

Inhalation experiment and  H2
17O signal

The oxygen measurement is based on inhalation of the natu-
ral occurring, stable 17O isotope, which can be measured 
with MRI in the form of  H2

17O after metabolization. A 
three-phase inhalation experiment was conducted including 
a baseline, inhalation, and decay phase, during which 3D 
MR data were acquired continuously as described above. 
This allows spatially dependent investigation of the 17O 
metabolization.

In the baseline phase, the participant breathes room air 
(10 min). Here, the 17O baseline signal measured in the 
human brain correlates with the natural abundance of 17O2 
(0.037% [28]). During the inhalation phase, 70%-enriched 
17O2 gas (NUKEM Isotopes GmbH, Alzenau, Germany) is 
administered to the participant through a breathing system, 
previously described in detail [11]. The breathing reservoir 

is filled with approximately 4 L of 17O2 gas. The inhala-
tion time varies individually and ends when the reservoir is 
empty (9–12 min). Throughout inhalation of the 17O2 gas, 
the signal increase derives from metabolized  H2

17O. In the 
decay phase, a switch back to normal room air is conducted 
and the measurement is continued, until a total of 40 min 
of continuous MR data have been acquired. In this phase 
(duration 18–21 min), the  H2

17O produced during the inha-
lation phase is slowly washed out, and hence the measured 
oxygen signal starts to decrease. In both the inhalation and 
decay phase, the signal dynamics vary location-dependently 
according to the regional metabolic activity. Thus, these dif-
ferences in metabolism can be investigated by selecting ROI 
and comparing their signal dynamics.

BOLD and anatomical imaging

To ensure that the chosen paradigm stimulates the senso-
rimotor and visual cortices, BOLD measurements were 
acquired. An RF coil switch from the 17O/1H coil to the 
24-channel 1H head coil allowed the participant a 15 min 
break within the MRI protocol. BOLD measurements 
were acquired using the same stimulation paradigm with 
a  T2

*-weighted echo-planar imaging (EPI) sequence (TR/
TE = 185 ms/19 ms, flip angle: 12°, 32 slices, isotropic reso-
lution: (2 mm)3, TA = 5 s per image, 66 images, 5.5 min 
total duration). Finally, high-resolution  T1-weighted ana-
tomical data (magnetization prepared rapid gradient echo, 
MPRAGE (TR/TE = 3400 ms/1.6 ms, flip angle: 9°, field of 
view: 262 × 151 × 300  mm3, nominal resolution: (0.59 mm)3, 
TAcq = 10 min 32 s) were obtained.

Registration and image segmentation

Registration of the high-resolution anatomical data to the 
oxygen images was performed in two steps using the FLIRT 
algorithm of FSL (FMRIB Software Library) [29, 30]. The 
1H GRE data set was registered to the oxygen images, both 
acquired with the double-tuned 17O/1H birdcage coil, using 
a three parameter model (translation only). Subsequently, the 
MPRAGE image, acquired with the 24-channel 1H head coil, 
was aligned to the registered GRE data using a six param-
eter model (translation and rotation). To investigate cerebral 
gray matter (GM), cerebral white matter (WM) and cerebral 
spinal fluid (CSF), these three brain regions were obtained 
by applying the FAST segmentation tool for automatic seg-
mentation to the MPRAGE data set [31]. The 3D masks 
of sensorimotor and visual cortices were created manually 
using MITK according to an anatomical atlas [32] in consen-
sus with L.E. and D.P. with 2 and 10 years of experience in 
neuroimaging. After segmentation, these masks were dilated 
twice using the MITK dilatation tool to include the spillover 
due to PV effects. These masks were used for region-wise 
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investigation of the signal evolution in each tissue type. 
The stimulated ROI comprised the sensorimotor and visual 
cortex of the left hemisphere, which will be referred to as 
 stimulatedleft  (Sleft) in the following (see Fig. 1c). The senso-
rimotor and visual cortex of the right hemisphere served as 
an in-experiment negative control, named  controlright  (Cright). 
The non-stimulated ROI included all brain areas excluding 
the sensorimotor and visual cortex of the left and right hemi-
sphere. These ROI will be referred to as non-stimulatedleft 
 (Nleft) and non-stimulatedright  (Nright). All these regions are 
also depicted in Fig. 1.

Data evaluation and statistics

Analogous to the three-phase setup of the inhalation experi-
ment, the  H2

17O data curve is divided into three sections: 
baseline, increase phase and decay phase. A region-wise 
data evaluation for the stimulated region, its control, and 
the non-stimulated rest of the brain, each divided into GM 
and WM, was performed in Matlab (The MathWorks Inc., 
Natick, USA) with two approaches, one with and one with-
out partial volume (PV) correction:

First, the 17O measurement data were converted to  H2
17O 

concentration values using reference bottles filled with regu-
lar water. Then, the concentration values were PV corrected 
[33]. PV correction was performed on the oxygen data set 
using the tissue masks for GM, WM and CSF, as proposed 
by Niesporek et al. [33]. This approach furnishes one quan-
titative PV-corrected  H2

17O value within each mask and for 
each time point. The resulting data curves were then normal-
ized to the baseline. For this, all data points were divided by 
the mean of the first five baseline values to get relative data. 
The relative curves can be described with following for-
mula, e.g., for volume  Sleft: relative PV-corrected 17O signal 
curve = PV-corrected 17O signal  (Sleft)/mean(baseline signal 
values 1–5  (Sleft)). The noise level of the relative PV-cor-
rected  H2

17O concentration in GM was estimated by dividing 
the standard deviation by the mean value of the baseline for 
P2 (Fig. 4b). In addition, the goodness of the fit was inves-
tigated for fitting the model of Atkinson and Thulborn [8] 
to the PV-corrected data curves of  Sleft and  Cright for all five 
participants by calculating the adjusted R squared.

Secondly, the signal evolution in each region was deter-
mined without PV correction, relative to the baseline. The 
relative curves were created by spatial averaging of the time 
evolution of the 17O signal within the four volumes  Sleft vs. 
 Cright and  Nleft vs.  Nright. Like the PV-corrected data, all data 
points were divided by the mean of the first five baseline 
values. This approach eliminates the influences due to inho-
mogeneities in the transmit and receive profiles.

The resulting data curves of both approaches were com-
pared by their maximal signal entry during the increase 

phase. To quantify a mean maximal value of  Sleft and  Cright 
for each participant 1–5 (P1–5), five data points around 
TB (switch back to room air) were averaged (called  maxP1 
to  maxP5) to reduce noise and compared for the five par-
ticipant measurements using a one-tailed paired t test; see 
Table 1 for relative PV-corrected data and Table 2 for the 
relative 17O signal evolution. These statistical analyses 
were performed with Microsoft Excel (version 16.54). 
For statistical analyses, the level of significance was set 
to p < 0.05.

The evaluation of the BOLD response was performed 
using the open-source software SPM 12 [34]. Preprocess-
ing included realignment, smoothing and co-registration 
with the anatomical image. The statistical analysis in SPM 
allowed for creation of BOLD activity maps. The t value 
threshold of the activity maps has been set to approxi-
mately 5.5 to achieve p < 0.05.

Table 1  Relative evaluation of PV-corrected 17O signal  (maxP1 to 
 maxP5) in the sensorimotor and visual cortices: left (stimulated) vs. 
right (negative control) for P1–5

17O data stimulated 
 (Sleft)

17O data 
control 
 (Cright)

Participant
 1 1.27 1.54
 2 1.36 1.40
 3 1.32 1.21
 4 1.35 1.49
 5 1.45 1.46

Mean 1.35 1.42
Standard deviation 0.07 0.13
p value one-tail 0.168

Table 2  Relative 17O signal increase  (maxP1 to  maxP5) in the sensori-
motor and visual cortices: left (stimulated) vs. right (negative control) 
for P1–5

17O data stimulated 
 (Sleft)

17O data 
control 
 (Cright)

Participant
 1 1.32 1.35
 2 1.37 1.34
 3 1.25 1.23
 4 1.36 1.39
 5 1.40 1.41

Mean 1.34 1.34
Standard deviation 0.06 0.07
p value one-tail 0.333
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Results

BOLD measurements

All participants showed significant activity in the stimulated 
left sensorimotor and visual cortex, while the mirrored areas, 
serving as negative control, showed hardly any significant 
activity for a t value threshold of 5.5. A resulting BOLD 
activity map can be seen in Fig. 3. The analysis of the voxel 
overlap of the significant BOLD activity and ROI used for 
evaluation of the dynamic 17O MRI analysis can be found in 
the supplements, see Figure S2.

Relative PV‑corrected oxygen data

The flip angle and PV-corrected time evolution of the rela-
tive  H2

17O concentration of the stimulated GM is depicted 
in Fig. 4. In the evaluation of GM in the sensorimotor and 
visual cortex, one volunteer showed a higher signal for the 
right side in comparison to the left side (Fig. 4a), and one 
participant showed higher signal entries for  Sleft compared 
to  Cright (Fig. 4c). For the other participants, the signals of 
the right and left stimulated areas do not show a clear trend 
for either side (Fig. 4b, d, e). However, the noise level leads 
to major fluctuations of the signal entries in the chosen 
ROI. The mean value and standard deviation of the baseline 
 H2

17O concentration of P2 (Fig. 4b) was calculated, result-
ing in a value of (13.2 ± 1.2) mmol/L for the right-sided ROI 
and (11.7 ± 1.2) mmol/L for the left-sided ROI. Hence, the 
estimated noise level is 10%, calculated as the coefficient 
of variation (std/mean). The investigation of the goodness 
of the fit for the PV-corrected data curves of  Sleft and  Cright 
for all five participants yielded adjusted R squared values 
between 0.5 and 0.8.

The PV-corrected evaluation of an even larger ROI, such 
as the complete GM of the left and right hemisphere (see 

Figure S3 in the supplements), still shows a mean baseline 
value and standard deviation of (11.0 ± 0.4 mmol/L) and 
(11.4 ± 0.6 mmol/L) for left and right side, respectively, 
from which a noise level of 4.2% was estimated.

These findings motivated the investigation of the relative 
signal evolutions and the omission of the PV correction to 
decrease the noise in the signals.

The mean value with standard deviation of the deter-
mined maximal values  maxP1 to  maxP5 for the five meas-
urements was 1.35 ± 0.07 for the left stimulated area  Sleft, 
while the resulting mean value with standard deviation for 
the right-sided control  Cright was 1.42 ± 0.13. Analyzing 
these maxima, there was no significant difference between 
the relative PV-corrected 17O signal for the GM in  Sleft and 
 Cright (p = 0.168), see Table 1.

Relative oxygen signal evolution

In the following, the relative  H2
17O signals for the stimulated 

GM and WM are compared for all five participants without 
PV correction, as depicted in Fig. 5. For the stimulated GM, 
two experiments visually showed a higher maximal signal 
for the left side  (Sleft), (Fig. 5b, c). For participant P2 in 
particular,  Sleft showed a steeper slope during the inhala-
tion phase with higher overall maximum compared to  Cright, 
with diverging curves especially during the decay phase. 
However, two other experiments resulted in higher maxima 
for  Cright (Fig. 5a, d). One experiment did not show major 
differences between right and left side (Fig. 5e). For the 
stimulated WM (Fig. 5f–j), similar observations were made 
as for the stimulated GM, but with fewer differences between 
 Sleft and  Cright. The lower maximum in relative  H2

17O signal 
for P3 compared to the other experiments is due to a shorter 
17O2 inhalation time.

The relative  H2
17O signal evolution of the non-stimulated 

GM and WM is shown in Fig. 6 for all five participants. In 
three experiments, the non-stimulated GM showed higher 

Fig. 3  Representative func-
tional MRI data (participant P2) 
depicting a BOLD map overlaid 
onto an MPRAGE image 
showing statistically prob-
able activation within the left 
sensorimotor (a) and left visual 
cortex (b) employing the same 
paradigm as used for the oxygen 
experiments
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maximal signal entries for the left side  (Nleft) (Fig. 6a–c). 
The results for P2 (Fig. 6b) show a particularly high differ-
ence between  Nleft and  Nright compared to the other partici-
pants. For one participant, the data of the right side  (Nright) 
were slightly higher in comparison to the left side (Fig. 6d), 
and one experiment showed no major difference (Fig. 6e). 
Similar results were obtained for the non-stimulated white 
matter:  Nleft showed higher maximal values in two meas-
urements (Fig. 6h, j), one measurement did not display any 
difference between left and right (Fig. 6f), and in two experi-
ments  Nright exhibited higher signal entries compared to  Nleft 
(Fig. 6g, i).

The mean value with standard deviation of the determined 
maximal values  maxP1 to  maxP5 for the five measurements 
was 1.34 ± 0.06 for the left stimulated ROI  Sleft, while the 
resulting mean value with standard deviation for the right-
sided control  Cright was 1.34 ± 0.07. Statistical evaluation 
was performed using a paired one-tailed t test of the 17O 
signal in the stimulated left sensorimotor and visual cortex 
and the right sensorimotor and visual cortex serving as nega-
tive control. There was no significant difference between 
the 17O signal in the left (stimulated) and right (negative 
control) sensorimotor and visual cortex (p = 0.333), as can 
be seen in Table 2.

Discussion

The aim of this study was to test the feasibility of detecting 
neuronal activity employing dynamic 17O MRI.

The BOLD experiments showed significant stimulation 
of the left sensorimotor and visual cortex in all five partici-
pants, thus validating the paradigm chosen for this study. 
The relative PV-corrected oxygen data showed high signal 
fluctuations, impeding further quantitative analysis and valid 
interpretation. Oxygen imaging did not show significant 
differences in the relative signal evolution of  H2

17O signal 
between the stimulated left sensorimotor and visual cortex 
and the right-sided negative control in this study.

Data analysis

BOLD measurements

The BOLD measurements, which were performed after 
the dynamic 17O MRI, served as a control for the oxy-
gen experiments to show that the paradigm did indeed 

Fig. 4  Relative PV-corrected data for all participants (P1–5) of the 
stimulated GM of the left  (Sleft, blue) vs. right  (Cright, control, orange) 
sensorimotor and visual cortex together. The blue dashed lines indi-
cate beginning and end of 17O2 gas inhalation. The signal entries 
show high fluctuation

▸
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stimulate the investigated ROI. The BOLD activity maps 
showed that significant stimulation of the left sensorimo-
tor and left visual cortex was achieved for all five experi-
ments, validating the employed paradigm as well as the 
selected ROI.

Oxygen imaging

The oxygen data were analyzed using two different 
approaches. Firstly, the data were corrected for PV effects, 

Fig. 5  Relative 17O signal evolutions for all participants (P1–5) for 
GM (a–e) and WM (f–j) of the left vs. right sensorimotor and visual 
cortex together  (Sleft vs.  Cright). No major differences were visible in 
comparison between  Sleft and  Cright for all participants

Fig. 6  Relative signal evolutions for all participants (P1–5) for GM 
(a–e) and WM (f–j) of the non-stimulated brain areas  (Nleft vs.  Nright). 
Most of the experiments showed only slight differences between  Nleft 
and  Nright. In P2, the non-stimulated GM shows a particularly high 
difference between  Nleft and  Nright
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since they pose a major challenge in 17O MRI [12, 33] and 
the correction for PV effects is a possibility to reduce bias. 
The data were then normalized to the baseline. However, 
the resulting curves for the relative PV-corrected stimu-
lated GM, which corresponds to a small ROI, showed high 
signal fluctuations. The goodness of the fit, determined by 
calculating the adjusted R squared, was below 0.9 for the 
PV-corrected data curves of all five participants, which, 
in general, is considered the cutoff for an acceptable data 
fit. The baseline, which ideally is supposed to be constant, 
shows a noise level of approximately 10%. By choosing a 
larger ROI, the local change in oxygen metabolism is diluted 
even more, thus compromising the possibility of detecting 
neuronal activity. But even when looking at larger ROI with 
a higher signal-to-noise ratio (SNR), e.g., the complete GM 
of the left hemisphere (see Figure S3), a noise level of about 
4.2% remains. Hence, in the presented setup the noise in 
PV-corrected data impedes detecting changes in the oxygen 
signal evolution arising from regionally elevated metabolic 
activity.

Secondly, the relative signal evolution of the oxygen data 
without PV correction was investigated. The relative signal 
evolution resulted in heterogenous data for the five experi-
ments. For the stimulated GM, no trend in favor of the left or 
right side could be determined. Two measurements showing 
higher maximal values for the left stimulated brain areas 
seemed to fit the established considerations, which assume 
neuronal activity can be detected employing dynamic 17O 
MRI. Especially experiment P2 seemed to show a great dif-
ference between the left and right sensorimotor and visual 
cortex, matching the assumptions made in advance. How-
ever, two other experiments yielded opposite results, as seen 
for instance in experiment P5. The observed differences in 
signal characteristics for the stimulated GM were also seen 
in the non-stimulated GM (compare Figs. 5b and 6b). In 
addition, no significant difference between the determined 
maximal value of the relative 17O signal in the stimulated 
left versus the non-stimulated right sensorimotor and visual 
cortex was found.

From this, we infer that the observed changes in the 
oxygen data were rather due to internal signal fluctuations 
caused by noise and other influences than from external 
stimulation. This in turn leads to the conclusion that neu-
ronal activity cannot be detected employing our experimen-
tal setup of dynamic 17O MRI at 7 T.

Limitations

This study has several limitations, which have to be con-
sidered. The main issue employing dynamic 17O imaging is 
the low SNR. For the chosen ROI, the relative PV-corrected 
signal evolution of the oxygen data is dominated by noise 
and thus was not used for further quantitative analysis or 

interpretation. As seen in initial experiments, the noise level 
also impeded the quantitative determination of  CMRO2. 
Instead, we evaluated the relative 17O signal evolution of 
the dynamic  H2

17O signal without PV correction, which is 
intrinsically corrected for inhomogeneities in the transmit 
and receive profiles.

Secondly, neuronal stimulation in the human brain has 
not yet been studied employing dynamic 17O MRI, so the 
effect size caused by the stimulation in healthy volunteers 
was not known in advance. In animal models functional 17O 
MR studies have demonstrated promising results. Zhu et al. 
conducted a study in which six cats underwent functional 
17O MRS at 9.4 T with visual stimulation [15]. The results 
showed a 32.3% ± 10.8% increase of  CMRO2 in the activated 
visual cortex V1, while the surrounding brain regions exhib-
ited a decrease of  CMRO2 [15]. The net  CMRO2 increase 
induced by visual stimulation was found to be 9.7% ± 1.9% 
after spatial averaging [15]. Our study investigating healthy 
volunteers using dynamic 17O MRI did not reveal a sig-
nificant difference between the left, stimulated visual and 
sensorimotor cortex  Sleft and the contralateral control  Cright. 
There are several points to consider when comparing these 
two studies. For one, the anatomical differences between 
the human and cat brain must be taken into account. For 
instance, cats have a 3.5-fold higher GM/WM ratio com-
pared to humans [35]. PV effects might have a larger influ-
ence in the human brain, as the WM "spillover" could have 
a more significant diluting effect on the stimulated GM. 
Furthermore, we used the Atkinson and Thulborn model 
for data analysis in this study, which was adapted especially 
for the use in humans and does not rely on the experimental 
determination of the cerebral blood flow [8]. Recently, sen-
sory stimulation has been investigated in a rat model, using 
the same Atkinson and Thulborn model for data analysis 
[36]. The abstract presented results of functional 17O MR 
experiments at 11.7 T in which rats were exposed to elec-
trostimulation. Here, a 7% ± 5%  CMRO2 increase is reported 
[36].

So far, no studies employing functional 17O MRI are 
available for the application in humans. However, in 2014 
Zhu et al. reported preliminary results of the effect of a 
visual stimulus paradigm using 17O MRS on the human 
occipital lobe in one subject [16]. Here, a > 10% increase of 
 CMRO2 was detected [16].

Other neuroimaging methods, calibrated BOLD imaging 
and oxygen-15 (15O) positron emission tomography (PET), 
were researched to estimate the possible effect of the para-
digm. For calibrated BOLD experiments using finger tap-
ping tasks, literature reports  CMRO2 increases in the sen-
sorimotor cortex between 13% [37] and 30% [38]. Reported 
changes in  CMRO2 for 15O PET stimulation studies were 
in the order of 5% for sensorimotor stimulation [39] and 
between 5 and 15% for visual stimulation, depending on the 
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duration of stimulation, with higher results for longer expo-
sition to the visual stimulus [40]. Other indirect oximetry 
approaches such as QUantitative Imaging of eXtraction of 
Oxygen and TIssue Consumption (QUIXOTIC) [41] resulted 
in significant changes to the oxygen metabolism after visual 
stimulation.

Thus, a range of 5–30% change to the local oxygen 
metabolism during external visual or sensorimotor stimula-
tion is reported. Consequently, we assumed that the stimula-
tion paradigm used in our study achieves a similar change 
in the local oxygen turnover. To achieve a large stimulation 
region we combined a sensorimotor and visual task. How-
ever, there could be other paradigms that might achieve a 
stimulation of an even greater brain area.

Furthermore, the study was performed with a relatively 
small number of participants (n = 5). The main reason for 
the small number of participants is the high costs of 17O2 
gas. Yet, the sample size is within the typical range for 
technical development studies [42]. As the real effect size 
was not known in advance, we performed a post hoc power 
analysis to estimate the needed sample size for different 
noise levels (5% and 10%) and the two limits of assumed 
change in  CMRO2, 5% and 30%. The detailed analysis can 
be found in the supplements. Investigating the maximum 
and assuming that the model perfectly described the signal 
course in vivo and that there were no further influences, it 
would have been theoretically possible to detect a change in 
the maximum for a 30%  CMRO2 change, despite the noise 
level of 10% in the signal course and the small sample size 
of n = 5. With these conditions we estimated that our study 
had enough power (power = 0.8) to detect  CMRO2 changes 
≥ 23%. However, since other influences can affect the evalu-
ation, such as incorrect segmentation or registration of the 
1H data, the calculated sample sizes and minimal detectable 
 CMRO2 change are probably only lower limits and can be 
even higher. In case the changes in  CMRO2 induced by the 
stimulation paradigm were small (e.g., 5%), this study is 
underpowered and would not have been able to detect a sig-
nificant difference. Hence, it would be interesting to repeat 
the study with a larger number of participants, especially if 
technical optimizations are available in future, reducing the 
noise level.

In addition, the experimental setup for this study is com-
plex and requires profound knowledge of the technology. 
Dynamic 17O imaging requires specialized coil equipment 
and benefits from a higher  B0 field strength as it increases 
the signal to noise ratio. These technical prerequisites are not 
available at many research sites, complicating the applicabil-
ity of the imaging modality.

These factors explain the limited amount of literature 
on dynamic 17O imaging and the lack of similar studies for 
comparison. However, recently an RF coil was presented that 
allows, for example, 17O MRI and high-resolution structural 

brain 1H MRI at 3 T [43], and some hardware parts were also 
optimized so that it could also be used for comodal PET.

An increase in field strength, for example 14.0 T MRI, 
as well as the use of dedicated coils (e.g., additional receive 
array or less SAR-restrictive transmit coil) could increase 
the SNR, improve the resolution of dynamic 17O MRI and 
may render the detection of neuronal stimulation possible. 
While the availability of ultrahigh field MRI scanners is still 
limited, it is increasing steadily since the FDA approval for 
certain clinical applications in 2017 [44]. Furthermore, a 
trend toward research studies at even higher field strengths 
such as 9.4 T, 10.5 T, 11.7 T, or 14.0 T is expected [45, 46].

Conclusion

In conclusion, this study showed that the change of cerebral 
oxygen metabolism induced by sensorimotor and visual 
stimulation could not be resolved employing the current 
setup and methodology of dynamic 17O MRI at 7 T. Accord-
ingly, this study suggests that potential clinical 17O MRI 
studies are not biased by external stimuli during the meas-
urement. Hence, the strength of dynamic 17O MRI with the 
current setup and field strength does not lie in the investiga-
tion of physiological changes to the cerebral oxygen metabo-
lism induced by external stimulation (e.g., sensorimotor and 
visual stimulation), but rather in the investigation of cerebral 
pathologies with larger impact on the oxygen metabolism. In 
addition to research applications in tumors [12, 13], promis-
ing applications of the modality include neurodegenerative 
diseases such as Alzheimer’s dementia [47, 48], Parkinson’s 
disease [49], and especially stroke imaging [50].
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