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Abstract
For the prognosis of stroke, patients with moyamoya disease (MMD) require the estimation of remaining cerebrovascular
reactivity. For this purpose, CO2-triggered BOLD fMRI by use of short breath-hold periods seems to be a highly available
alternative to nuclear medicine methods. Too long breath-hold periods are difficult to perform, too short breath-hold periods do
not lead to sufficient BOLD signal changes.We aimed to investigate the requiredminimum breath-hold duration to detect distinct
BOLD signals in the tissue of healthy subjects to find out how long the minimum breath-hold duration in clinical diagnostics of
MMD should be. A prospective study was performed. Fourteen healthy subjects underwent fMRI during end-expiration breath-
hold periods of different duration (3, 6, 9, and 12 s). Additionally, we compared the influence of paced and self-paced breathing
altering the breath-hold periods. Data of a patient withMMDwas evaluated to investigate whether the tested procedure is suitable
for clinical use. Significant global BOLD signal increases were detected after breath-hold periods of 6, 9, and 12 s. The signals
were significantly higher after breath-hold periods of 9 s than after 6 s, while not when the duration was extended from 9 to 12 s.
Furthermore, we found additional BOLD signal changes before the expected signal increases, which could be avoided by paced
respiratory instructions. This investigation indicates that end-expiration breath-hold period of at least 9 s might be used to
measure the cerebrovascular reactivity. This time period resulted in distinct BOLD signal changes and could be performed easily.
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Introduction

Moyamoya disease (MMD) is a cerebrovascular disease that
leads to progressive stenosis of terminal parts of the internal
carotid arteries (ICA) and the circulus ofWillis. The reactively
formed collateral vessels serving to maintain the cerebral
blood flow (CBF) remind on angiograms of MMD patients

of “puff of smoke” (Japanese: “moyamoya”) and therefore
gave the disease its name. The most frequent symptoms of
patients with MMD are ischemic or hemorrhagic strokes and
transient ischemic attacks (TIA) [1, 2]. A causal therapy op-
tion does not exist; the treatment is merely symptomatic, for
example, bypass surgery between terminal vessels of the in-
ternal carotid artery (ICA) and external carotid artery system
[3]. Angiography currently receives the most attention in di-
agnostics [1, 2]. However, the indication for surgical therapy
is based on evidence of reduced cerebrovascular reactivity
(CVR) through functional perfusion imaging [4]. Nuclear
medicine imaging techniques are much used to investigate
the cerebrovascular reactivity, but are limited available due
to the requirement of short-lived radiopharmaceutical tracers
and relatively expensive [5]. Functional magnetic resonance
imaging (fMRI) technique can also be employed in clinical
routine to determine remaining cerebrovascular reactivity at
patients with MMD using the exogenous vasoactive stimulus
acetazolamide (ACT) [6] or hypercapnic challenges such as
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inhalation of CO2-enriched gas [7–10] or breath-holding [11].
Hypercapnia is known to induce cerebral vasodilatation in
healthy brain tissue and increased cerebral blood flow (CBF)
[6]. The resulting altered ratio of paramagnetic deoxy-
hemoglobin to diamagnetic oxy-hemoglobin in venules leads
to blood-oxygen-level-dependent (BOLD) signal increase due
to different magnetic susceptibility [12]. In vascular territories
with insufficient CVR, reduced increase in perfusion during
hypercapnic stimulation is expected, as the vessels are chron-
ically in a state of maximum dilatation to maintain cerebral
blood flow. Therefore, in patients with MMD, the BOLD
signal increase is not supposed to be observed in the patho-
logical vascular territories. In the case of a vascular steal phe-
nomenon, the blood flow in the affected area is even reduced
at the expense of adjacent tissue and a signal drop can be
measured [10, 13]. Breath-hold technique can be a well-
practicable method to achieve hypercapnia. It is non-
invasive and does not require any additional equipment [14,
15], but leads to similar BOLD signal changes as the inhala-
tion of CO2-enriched gas mixtures [15].

A recent retrospective study showed that in patients with
MMD, the hypercapnia-triggered fMRI by use of short breath-
hold periods leads to comparable results to the more complex
and expensive positron emission tomography (PET) with ac-
etazolamide challenge [11]. An open question in this investi-
gation was the necessary duration of the breath-hold periods
for clinical use. Therefore, our aim was to investigate prospec-
tively the required minimum breath-hold duration to detect
distinct BOLD signal increases in healthy brain tissue. This
time period might be used in clinical routine to distinguish
pathological vascular territories where no signal increase can
be measured. A compromise between reliable change in the
BOLD signal intensity and the patients’ tolerance limit is nec-
essary. Long breath-hold periods are associated with difficul-
ties in carrying out the tasks, particularly for patients with
limited state of health; too short breath-hold periods do not
provide sufficient BOLD signals. In the implementation of
breath-hold tasks, a distinction is made between breath-hold
(BH) following inspiration (end-inspiration) [12, 16–18] and
BH following expiration (end-expiration) [11, 12, 19–23]. BH
periods after expiration are supposed to lead to earlier and
higher signal increases [21]. Furthermore, after end-
expiration BH periods, less signal variability is expected than
after end-inspiration BH periods, where differing inspiration
depth might occur [24], attributable to the fact that lungs,
diaphragm, and chest are in an equilibrium state after expira-
tion [23]. To abbreviate the time period where subjects are
required to stop breathing and to ensure high reproducibility,
we decided to investigate end-expiration BH periods.

Additionally, we performed a task with a paced breathing
rhythm to prevent unexpected BOLD signal changes due to
irregularities in the respiration of the subjects and compared
the signal time courses during paced and self-paced breathing.

Methods

A prospective functional MRI study of healthy subjects and a
retrospective comparison with the data of one patient with
moyamoya disease were performed.

Subjects Fourteen healthy subjects (10 female, 4 male, mean
age: 25, range: 21–40) without known cerebrovascular disease
were included in this study. Written informed consent was
obtained from each participant after the design of study was
explained. The study protocol was approved by the local
Ethics Committee.

Additionally, data of one patient with unilateral moyamoya
disease was evaluated. The data was acquired during a routine
MRI scan to evaluate cerebral reserve capacity before extra-
intracranial bypass surgery. The patient presented to our hos-
pital after multiple small ischemias were detected during a
workup for recurrent hypesthesia of the left arm. The patient
consented to the evaluation and publication of the acquired
data.

MRI Data Acquisition Subjects’ experiments were performed
on a 3-T scanner (Siemens MAGNETOM Trio Tim syngo MR
B17, Erlangen, Germany). A standard 20-channel head coil
was used for imaging. The data was measured by means of a
T2*-weighted echo-planar imaging sequence with the follow-
ing parameters: TR 3000 ms; TE 36 ms; flip angle 90°; 3 mm
slice thickness, 34 slices, FOV 245 mm, matrix size 96 × 96;
TA 6:53, resolution: 2.6 × 2.6 × 3.0 mm, 135 measurements.

Physiological Monitoring During the examination, subjects
were positioned supine on the scanner table.

The respiratory movements of 11 subjects were measured
with a pneumatic abdominal belt. For technical reasons, the
respiratory movement of 3 subjects could not be measured.

Experimental Paradigm Each subject performed 4–8 tasks
with different respiratory paradigms during separate func-
tional scans. Each scan consisted of five repetitive cycles
with a duration of 69 s. Each cycle included two blocks: the
breath-hold block and the breathing block. As shown in
Fig. 1, each cycle ended with the breath-hold block. After
the last period, an additional time period with a duration of
60 s was performed to detect time-delayed signal changes.
During the breath-hold blocks, subjects were instructed to
hold their breath for 3, 6, 9 or 12 s (BH time) according to
the different conditions. During the breathing blocks, sub-
jects were asked to maintain natural breathing in their own
rhythm for66, 63, 60, or 57 s (BN time), dependingon theBH
time (3, 6, 9, or 12 s).Breathingblocks included apreparation
stage duringwhich subjectswere asked to breathe in (2 s) and
breathe out (3 s) to initiate the breath-hold period after expi-
ration. Respiratory instructions were given verbally.
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Subjects were instructed to avoid deep inspiration before the
BH period.

The 12-s BH task was performed by 9 subjects, the 9-s BH
task by 14 subjects, the 6-s BH task by 10 subjects, and the 3-s
BH task by 9 subjects. The reason for the different numbers of
subjects performing the task was limited measuring time. To
assess the intra-subjects’ variability, one of the 14 subjects
performed the 9-s BH task 6 times on two different days (1
measurement on day one, 5 measurements 8 months later). In
total, the 9-s BH task with altering self-paced breathing was
therefore performed 19 times.

To analyze the signal time course without signal changes
due to irregularity in the subjects’ natural breathing rhythm, a
9-s paced breathing task was performed additionally by 8
subjects. Within this task, subjects were only allowed to
breathe when the instructions “breathe in” and “breathe out”
were given during BN time. The respiratory frequency was
chosen at 12 breaths/min, with 2-s inspiration and 3-s
expiration.

MRI Data Processing and Analysis Image were preprocessed
using Statistical Parameter Mapping (SPM12) (https://www.
fil.ion.ucl.ac.uk/spm/) running on MATLAB (R2018b (The
MathWorks, Inc., Natick, Massachusetts; http://www.
mathworks.com)). Images were converted to Analyze format
in NIfTI (Neuroimaging Informatics Technology Initiative)
and then slice time corrected to compensate the different
points in time of image acquisition, realigned to correct
subjects’ head movement, normalized to standard MNI
(Montreal Neurological Institute) space, and spatially
smoothed by a Gaussian kernel of 8 mm full width at half
maximum.

All further processing of the data was performed using a
script programmed in MATLAB (R2018b (The MathWorks,

Inc., Natick, Massachusetts; http://www.mathworks.com)).
Four templates (territories of anterior cerebral artery (ACA),
middle cerebral artery (MCA), posterior cerebral artery (PCA)
, and cerebellar vascular territories) based on the arterial transit
time based flow territories [25] were utilized. The results were
averaged and presented as a common signal course. The
percentage of signal change was calculated from the raw
data relative to baseline level, which was seen 42–60 s after
the beginning of the breath-hold period. The signal time
course was averaged over 5 time periods. The vertical yellow
lines in Fig. 2 indicate the 5 time periods over which averag-
ing was done. In order to map the time-delayed signal change,
these 5 periods were time-shifted to the 5 cycles of the instruc-
tions. Figure 2b shows an exemplary resulting signal course
after averaging over the 5 periods. In order to compare the
effects of different respiratory paradigms, results of identical
paradigms were grouped together and averaged over all
subjects.

As seen in Table 1, the maximum signal change, stan-
dard deviation of the maximum signal change, and time to
peak (TTP), that is defined as the time from the beginning
of the BH period to maximum signal increase, were calcu-
lated. A single sample t test was applied to assess the max-
imum BOLD signal changes of all measurements of each
task at the expected TTP (12-s BH task: 24 s, 9-s BH task:
21 s, 6-s BH task: 18 s, see Table 1). The 3-s BH task did
not show a signal increase analogous to the results of lon-
ger BH duration. Therefore, 15 s was defined as TTP ac-
cording to the findings of the other results. A paired sample
t test was performed to test the differences between the
BOLD signal changes after breath-hold periods of different
durations at the expected TTP comparing the results of all
subjects who performed all tasks. p < 0.05 was considered
statistically significant.

Fig. 1 Bottom: BOLD-functional
MRI activation paradigm: 5
repetitive cycles including BN
time (yellow) and BH time (red).
The 5 cycles of 69 s (23
measurements) each were
followed by 60 s (20
measurements) of regular
breathing. Top: detailed view: one
cycle consists of the instructions
“breathe normally,” “breathe in”
(i), “breathe out” (o), and “do not
breathe”
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To evaluate the reproducibility, the intra-subject’s variabil-
ity was estimated by calculating of the coefficient of variation
(CV) (standard deviation/mean) of the maximum signal in-
crease and the TTP among the 6 measurements of one subject.
We calculated the maximum signal changes during the ex-
pected time period (TTP ± 3 s) of each measurement of all
BH paradigms in order to compare the reproducibility of sig-
nal increases between the BH paradigms of different BH
duration.

To investigate differences between the signal time courses
during the paced and the self-paced breathing task, the ampli-
tude of the maximum signal change and the TTP of all mea-
surements of both tasks were compared by means of a two-
sample t test. In addition, to compare the inter-trial variability
during the paced and the self-paced breathing task, the coeffi-
cient of variation between all 5 signal increases of one single
measurement was calculated. The signal increases were de-
fined as the difference of the lowest BOLD signal value after
the beginning of the BH period and the following highest
signal value. The coefficients of variation of all subjects
performing paced and self-paced breathing tasks were com-
pared by use of a paired sample t test.

Activation maps of one exemplary subject and one pa-
tient with MMD during the identical 9-s BH task were
calculated by voxel-wise integration of the signal time
course during the time period of the expected maximum
signal increase (TTP ± 6 s). The integral values of a time
period, in which we did not expect any signal changes,
but baseline signal (27–39 s after the end of the BH peri-
od), were subtracted. The maps show the integral values
of each voxel relative to the mean integral values of the
cerebellum. The cerebellum was selected as region of ref-
erence, because in patients with MMD, the vessels sup-
plying the cerebellum usually do not reveal MMD-typical
stenosis.

Results

Evaluation of Respiratory Movement

No subject reported any difficulties executing the respiratory
instructions. Evaluation of the respiratory movement monitor-
ing revealed that all subjects except one respected the BH
periods of 3 to 12 s, and that the BH periods were carried
out in end-expiration. Because of irregularities in the subject’s
breathing rhythm and incorrect execution of the respiratory
instructions, the results of this subject were not included in
the evaluation.

However, it was noticeable by breath monitoring that
some subjects carried out the inspiration immediately be-
fore the BH period in a deeper way. In some of these
cases, the respiratory instruction “breathe in” fell into a
period of their self-paced breathing rhythm inspiration.
During the paced breathing task, a steady breathing
rhythm with uniform respiratory rate and inhalation depth
was observed.

Fig. 2 a Signal time course of one exemplary subject performing the 9-s
breath-hold task. The phases in which the subject did not breathe are
marked by green rectangles. The vertical yellow lines symbolize the
start and end of the five periods over which averaging was done. b

Signal time course of the exemplary subject averaged over the five
periods. The percentage BOLD signal change is shown as percentage
increase compared with baseline level. The green rectangle marks the
BH period

Table 1 Overview of the measurements of different BH time

Breath-hold time 12 s 9 s 6 s 3 s

Percent signal change [%] 0.9* 0.8* 0.3* na

Standard deviation [%] 0.3 0.1 0.2 na

TTP (time to peak) [s] 24 21 18 na

Number of evaluated measurements 8 13 9 9

na not applicable due to missing peak

An asterisk (*) marks significant values at p < 0.05
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Signal Changes After Variable BH Time

As seen in Fig. 3, tasks of variable BH time (12 s, 9 s,
6 s) led to similar shapes of signal time courses, although
the maximum signal changes and the TTP differed.
Significant BOLD signal increases could be detected after
breath-hold periods of 12 s (p < 10−4), 9 s (p < 10−8), and
6 s (p < 10−2). The prolongation of the BH period was
accompanied by an increase in the maximum BOLD sig-
nal. The 12-s and 9-s BH task resulted in maximum signal
changes of 0.9% and 0.8%, while the 6-s BH period led to
signal changes of only 0.3%. During the 3-s BH task, no
significant BOLD signal increase comparable to the mea-
surements with longer BH time could be observed. The
results of the paired sample t test revealed that the BOLD
signal values after BH periods of 9 s were significantly
higher than after BH periods of 6 s (p < 10−2). The differ-
ences between the BOLD signal values after BH periods
of 9 and 12 s were not significant. The TTP of the max-
imum signal increase was later when the breath-hold du-
ration was lengthened (12-s BH task: 24 s, 9-s BH task:
21 s, 6-s BH task: 18 s). Before the maximum signal
increase, significant (p < 10−5) initial signal peaks could
be detected, achieving their maximum (0.3%) 3 s after the
start of the breath-hold periods. Table 1 gives an overview
of the percentage signal change, standard deviation, TTP,
and the number of test runs. As seen in Fig. 4, distinct
signal increases during the expected time period were

measured in all measurements after BH periods of 9 and
12 s. After BH periods of 3 and 6 s, the expected signal
increase could not be reliably observed in all measure-
ments. In some cases, only small or even negative signal
changes during the expected time period were detected.

Intra-Subjects’ Reproducibility

All 6 test runs of one subject, who performed the iden-
tical BH task on two different days, revealed distinct
signal increases. Figure 5 shows the averaged signal time
course of the 6 results of one subject, and the time
course ± the corresponding standard deviation of each
measurement point. Significant BOLD signal increases
(p < 10−3) of 1.1% on average were detectable. The stan-
dard deviation at the time point of the maximum signal
increase accounted for 0.1%, and the coefficient of var-
iation was 0.09. The mean TTP was 21.5 s. The standard
deviation of TTP amounted to 1.2 s and the coefficient
of variation was 0.06.

Paced Versus self-Paced Breathing

Comparing the signal time course of the paced breathing
task and the task with self-paced breathing (Fig. 6), no
significant differences in the TTP (mean TTP in both
tasks: 21 s) and the maximum BOLD signal changes
(paced breathing task: 0.9% versus self-paced breathing

Fig. 3 Signal time courses of
different BH time averaged over
the five periods and over all
subjects. The first thick vertical
black line symbolizes the
beginning of the BH period of all
measurements. The 4 colored
rectangles represent the BH time
of the different measurements.
The graphs are presented in the
corresponding color
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task: 0.8%) were seen. As opposed to the self-paced
breathing task, no significant additional initial peak (see
asterisk (*) at Fig. 6) could be detected during the paced
breathing task, whereas a stable baseline level before the

expected main signal increase was observed. During the
self-paced breathing task, the initial peak was observed in
all measurements. By using paced respiratory instructions,
the initial peak could be completely avoided in 7 of 8

Fig. 4 Comparison of the
maximum BOLD signal changes
during the expected time period
(TTP ± 3 s) of all measurements
of the BH tasks of different
duration. The measurements are
sorted in ascending order by
amplitude of the maximum signal
changes. BH periods of 9 and 12 s
resulted in distinct signal
increases during the expected
time period in all measurements,
while after BH periods of 3 and
6 s, in some cases, only small or
even negative signal changes
were measured

Fig. 5 Signal time course of one
subject performing 6 test runs of
the 9-s BH task: the black line
represents the mean signal time
course averaged over all test runs
and all 5 periods. The blue lines
visualize the signal time course ±
the standard deviation at the
corresponding time point
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measurements. During the paced breathing task, the
BOLD signal recovered slightly later to baseline level.
The investigation of the inter-trial variability by compar-
ing the coefficient of variation of the 5 signal maxima of
one measurement during paced (0.24) and self-paced 9-s
BH task (0.23) revealed no significant differences. One
subject with irregular breathing rhythm showed a more
stable baseline level after the signal increase during the
paced breathing task than during the self-paced breathing
task.

Activated Regions

As seen in Fig. 7a, the map of one healthy subject showed
global symmetrical activation in the gray matter of the whole
brain. Distinct BOLD signal increases were detectable in the
vascular territories of the ACA, the MCA, the PCA, and the
cerebellum, with no relevant differences between the right and
left hemisphere (Fig. 8a). The map of the patient with MMD
(Fig. 7b) revealed an asymmetric distribution pattern of acti-
vated brain regions. Compared with the reference region of
the unaffected cerebellum, distinctly reduced activation was
measured in some regions of gray matter. Particularly, the
vascular territories of the right MCA, where multiple small
ischemias were detected, revealed lower activation compared
with the left hemisphere. The lower activation in the vascular
territories of the right MCA was also evidenced by the re-
duced signal increase in this region, whereas the signal time

course of the left MCA territory showed a nearly normal re-
sponse curve (Fig. 8b).

Discussion

Signal Changes After Variable BH Time

One of the major findings of this study is that significant
global BOLD responses can be detected after BH periods of
6, 9, and 12 s, whereas BH periods of 3 s do not induce
significant global signal increases. Another important finding
is that the BOLD signals after BH periods of 9 s were signif-
icantly higher than after BH periods of 6 s, while the extension
from 9 to 12 s revealed no significant additional signal in-
crease. After BH periods of 9 and 12 s, the expected signal
increases were observed in all measurements, but shorter BH
periods did not result in reliable signal increases. Therefore, in
clinical diagnostics, BH periods of at least 9 s seem to be
advisable. This assumption is also supported by the high
intra-subjects’ reproducibility after BH periods of 9 s.

Long BH periods, especially after expiration, might be dif-
ficult to perform for sick and elderly patients. Particularly,
patients with cardiopulmonary diseases may have problems
performing long BH periods. As shorter BH periods are easier
to execute and BH periods of 9 and 12 s lead to comparable
results, BH periods of 9 s might be recommended [26, 27].

The suitability of the method to measure the cerebrovascu-
lar reactivity in clinical routine by use of short end-expiration

Fig. 6 Comparison of the mean
signal time courses of the 9-s BH
task during self-paced breathing
and paced breathing of all
subjects who performed the
respective task. The green
rectangle marks the BH period.
The asterisk (*) marks the initial
signal increase during the self-
paced breathing task which
cannot be seen during the paced
breathing task
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BH periods of 9 s was demonstrated exemplarily in one pa-
tient with MMD. In the evaluation of the BOLD signal time
courses, as well as in the activation maps, reduced cerebrovas-
cular reactivity was detected in the vascular territories of the
affected vessel. The comparison of the maps of one healthy
subject and a patient with MMD revealed that the reduced
cerebrovascular reactivity of territories of moyamoya-typical
stenosed vessels could be visualized by use of the 9-s breath-
hold paradigm.

This is consistent with the analysis of Hauser et al. in which
breath-hold periods of 9 s resulted in comparable estimation of

the cerebrovascular reactivity of patients with MMD as the
diagnostic gold standard H2

15O PET/CT with ACZ challenge
[11].

Abbott et al. investigated short end-expiration BH pe-
riods as a confounding factor of functional MRI and con-
cluded that BH periods of 3 s could lead to focal regions
of activation that might impact fMRI experiments [28].
Our investigation revealed that BH periods of 3 s are
not suitable to detect global activation in the gray matter,
as it is required to access the cerebrovascular reactivity of
patients with MMD. The results are in accordance with

Fig. 8 BOLD signal time course of different regions (cerebellum, left
posterior cerebral artery (PCA-1) right posterior cerebral artery (PCA-r),
left middle cerebral artery (MCA-l), right middle cerebral artery (MCA-
r), left anterior cerebral artery (ACA-l), right anterior cerebral artery
(ACA-r)) averaged over the 5 periods in one healthy subject (a) and

one patient with moyamoya disease (b). a Comparable signal increases
in all regions indicate a symmetrical increase in perfusion in all regions
during vasodilative stimulation. bReduced signal increase is visible in the
vascular territories of the right middle cerebral artery, indicating limited
increase in perfusion during global dilatative stimulation

Fig. 7 Activation map of one exemplary healthy subject (a) and one
patient with moyamoya disease (b) during the 9-s BH task calculated
by voxel-wise integration of the signal time course. The color bar
represents the integral values relative to the integral values of the

cerebellum. Breath-hold fMRI of the patient with moyamoya disease
showed severe reduction of cerebral reserve capacity in the territory of
the rightmiddle cerebral artery (MCA) caused by an occlusion of the right
MCA which was only supplied by multiple small collaterals
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the findings of Hsu et al., who detected significant BOLD
signal changes in the thalamus after end-expiration BH
periods of at least 5 s [20]. Hsu et al. also remarked the
tendency that the gain in signal increase with the length-
ening of BH period became smaller when the BH time
was longer than 10 s [20]. End-inspiration BH tasks are
not suitable for direct comparison as they are supposed to
result in smaller signal increases [12]. Magon et al. de-
tected BOLD signal values after end-inspiration BH pe-
riods of 15 s in the cortical gray matter comparable to the
values after end-expiration BH periods of 9 s in this in-
vestigation [17]. According to Magon et al., end-
inspiration BH periods of 9 s result in too high variability
of the magnitude of the response when comparing the
intra-subjects’ reproducibility [17]. The intra-subjects’
comparison in this study revealed good reproducibility
after end-expiration BH periods. The different BOLD sig-
nal values after end-inspiration and end-expiration BH
periods could be explained by the larger volume of air
in the lungs after inspiration that leads to a slower reduc-
tion in PaO2 (partial pressure of O2 in arterial blood) and
rise in PaCO2 (partial pressure of CO2 in arterial blood)
during apnea [29] than after expiration. After end-
inspiration BH periods, even an initial PaCO2 decline
and PaO2 increase was described [12]. The lager gas vol-
ume after inspiration facilitates equalization between the
partial pressures of O2 and CO2 in arterial blood and the
gas pressures in the lungs. Conversely, the smaller lung
volume after expiration causes a faster CO2 increase due
to the reduced diffusion of CO2 from blood into the lungs.
The higher BOLD signal increase obtained favor end-
expiration over end-inspiration breath-hold periods if the
BH periods should be as short as possible. We conducted
a 3-s phase of expiration before the beginning of the BH
periods to ensure that the BH periods were performed
after expiration. This could be recommendable in clinical
routine to ensure that the subjects stop breathing in a
timely matter and that the BH periods are definitively
performed after expiration.

Paced Versus Self-Paced Breathing

In addition to the expected signal increase, we observed a
significant initial peak of smaller amplitude before the start
of the expected peak in the measurements when the subjects
could breathe self-paced. We attribute this additional signal
change to the fact that the subjects sometimes inhaled deeply
immediately before the BH period despite explicit instructions
to refrain from doing so. Deep inspirations before the breath-
hold periods were proven by breath monitoring by use of a
pneumatic abdominal belt. On the one hand, the reason for this
may be a deliberately too deep inhalation due to the preceding
breath-hold period. On the other hand, subjects could

inadvertently have inhaled too deeply when the instruction
“breathe in” falls into a period when they inhaled currently
due to their natural breathing rhythm. An additional peak that
occurs nearly at the beginning of the BH period and before the
expected signal increase was also observed in previous end-
inspiration BH studies [16, 17]. Deep inhalation directly prior
to end-expiration BH periods as seen in our measurements
might cause similar physiological reactions to end-
inspiration BH periods. In this study, the initial peak could
be avoided by paced respiratory instructions. Due to continu-
ous instructions, the subjects were not forewarned by the sud-
den command “breathe in” or interrupted in their natural
rhythm and therefore carried out the last inspiration before
the BH period in normal depth. The exact mechanism behind
the signal increase after deep inhalation has not been clarified.
The emergence of BOLD signal changes is supposed to be an
interplay of intrathoracic pressure changes [18, 24, 30] that
could occur during deep inhalation, alterations in the delivery
of oxygen [31, 32], and delayed effects of variations in CO2

[19].
In consequence, paced breathing instructions seem to be

useful to rectify the signal time course from unexpected
signal changes. However, when comparing the expected
signal increases attributable to hypercapnia, no relevant
differences in the signal time courses were noticeable.
The comparison of the signal time courses after paced
and self-paced breathing showed neither significant differ-
ences in the amplitude of the maximum signal change, nor
in the TTP, nor in the inter-trial variability. Only a slightly
time-delayed signal recovery to baseline level during the
paced breathing task was observed that might be explained
by the limited possibility to normalize the altered CO2

concentration by means of increased respiration frequency
after the breath-hold period. Therefore, we assume that the
initial peak has no distinct effect on the further relevant
signal time course and negligible relevance for clinical di-
agnostics. The examination of inter-trial variability re-
vealed that paced breathing did not lead to a significant
improvement in variability compared with self-paced
breathing. Scouten et al. found out that paced breathing
between end-expiration BH periods of 20 s lowers variabil-
ity between trials. They explained the lower variability
with the observation of a more significant post-breath-
hold signal undershoot present in self-paced runs. The time
period of 40 s between two BH periods of 20 s was too
short for signal recovery to baseline. In this investigation,
BH periods of 9 s were altered with normal breathing of
60 s and therefore the time period was long enough for
signal recovery to baseline. Moreover, we observed only
rarely post-breath-hold undershoots which could be attrib-
utable to the shorter BH period. However, paced breathing
instructions might be helpful to avoid BOLD signal vari-
ability in patients with very irregular breathing rhythm.
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Potential Clinical Applications

Reduced cerebrovascular reactivity can be used to assess the
severity of cerebrovascular diseases and constitutes an impor-
tant risk factor for ischemic stroke [33, 34]. The evaluation of
CVR can serve as an indication for neurosurgical revascular-
ization [3, 4, 11, 14, 35–38], as well as the evaluation of the
clinical outcome after cerebrovascular interventions [35–38].

The estimation of the cerebrovascular reactivity and the
hemodynamic impairment to assess the risk of stroke is useful
not only in patients with MMD but also in patients with other
cerebrovascular diseases such as carotid artery stenosis
[39–43]. Potential applications also include the diagnosis of
gliomas [44, 45]. Furthermore, reduced cerebrovascular reac-
tivity is thought to be associated with a prognostic risk of
dementia [46].

As opposed to nuclear medicine imaging techniques, such
as H2

15O PET/CT, which is currently the gold standard tech-
nique in functional perfusion imaging to estimate the CVR,
CO2-triggered BOLD fMRI is a widely available and less
expensive method for the hemodynamic evaluation [39].
Breath-hold fMRI is an easily feasible technique that does
not require the use of exogenous contrast agents or additional
equipment. No doubt, the need for patient cooperation consti-
tutes a disadvantage. To overcome this disadvantage, patient
respiratory movements could be monitored by use of a respi-
ratory belt to ensure correct execution of the breath-hold pe-
riods. Another way of verifying patient compliance is to eval-
uate the signal time course of the cerebellum, where distinct
BOLD signal increases are expected, and to exclude individ-
ual breath-hold periods from further evaluation, in which the
expected cerebellar response curve is not observed [11].
Dlamini et al. recently showed that breath-hold paradigms
are well feasible even for children and lead to reliable results
[47]. Therefore, breath-hold-triggered BOLD fMRI might be
a promising technique for the implementation in clinical
assessment.

Limitations

One limitation of our study was the young age of the subjects.
The effect of age on cerebrovascular reactivity is controver-
sially discussed [30, 48]. In the case of an age-dependent
decline in the cerebrovascular reactivity, it might be possible
to detect smaller BOLD signal changes in healthy brain tissue
of older patients than in the younger subjects of this study.
Furthermore, partial pressures of CO2 and O2 were not mon-
itored during data acquisition. Therefore, it could not be en-
sured that the detected signal changes were exclusively due to
breath-hold-induced hypercapnia. Since no real-time monitor-
ing of the CO2 pressure was performed, the BOLD signal
changes could not be shown in relation to the CO2 change
and only relative BOLD signal changes and a semi-

quantitative analysis relative to the cerebellum could be pre-
sented. In addition, the influence of baseline CO2 levels on the
further signal time course could not be investigated. In clinical
routine, differing baseline CO2 levels in the lungs of patients
with respiratory disorders compared with those of healthy
individuals might impact the degree of CO2 increase during
breath-hold and the BOLD signals [14].

Conclusions

The investigation of the influence of short end-expiration
breath-hold periods on the BOLD fMRI signal revealed that
a breath-hold duration of at least 9 s leads to distinct global
BOLD signals that might be used to distinguish tissue of dif-
ferent cerebrovascular reactivity. Before the expected BOLD
signals, we identified additional BOLD signal changes when
the respiratory rhythm was not paced by the investigators.
These changes can be avoided by continuously paced breath-
ing instructions.

In conclusion, the use of end-expiration breath-hold pe-
riods of at least 9 s is recommended for the use of CO2-trig-
gered fMRI technique to estimate the cerebrovascular reactiv-
ity, for example in patients with moyamoya disease. It seems
to be a promising technique that is easily feasible and readily
available.
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