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ABSTRACT Compensatory ventilatory responses to in-
creased inspiratory loading are essential for adequate breath-
ing regulation in a number of pulmonary diseases; however,
the human brain sites mediating such responses are unknown.
Midsagittal and axial images were acquired in 11 healthy
volunteers during unloaded and loaded (30 cmH,0; 1 cmH,0
= 98 Pa) inspiratory breathing, by using functional magnetic
resonance imaging (fMRI) strategies (1.5-tesla MR; repetition
time, 72 msec; echo time, 45 msec; flip angle, 30°; field of view,
26 cm; slice thickness, 5 mm; number of excitations, 1; matrix,
128 x 256). Digital image subtractions and region of interest
analyses revealed significantly increased fMRI signal inten-
sity in discrete areas of the ventral and dorsal pons, interpe-
duncular nucleus, basal forebrain, putamen, and cerebellar
regions. Upon load withdrawal, certain regions displayed a
rapid fMRI signal off-transient, while in others, a slower
fMRI signal decay emerged. Sustained loading elicited slow
decreases in fMRI signal across activated regions, while
second application of an identical load resulted in smaller
signal increases compared to initial signal responses (P <
0.001). A moderate inspiratory load is associated with con-
sistent regional activation of discrete brain locations; certain
of these regions have been implicated in mediation of loaded
breathing in animal models. We speculate that temporal
changes in fMRI signal may indicate respiratory after-dis-
charge and/or habituation phenomena.

Adequate perception and response to added inspiratory loads
is an essential component for ventilatory regulation in a
number of pulmonary diseases. Diminished perception to
respiratory loads (1) or reduced voluntary activation of the
diaphragm (2) have been recently documented in asthmatic
patients and appear to play a significant role in abrupt onset
of respiratory failure or sudden death in asthma (3). Reversibly
diminished ventilatory compensation to added inspiratory
loads also occurs in patients with moderate to severe obstruc-
tive sleep apnea syndrome during wakefulness (4), indicating
that inappropriate respiratory load responses are common
across multiple lung diseases.

External application of mild to moderate inspiratory resis-
tive loads results in prolongation of inspiratory time and
inspiratory drive and reduces breathing frequency but results
in almost no change from baseline minute ventilation (5-7).
The findings suggest exquisite regulation of breathing for
metabolic needs in normal subjects undergoing short-duration
loads by close integration of neural systems mediating inspira-
tory and expiratory timing. Coordination of such timing de-
pends heavily on the integrity of pontine regions (8), which
receive substantial mechanoreceptor input from vagal affer-
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ents. Animal evidence suggests that, in addition to pontine
regions, cerebral, forebrain, midbrain, and cerebellar struc-
tures exert facilitatory influences on respiratory pattern gen-
eration underlying responses to ventilatory loads (9-11). Cen-
tral respiratory control regions must also integrate diverse
afferent inputs from other sensors, including chemoreceptors,
to generate ventilatory output sufficient to maintain a narrow
homeostatic range for blood gases.

However, the location of brain structures mediating venti-
latory responses to inspiratory loads in humans remains spec-
ulative and can only be inferred from correlations between
defined brain lesions and specific ventilatory disturbances (12,
13). Determination of such locations and the time course of
responses within these sites would provide important theoret-
ical insights into normal ventilatory control mechanisms and
assist in determination of mechanisms that mediate disrupted
control in pulmonary disease.

Functional magnetic resonance imaging (fMRI) techniques
provide a noninvasive procedure to visualize human brain sites
activated to specific stimuli or tasks (14-17). Such procedures
showed that regional neural activation follows central chemo-
receptor excitation induced by changes in inspired CO, con-
centrations (18). Furthermore, hypercapnia induced wide-
spread distribution of activated sites, suggesting that multiple
brain structures underlie the overall response to increased
CO,. By using fMRI strategies, we aimed to localize brain
regions participating in the response to added inspiratory loads
in healthy human subjects. Portions of this work have been
presented (19).

METHODS

Subjects. Eleven healthy volunteers (nine males and two
females), aged 27-48 years, were studied, after giving in-
formed consent. The study was approved by the Institutional
Review Board at UCLA.

MRI. Imaging was performed with a 1.5-tesla MR scanner
(General Electric Signa System, Milwaukee, WI), using a
standard head coil, at-the UCLA Center for the Health
Sciences. To minimize subject and head movement during the
scanning procedure, appropriate attachments with snug-fitting
foam were used. Routine T1-weighted coronal and sagittal
scout images were performed to identify the planes for sub-
sequent imaging.

Spoiled gradient acquisition in a steady-state imaging was
performed by using the following parameters: repetition time,
72 msec; echo time, 45 msec; flip angle, 30°% 128 X 256 matrix;

Abbreviations: MR, magnetic resonance; MRI, MR imaging; fMRI,

functional MRI; ROI, region of interest.
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number of excitations, 1; field of view, 26 cm with a 5-mm slice
thickness. Images were acquired from three different planes
during baseline and inspiratory loading conditions: one sagittal
plane slightly off midline (Fig. 14), and two axial planes—
across the pons (Fig. 1C, plane a) and across the cerebral
peduncles (Fig. 1C, plane b). Each scan required ~9.5 sec.
Stability of the MR unit was verified with serial spoiled
gradient acquisition in a steady-state imaging of a standard
Daily Quality Assurance phantom (model 46-28297861; GE
Medical Systems). Sixty images were intermittently obtained
over an 18-min period, and no signal drift was observed. The
average signal variation ranged from 0.18 to 0.34% in high and
low signal intensity regions of the phantom, respectively.
Test Protocol. Subjects were imaged while lying comfortably
in the scanner and breathing via a mouthpiece through a
two-way nonrebreather respiratory valve (Hans Rudolph, Kan-
sas City, MO) with nose clips. The dead space of the system was
~40 ml, and resistance to airflow was determined at <0.012
cmH,O per liter per min for flow rates ranging from 0 to 200
liters/min (1 cmH,O = 98 Pa). Fifteen images were acquired
during baseline unloaded conditions. Subjects then breathed
through a flow-resistive load or resistor applied to the inspira-
tory limb of the nonrebreather valve, which consisted of a
plastic tube 4 mm in diameter and 100 mm in length, eliciting
an approximately constant resistance of 30 cmH,O per liter per
sec at flows between 5 and 30 liters/min. A second set of 15
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images was obtained, after which the load was removed, and 60
additional images were consecutively acquired. At this point, the
load was reapplied, and 45 images were successively obtained.

Ventilatory Measurements. In four subjects, ventilatory
measurements during unloaded and loaded conditions were
performed while the subject was in the supine position and
breathing through the same respiratory apparatus used for
scanning procedures. PO, and Pco, were sampled continu-
ously at the expiratory port of the breathing valve and analyzed
by using a mass spectrometer on a breath-by-breath basis
(Perkin-Elmer 1100 medical gas analyzer; Applied Science
Division, Pomona, CA). Flow was measured by using a heated
pneumotach and a pressure transducer (Valydine, Northridge,
CA). Breath-by-breath tidal volume was obtained by analog
integration of the flow signal. All outputs were recorded on a
Gould polygraph strip chart recorder (Gould, Rolling Mead-
ows, IL).

Inspiratory time, total time, tidal volume, and end-ex-
piratory CO; tension were measured for each breath, and from
these assessments, respiratory rate and minute ventilation
were calculated.

Data Analysis. Images from each subject were transferred to
a Sun Sparc Station 2 (Sun Microsystems, Mountain View,
CA). Each image collected under the experimental condition
was digitally subtracted from the average image obtained
during baseline by using an image processing routine written in

16%

2%

FiG. 1. (A) Coronal T1 section in one subject. Red line indicates the fMRI sagittal imaging plane. (B) Midsagittal T1 image in one subject.
Regions revealing significant fMRI signal enhancements during application of an inspiratory resistive load in all 11 subjects are shown on a
pseudocolored scale in which each pixel was assigned either a transparent value, when fMRI signal change did not achieve statistical significance,
or a pseudocolored scale rank corresponding to a statistically significant percent signal increase. The pseudocolored scale colors range from green
(fMRI signal increase of 2%) to red (maximal fMRI signal increase of 16% as indicated). (C) Sagittal T1 image in another subject to illustrate
the slice locations chosen for axial fMRI acquisitions. Red line a indicates a midpontine cut and red line b indicates midcerebral peduncle cut. (D)
Axial T1 image across the midpons in one subject. Regions revealing significant fMRI signal enhancements during application of an inspiratory
resistive load in 11 subjects are shown on a pseudocolor scale as described above. (E) Axial T1 image at the midcerebral peduncular plane in one
subject. Regions revealing significant fMRI signal enhancements during application of an inspiratory resistive load in 11 subjects are shown on a

pseudocolored scale as described above.
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ANSI C. The resultant subtraction images were then averaged
and subjected to ANOVA procedures on a pixel-by-pixel basis.
In addition, resultant gray-scale subtraction displays were pseudo-
colored with reference to a difference scale that corresponded to
a P value of <0.01. Region of interest (ROI) analysis for signal
intensity was performed for each image in regions determined
from visual inspection of activation images. Defined ROI, ranging
from 6 to 64 mm? (6-64 pixels), were placed in every activated
region, while avoiding visible vessels, inner table of skull, or
cerebrospinal fluid-containing areas. Average pixel intensities
from each ROI were obtained on all images from each subject to
generate signal intensity vs. time curves.

For each subject, percentage frame-by-frame changes from
baseline were calculated for each ROI by subtraction from the
average ROI value of the initial 15 frames. In addition, ROI
percent change was averaged across subjects for each image,
and ROl locations across different subjects were matched from
individual anatomical landmarks for graphic purposes.

Values for baseline and initial and subsequent inspiratory
loaded conditions were then subjected to ANOVA procedures
followed by post hoc tests using BMDP statistical software
(University of California, Berkeley). A P value of <0.05 was
required to reach statistical significance.

RESULTS

Activated Regions. Significant increases in fMRI signal
intensity occurred during inspiratory loads in several discrete
brain locations (Fig. 1). In the sagittal plane, two regions of the
dorsal pons, corresponding to the parabrachial region at the
level of the Vth motor nucleus and the locus coeruleus,
displayed activation patterns. More ventrally, increased activ-
ity developed in the basis pontis and, rostrally within the
midbrain, in the interpeduncular nucleus in the area of Tsai.
The basal forebrain and putamen and areas within the cere-
bellum (culmen and central vermis) displayed significant signal
increases (Fig. 1B). In the more caudally placed axial plane,
significant MR signal increases occurred in pontine and cer-
ebellar regions (Fig. 1D). Signal enhancements in regions
within the putamen of lentiform nucleus, close to globus
pallidus, were observed bilaterally and portions of tuber and
uvula cerebellar regions (Fig. 1E).

Signal Dynamics. Mean peak changes in the different
regions during initial stimulus application and mean peak
changes occurring during second load application are shown in
Table 1. In general, a significant decrease in the magnitude of
MR signal change was observed at all ROI sites in which a
significant signal response occurred with the second load.

Frame-by-frame signal analysis during initial load applica-
tion revealed two different MR signal off-transient patterns
(Fig. 2). In some locations, such as the basal pons, putamen,
and uvula of the cerebellum, an immediate signal return to
baseline occurred upon discontinuation of the resistor (Fig.
2B). In contrast, both dorsal and ventral pontine structures,
cerebellar vermis, and basal forebrain regions displayed a slow
signal decrease to baseline values, despite inspiratory load
removal (Figs. 24 and 3).

Sustained application of the inspiratory resistor resulted in
progressive MR signal decreases over time at all activation sites
to values similar to those measured during baseline conditions
(Fig. 4). The onset of significant signal decreases occurred
after ~3 min of constant added inspiratory resistance (range,
150-225 sec). Both onset and signal decrease rate over time
were similar for all activated sites.

Two subjects underwent a second identical study on a
different occasion (within 30 and 45 days, respectively), and
virtually identical signal increases and activated locations
emerged in both studies.

Ventilatory Measures. In all four subjects who underwent
ventilatory measurements, increases in inspiratory time (27.4
+ 7.5%) and tidal volume (22.4 * 4.5%) and decreases in
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Table 1. Peak changes in MR signal intensity in various regions of
interest upon application of an inspiratory load

% change
Site I I P value

Ventral pons

Sagittal 16.31 + 2.7 972+ 177  <0.001

Axial 144 *1.61 9.26 +3.08  <0.001
Dorsal pons

Sagittal 14.08 *+ 2.50 557121 <0.001

Axial 12.10 = 2.73 846 +292  <0.01
Cerebral peduncle

(sagittal) 11.15 = 145 8.71 £ 1.01 <0.005
Rostral cerebellum

Sagittal 9.59 + 0.97 548 +0.77  <0.001

Axial 8.6 *0.79 629 +1.12  <0.01
Caudal cerebellum

(sagittal) 6.94 + 1.55 4.53 +0.83 <0.02
Thalamus (sagittal) 7.95 £ 1.39 573 £1.33 <0.02
Hypothalamus (sagittal) 9.97 *1.26 6.25 + 0.26 <0.001
Putamen (axial)

Left 8.51 + 1.65 738 £0.36  <0.05

Right 8.46 + 1.58 7.32 £ 0.35 <0.05
Caudate nucleus

Left 10.36 = 0.71 6.92 +146  <0.001

Right 9.92 +0.79 6.67 £1.38  <0.001

I and II, first and second application of inspiratory load. Data are
the mean * SEM.

respiratory rate (12.6 * 3.6%) with no significant minute
ventilation changes occurred immediately (first breath) upon
application of the resistor. In addition, mild end-expiratory
CO, tension decreases developed during loaded breathing
(from 42.4 * 0.8 torr to 36.7 = 1.4 torr; P < 0.05; 1 torr = 133.3
Pa). Discontinuation of the inspiratory load was not associated
with immediate return of ventilatory measures to preload
conditions but rather with a slow tidal volume reduction over
time (20-30 sec), unchanged respiratory rate, and relative
alveolar hyperventilation such that further small end-
expiratory CO; tension decreases occurred.

DISCUSSION

Discrete regions of neural activation emerged in response to
added inspiratory loads in humans. Activation of these regions
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FiG.2. Frame-by-frame fMRI signal changes in regions of interest
located in parabrachial pons (4) and putamen (B) during short-
duration (=150 sec) inspiratory resistive loading (mean + SD). Thick
horizontal lines indicate resistive inspiratory load stimulus.
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FiG. 3. Individual frame-by-frame fMRI signal tracings of a region
of interest located in basal forebrain in two subjects. The inspiratory
resistive load was applied after 15 initial baseline frames and was
removed immediately upon further acquisition of 15 images. Note slow
fMRI signal return to baseline values after stimulus discontinuation.

was reproducible, and particular regions demonstrated diver-
gent signal kinetics upon discontinuation of the inspiratory
load. Subsequent application of the inspiratory resistor re-
sulted in a reduced magnitude of MR signal response in-
creases, while sustained inspiratory loads led to progressive
return of MR signal to baseline values despite ongoing stim-
ulation.

Neural activation is associated with complex regional alter-
ations in focal blood flow (20), cerebral blood volume and
oxygen extraction (21), and cellular metabolism and oxygen
utilization (22-24). One initial consequence of this elaborate
interplay is a net increase in regional oxyhemoglobin/
deoxyhemoglobin ratios (14, 25) that has been confirmed by
using near-infrared spectroscopy (26) and can be readily
identified as signal increases by gradient echo and T2*-
weighed echo-planar MRI.

The vast majority of earlier studies on neuronal activation
employed either high-strength magnetic field scanners or
echo-planar imaging. However, use of a widely available
standard 1.5-T MRI system provides useful data during sen-
sorimotor activation tasks (27). The magnitude of MR signal
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FiG. 4. Frame-by-frame fMRI signal changes in regions of interest
located in parabrachial pons (4) and putamen (B) during prolonged
(=450 sec) inspiratory resistive loading (mean + SD). Thick horizon-
tal lines indicate resistive inspiratory load stimulus.
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intensity changes observed in this study is similar to that found
during motor task activation, such that signal changes as large
as 20% can be obtained by improved signal-to-noise ratio
routines (28, 29). The inherent variability of functional MRI
signal is dependent on the magnetic field strength (30) and may
also be affected by white matter density of the imaged struc-
ture (31). In addition, involuntary motion artifacts or proxim-
ity to bone cavities and large blood vessels may induce
magnetic field inhomogeneities and pulsatile artifacts. How-
ever, brain regions such as spinal cord and lateral geniculate
nucleus have been imaged during specific sensorimotor tasks
(32, 33). Furthermore, a simple motor task such as finger
tapping elicits fMRI signal changes on the order of 7-10
standard deviations above the intrinsic variability of the signal
when the subject is at rest, and current results concur with
these findings (34). Therefore, although particular care is
mandatory in interpretation of the topographic extent of
regional activation, locations demonstrating significant fMR1I
signal changes in this study should be viewed as the most likely
neural population candidates underlying the response to in-
spiratory resistive loads.

Certain locations that increased regional activity during
inspiratory loads coincide with previously recognized sites
underlying the ventilatory response to resistive loads in ani-
mals. The parabrachial pons receives significant afferent in-
puts via vagal and spinal sources from the lungs and chest wall
stretch receptors, which are activated by the inspiratory load-
ing task (35). Such thoracic contributions may account for the
observed MRI signal increases in dorsal pontine structures.
The basal pontine nuclei mediate significant contributions to
the cerebellum. The cerebellum has been implicated in classic
literature (36) as an important modulator of respiratory—
cardiovascular reflexes and in more recent studies (10) as
contributing to resistive loading responses. The locus coer-
uleus plays a significant role in recruiting adrenergic fibers for
arousal, demonstrates primary vagal afferent depolarization
(37), and may mediate important aspects of concomitant blood
pressure alterations to increased respiratory efforts with
loaded breathing. Although we did not examine cortical re-
gions in this study, the cerebrum has also been implicated in
loaded (9) and voluntary respiratory maneuvers (38). Inter-
actions between the rostral structures and interpeduncular
nuclei may underlie the higher cortical influences demon-
strated in animals. Contributions from the basal ganglia and
midline ventral and dorsal pontine activation appear to be
bilateral.

The dynamics of MR signal decay after discontinuation of
the inspiratory load suggest differential response patterns at
regional sites to mediation of loaded breathing. Certain sites
exhibited immediate signal return to baseline values, while in
other regions, the MR signal progressively decreased over
time. Ventilatory measurements in all four subjects confirmed
that discontinuation of the resistive load was associated with a
gradual rather than immediate return of ventilatory compo-
nents to baseline. Application of resistive inspiratory loads may
elicit short-term potentiation or system inertia mechanisms
that translate into slowly diminishing ventilation upon load
removal (39). We postulate that regions in which slow MR
signal decrements occurred may underlie the source of short-
term memory respiratory mechanisms in humans.

The physiological mechanisms that mediate reduced MR
signal changes during subsequent load application are unclear.
One explanation is that rapid habituation occurs (40), thereby
leading to decreased ventilatory response with parallel de-
crease in neural recruitment. Alternatively, neural “learning”
may occur, whereby the initial load requires an increased
number of neurons to achieve the desired ventilatory response,
while subsequent challenges will elicit lesser neuronal recruit-
ment to achieve similar ventilatory effects in a fashion com-
parable to other motor learning tasks (41).
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Sustained inspiratory loads lead to a biphasic dynamic MR
signal decrease over time, characterized by immediate signal
increases during the initial stimulation phase, followed by
signal decreases to near baseline or even subbaseline values
despite continuing challenge. These temporal characteristics
are similar to those previously found in the calcarine cortex
during sustained photic stimulation (42) and suggest that
stimulus duration is an important determinant of MR signal
response. The current concept of increased MR T2* signal as
indicative of neural activity assigns discrepant changes in
regional blood flow and oxygen utilization during early phases
of neuronal discharge (14). As a result of “excessive” arterial
blood flow to the activated site and the concomitant prefer-
entially glycolytic nonoxidative metabolism of firing neurons
(23), intracellular lactate increases and a substantial decrease
in deoxyhemoglobin concentration occurs in the venous cap-
illary phase. Such a decrease in deoxyhemoglobin diminishes
intravoxel dephasing and increases signal intensity when T2*-
weighed sequences are employed. However, with prolonged
stimulation, it is unlikely that continued anaerobic cellular
metabolism will persist. Instead, aerobic energy utilization
would be expected to take over, leading to tight coupling of
regional blood flow and oxygen needs and to decreasing
intracellular lactate in activated neurons (43). Such a transition
would be accompanied by a gradual return of venous deoxy-
hemoglobin concentrations to either baseline or above base-
line levels and, consequently, would induce reciprocal changes
in T2* MR signal intensity. The temporal characteristics of the
transition from a primarily anaerobic to a predominantly
aerobic process of neuronal discharge may be both individually
determined and unique to the type and function of neuronal
populations intervening in the response to the stimulus. For
example, during constant photic stimulation, significant MR
signal decreases developed between 2 and 5 min (42). Stimulus
type, paradigm duration, and timing of signal acquisition are
all critically dependent on the window of opportunity offered
by T2* MR signal kinetics.

In conclusion, we demonstrate increased activity in specific
brain locations during mild resistive inspiratory loading in
awake humans. Regional differences in MRI signal time
course during application of the respiratory load and after
removal of such loads demonstrate differential signal kinetics
that may underlie neural phenomena playing an important role
in adaptation in lung health and disease states.
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Médecine de Rouen, France (0.0.).
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