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Technical Note

Physiorack: An Integrated MRI Safe/Conditional,
Gas Delivery, Respiratory Gating, and Subject
Monitoring Solution for Structural and Functional
Assessments of Pulmonary Function

Ahmed F. Halaweish, PhD,"? and H. Cecil Charles, PhD"?*

Purpose: To evaluate the use of a modular MRI condi-
tional respiratory monitoring and gating solution,
designed to facilitate proper monitoring of subjects’ vital
signals and their respiratory efforts, during free-breathing
and breathheld '°F, oxygen-enhanced, and Fourier-
decomposition MRI-based acquisitions.

Materials and Methods: All Imaging was performed on
a Siemens TIM Trio 3 Tesla MRI scanner; following Institu-
tional Review Board approval. Gas delivery is accom-
plished through the wuse of an MR compatible
pneumotachometer, in conjunction with two three-way
pneumatically controlled Hans Rudolph Valves. The pneu-
matic valves are connected to Douglas bags used as the
gas source. A mouthpiece (+nose clip) or an oro-nasal
Hans Rudolph disposable mask is connected following the
pneumatic valve to minimize dead-space and provide an
airtight seal. Continuous monitoring/sampling of inspira-
tory and expiratory oxygen and carbon dioxide levels at
the mouthpiece/mask is achieved through the use of an
Oxigraf gas analyzer.

Results: Forty-four imaging sessions were successfully
monitored, during Fourier-decomposition (n=3), fluorine-
enhanced (n=29), oxygen-enhanced, and ultra short echo
(n=12) acquisitions. The collected waveforms, facilitated
proper monitoring and coaching of the subjects.

Conclusion: We demonstrate an inexpensive, off-the-
shelf solution for monitoring these signals, facilitating
assessments of lung function. Monitoring of respiratory
efforts and exhaled gas concentrations assists in under-
standing the heterogeneity of lung function visualized by
gas imaging.
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THE GENERAL RELIANCE on global measurements of
pulmonary function (i.e., spirometry) providing a
static, albeit multiple valued, measurement of lung
function has prompted the development of several
MRI-based techniques to facilitate a more regional
noninvasive assessment of the underlying structure
and function. This reflects the inability of spirometry
to provide a regional assessment of the ongoing physi-
ological/pathological changes. In conjunction with
advancements in gradient hardware and pulse
sequence considerations, these MRI-based techniques
such as conventional proton ‘B, hyperpolarized (hP)
129-xenon ('*Xe) (1.2), hP 3-helium (*He) (3-6), 19-
fluorine (*°F) -enhanced (7,8), oxygen-enhanced (OE)
(9,10), and Fourier-decomposition (FD) (11,12), have
raised interest within the pulmonary medicine arena,
through noninvasive regional assessments of normal
and pathological pulmonary function.

The complexity of pulmonary ventilation as a physi-
ological process, during which gas exchange between
the outside environment and internal structures
occurs, is reflected in the lung’'s anatomic structure
and localized physiologic responses. The heterogeneity
of pulmonary ventilations’ distribution has been
shown to be dependent upon several factors including
tidal volume, preinspiratory lung volume, patient
positioning and gravity (13-16). To properly investi-
gate pulmonary disease conditions using pulmonary
functional MRI techniques (2,4,5,8,9,11), it is essen-
tial to provide means for proper monitoring/control of
lung inflation levels and inspiratory and expiratory
gas concentrations, given the heterogeneous nature of
pulmonary ventilation in both normal and disease
lung conditions. The strong magnetic field associated
with such MRI techniques constrains the selection of
devices and techniques developed for use within the
multi-detector computed tomography (MDCT) and
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Table 1
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9F Enhanced and ' H Imaging Subject Demographics and Spirometric Values

Spirometry: absolute(%predicted)

Gender Age BMI Lung status FVC [L] FEV, [L] FEV,/FVC FEF25 759, [L/s] Imaging
M 44 31.2 Normal 5.22(97) 4.12(97) 0.79(100) 3.99(103) F&'H
M 24 24.3 Normal 6.45(116) 4.76(104) 0.74(89) 3.75(79) PF&'H
F 35 34.8 Normal 3.37(103) 2.37(87) 0.7(83) 1.64(53) YF&'H
M 18 19.4 Normal 6.2(101) 5.26(103) 0.85(100) 5.56(107) PF&'H
F 27 222 Normal 4.12(111) 3.59(114) 0.87(101) 4.46(123) PF&H
F 26 22.8 Normal 3.49(94) 2.87(90) 0.82(95) 2.9(79) F&'H
F 24 25.2 Normal 4.45(101) 3.47(92) 0.78(91) 3.04(77) °F & 'H
M 35 24.6 Normal 5.22(91) 4.12(89) 0.79(98) 3.65(83) PF&'H
M 34 27.7 Normal 6.88(106) 4.46(86) 0.65(80) 2.71(88) YF&'H
M 52 38.1 Normal 4.01(89) 2.36(68) 0.59(76) 1.18(38) F&'H
M 26 27.2 Normal 5.94(93) 4.26(92) 0.72(87) 3.18(62) F&H
F 51 31.0 Asthma 4.02(110) 2.91(101) 0.72(91) 2.11(76) YF&'H
F 50 32.2 Asthma/SAD 2.71(101) 2.12(99) 0.78(96) 1.89(82) YF&'H
F 30 18.8 CF/Tx 2.67(71) 2.5(78) 0.94(111) 3.92(113) YF&'H
F 30 20.8 CF/Tx 2.85(81) 2.07(69) 0.73(86) 1.56(47) “F&'H
M 29 17.8 CF/Tx 2.23(41) 1.3(29) 0.58(71) 0.95(21) 19F 8 TH
M 67 25.2 COPD 3.48(80) 2.23(69) 0.64(86) 1.07(42) F&'H
F 53 33.2 COPD 2. 55(83) 1.53(63) 0.6(74) 0.69(28) YF&'H
M 54 30.0 COPD 5.9(105) 3.52(81) 0.6(78) 1.67(46) F&H
M 67 21.3 COPD 3.15(65) 0.81(22) 0.26(35) 0.22(8) 19F & TH
F 51 32.7 COPD 3.85(134) 2.89(126) 0.75(92) 2.5(103) “F&'H
F 57 24.6 COPD 1.66(54) 1.28(53) 0.77(96) 1.09(45) YF&'H
M 66 27.9 COPD 3.06(88) 1.63(62) 0.53(69) 0.58(24) YF&'H
M 59 32.3 COPD 4.06(79) 2.31(59) 0.57(75) 0.73(23) F&'H
F 71 29.9 COPD 2.98(120) 1.27(68) 0.43(56) 0.33(20) F&'H
M 55 26.7 COPD 3.28(74) 1.95(56) 0.6(75) 0.96(29) F & 'H
F 55 23.8 COPD/Tx 3.52(106) 2.9(112) 0.82(104) 3.13(125) YF&'H
F 71 33.2 COPD/SAD 1.76(68) 1.06(54) 0.6(80) 0.37(22) YF&'H
F 56 28.9 SAD 3.57(91) 3.06(100) 0.86(109) 3.93(142) 9F & 'H

SAD =small airway disease; CF = cystic fibrosis; TX =
second; FEF =forced expiratory flow.

molecular imaging communities, often due to the use
of ferromagnetic materials in said devices (17). Addi-
tionally, to further develop these imaging techniques
as valid clinical/research tools and their appropriate-
ness within clinical trials, it is ideal to have a single
apparatus capable of performing all the desired tasks,
while providing the ability to digitally record and
archive the collected data. Physiorack is a modular
MRI safe/conditional respiratory monitoring and gat-
ing solution, designed to facilitate proper monitoring
of subjects’ vital signals and their respiratory efforts,
along with providing the means to gate the acquisi-
tions based on several acquired signals. In this work,
we demonstrate its applicability throughout several
free-breathing and breathheld '°F, OE, and FD MRI-
based acquisitions.

MATERIALS AND METHODS

These studies were approved by the local Institutional
Review Board, complied with HIPAA (Health Insurance
Portability Accountability Act) policies and informed
consent was obtained for all subjects. All imaging
using oxygen and fluorine gases was carried out
under INDs issued by the FDA.

lung transplant; FVC =forced vital capacity; FEV; =forced expiratory volume in 1

Subject Population

Subjects between the ages of 18 and 71 were
recruited for imaging, included nonsmoking normal
subjects as well as subjects with a range of lung dis-
eases including chronic obstructive pulmonary dis-
ease (COPD), asthma, and post lung transplantation.
All subjects underwent spirometry in the standard
upright position, according to the standards set forth
by the American Thoracic Society (ATS). Subject dem-
ographics and spirometry are summarized in Tables 1
and 2.

Gas Delivery and Monitoring

All subjects were fitted with a mouthpiece or an oro-
nasal disposable mask (Hans Rudolph, Shawnee, KS)
and a T-valve to isolate the inspiratory and expiratory
sections of the breathing circuit. Choice of mask or
mouthpiece was assessed before imaging based on
comfort levels and ability to perform the desired
breathing maneuvers. A nose clip was used in con-
junction with the mouthpieces only. Monitoring and
digital archiving of respiratory waveforms throughout
the duration of the imaging sessions was achieved
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Table 2
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OE, FD, and 'H Imaging Subject Demographics and Spirometric Values

Spirometry: absolute(%predicted)

Gender Age BMI Lung status FVC [L] FEV, [L] FEV,/FVC FEF25 759, [L/s] Imaging
M 29 20.6 Normal 5.89(101) 3.89(82) 0.66(80) 2.51(53) OE&'H
M 55 25.0 Normal 4.76(93) 3.77(97) 0.79(103) 3.60(108) OE&'H
F 22 241 Normal 3.60(103) 3.14(103) 0.87(100) 4.14(113) OE& 'H
F 63 35.5 Normal 2.08(88) 1.59(86) 0.76(97) 1.43(79) OE& 'H
M 49 20.3 Normal 3.64(104) 3.33(118) 0.91(114) 5.84(197) OE & 'H
M 27 23.8 Normal 6.79(106) 4.65(90) 0.69(83) 3.06(60) OE& 'H
F 20 271 Normal 4.38(112) 3.48(102) 0.80(92) 3.28(86) OE& 'H
M 43 35.8 Normal 4.98(106) 4.13(110) 0.83(102) 4.52(130) OE & 'H
F 37 24.8 Normal 4.07(99) 3.06(91) 0.75(91) 2.52(74) OE & 'H
F 34 20.1 Asthma 3.15(74) 2.05(58) 0.65(78) 1.48(41) OE,"H &FD
M 27 21.7 Asthma 4.00(93) 3.61(99) 0.90(107) 4.85(118) OE,’H &FD
M 69 22.2 COPD 3.05(71) 2.11(67) 0.69(94) 1.34(55) OE,'H &FD

BMI =body mass index; FVC =forced vital capacity; FEV, =forced expiratory volume in 1 second; FEF =forced expiratory flow.

through the use of dual MR safe/conditional pneumo-
tach airflow transducers (Model TSD117-MRI, Biopac
Systems Inc., Goleta, CA). Inspiratory and expiratory
O, and carbon dioxide (CO) gas concentrations were
monitored by means of an oxygen gas analyzer, with
capnography capabilities (Oxigraf O2Cap, Model 07-
0193, Oxigraf Inc., Mountain View, CA). Samples of
the Oy and CO; levels during imaging were acquired
directly at the mouthpiece or oro-nasal mask, for
accurate depiction of the gaseous concentrations pre,
post, and during respiratory maneuvers. Douglas
bags (Harvard Apparatus, Holliston, MA) were used as
the gas delivery sources following filling with the
appropriate gases for the desired acquisition (25 L:
19F; 100 L: 100% O,). Switching between the gaseous
agents and room air was accomplished remotely

MRI Compatible
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Finger Pulse Oximetry
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Figure 1. Diagramatic layout Flexible Chest MRI Coil
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through the use of a series of Hans-Rudolph pneu-
matically controlled three-way valves (8600 Series).
Perfluoropropane (PFP, C3Fg; Molar Mass, 188 g/mol;
Density, 8.17 g/L) mixed with 21% O,, was the gas
used during the '°F-enhanced acquisitions.

Figure 1 illustrates a diagrammatic layout of the
various Physiorack components and their respective
locations. Each of the pneumotachometers is used
separately to monitor the inspiratory and expiratory
phases of the acquisitions. All components were inter-
connected using AFT7-L smooth bore tubing (35 i.d.)
in a one-way nonrebreathing pathway, while minimiz-
ing deadspace. Oxygen saturation levels and heart
rate were acquired using a finger pulse oximetry sys-
tem (NONIN, Model 7500FO, Nonin Medical Inc.,
Plymouth, MN). To ensure subject isolation from the
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Table 3
Pulse Sequence Parameters

GRE FLASH 3D VIBE 3D radial UTE HASTE trueFISP
Imaging technique "H localizers ®F_enhanced OeMRI OeMRI FD
Subject position FFS FFS FFS FFS FFS
Imaging axis Coronal Coronal Coronal Coronal Coronal
Frequency (MHz) ~123.25 ~115.96 ~123.25 ~123.25 ~123.25
Pixel (mm) 3.125x3.125 6.25x6.25 3.125x3.125 3.125x3.125 1.562x1.562
Slice (mm) 15 15 3.125 15 15
No. of slices 15-18 18 ~64 1 1
Matrix 128x128 64x64 128x128 128x128 256x256
Flip angle () 40 70 4 171 38
Repetition time (ms) 106 13 2.54 1980 227
Echo time (ms) 2.72 1.62 0.07 15 0.99
Bandwidth (Hz/pixel) 400 130 630 651 1502
FFS =feet first supine.
breathing system, disposable filters (Vacumed, gating. The DataQ acquisition modules are connected

Ventura, CA) were placed inline with the breathing
circuit. Furthermore, a vacuum gas sensor was placed
at the Douglas bag output to serve as an anti-asphyx-
iation and gas-empty sensor, such that if the gas
source were to be depleted during the imaging ses-
sion, the resultant vacuum pressure would trigger the
sensor to automatically switch the gas supply to room
air. Gas sampling lines were passed through the
waveguide to facilitate communication between the
sensors and their respective modules in the control
room. All electrical signals were reconnected by
means of a radiofrequency (RF) patch panel next to
the control room.

The signals recorded from the pneumotach trans-
ducers are amplified by means of transducer amplifier
modules (Biopac, Model DA 100C). All sampled sig-
nals (respiratory, gaseous concentrations, pulse-oxi-
metry, etc.) are recorded and digitized using a pair of
digitizing acquisition modules (Windaq, Model DI-158,
DataQ Instruments, Akron, OH). The resultant digi-
tized signals, can then be re-routed to the manufac-
turers’ external trigger input for use in respiratory

Hans Rudolph
Preumatic Valves

100% O,

PFP(*F) 2
Douglas Bag

Douglas Bag

directly to a PC to facilitate a real-time visualization of
the signals and digital archiving of the collected sig-
nals, through the use of the Data@Q acquisition mod-
ule software. Similarly, the O, and CO, signals are
also displayed using the Oxigraf supplied software.

Imaging

Pulse sequence parameters are summarized in Table
3. Forty-four imaging sessions were performed on a
Siemens TIM Trio 3 Tesla (T) MRI scanner (Siemens,
Erlangen, Germany), with multi-nuclear capabilities.
Conventional proton (‘1) localizing scans and volu-
metric breathheld scans, using the manufacturers’
body coil and a gradient echo fast low angle shot
(GRE FLASH) sequence, were acquired before the ini-
tiation of the functional scans These scans are used
for localization and generation of the lung masks,
respectively. '°F-enhanced (using PFP) imaging
(n=29) was carried out using a three-dimensional
(3D) gradient echo volume interpolated breathhold ex-
amination (GRE VIBE) sequence and a flexible vest-

?c Transducer | [(/CO, Gas| [DataQ Data

Analjzer Collection

gnalAmplifier

b

Figure 2. Actual setup of Physiorack components both inside the scanner room (a) and in the control room (b), as would be
implemented during any given imaging session. (Not in picture: Oro-nasal face mask, filters and Pulse oximetry system.)
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Figure 3. Sample Physiological and respiratory monitoring signals collected during end-inspiration, end-expiration and free-
breathing maneuvers, demonstrate consistency of breathing maneuvers and stability during breathholds (a). Pneumotachom-
eter and expired Oy and CO5 concentrations throughout the wash-in and wash-out of 100% O, during an OE imaging session
facilitate proper initiation and termination of the acquisitions, while providing several suitable signals to perform respiratory

gated acquisitions (b). Expired gaseous concentrations and p

neumotachometer output during 19 enhanced acquisitions,

demonstrate repatability of the breathing maneuvers, accomplished through verbal ques. The ability to assess these metrics
in real-time provides the means for properly assessing the exerted respiratory efforts throughout the duration of the imaging

sessions (c).

like coil (Clinical MR Solutions, Brookfield, WI) specif-
ically tuned to the frequency of '°F (~115.9 MHz), fol-
lowing the inspiration of PFP. '9F acquisitions
included up to eight breathholds interleaved with
three to five breaths of PFP, assessing the wash-in,
equilibration, and wash-out phases of ventilation. OE
imaging (n= 12) was performed using a 3D ultra short
echo (UTE) Radial sequence with 1/5 k-space sampling
and a 3D half Fourier acquisition single shot turbo
spin echo (HASTE) sequence, each including three
separate free-breathing acquisitions of 21% O,, 100%
O, and 21% O,, respectively, facilitating a rough

assessment of the lungs’ diffusion capacity. FD imag-
ing (n=3) was carried out using a 2D trueFISP (fast
imaging steady-state precession) sequence, through-
out several 3- to 4-min free-breathing maneuvers (Sie-
mens, Erlangen, Germany).

RESULTS

A total of 41 subjects underwent imaging using Physi-
orack. All respiratory maneuvers (free-breathing and
breathheld) during imaging were completed without
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a End-Inspiration
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d End-Expiration

Free-Breathing B T

Figure 4. Repeatability of the evaluated lung field of view from PFP enhanced (a,e), conventional 'H breathhold (HASTE, b,f;
VIBE, d,h) and free-breathing UTE (c,g) acquisitions is demonstrated through the identical intra-technique lung coverage.
HASTE, VIBE, and UTE images were all acquired from the same subject, while the PFP enhanced images are from a different

subject.

any complications and/or complaints of increased
resistance when gas sources were used. The median
and interquartile range u(25%,75%) of FEV; for nor-
mal (n=20), asthma/CF (n=8), and COPD (n=13)
subjects was 92(88,103), 88(66,99), and 63(56,69),
respectively. The use of 35-mm ID tubing throughout
the breathing circuit facilitated a minimal-resistance
breathing environment for the subjects, specifically
the elder-disease population. All collected waveforms
were digitized and archived on the PC and uploaded
to an in-house database. Signals acquired from Physi-
orack were easily visualized postimaging through the
use of the Data@Q supplied software or a simple
spreadsheet software package. Actual setup of the

majority of the Physiorack components, both
inside and outside the scanner room, can be seen in
Figure 2.

Respiratory gating throughout the HASTE (OeMRI)
and trueFISP (FD) acquisitions was accomplished
through the use of the manufacturers’ internal gating
software (Siemens). The ability to monitor the sub-
jects’ real-time respiratory efforts, facilitated proper
verbal instruction of the subjects’ to adjust their
breathing patterns, such that they were approxi-
mately the same breath-to-breath.

Figure 3A illustrates sample expiratory Oy, COs,
pneumotachometer, heart rate, and oxygen saturation
recordings from a subject undergoing breathhold and
free-breathing maneuvers during OE and FD imaging
sessions. Stability of the end-inspiration and end-ex-
piration breathhold maneuvers is demonstrated
through the flat sections in the Oy, CO5 and pneumo-
tachometer recordings. Following the breathhold
maneuvers, free-breathing maneuvers were initiated

following relaxation of the subject’s efforts to a
steady-state status. Monitoring of the wash-in and
wash-out of 100% O, before and after initiation of the
OE image acquisitions is demonstrated in Figure 3B.
The wash-in and wash-out periods are clearly demon-
strated in conjunction with reaching steady-state
breathing on either 100% O, or room air. In the case
of the '°F acquisitions, Figure 3C illustrates the expir-
atory O, and CO, recordings during three breathhold
maneuvers interleaved with approximately five
breaths of PFP and the complimentary pneumotach-
ometer recordings during these maneuvers. The
repeatability of the breathholds and subject respira-
tory efforts are clearly observed during the maneu-
vers. The ability to perform free-breathing, respiratory
triggered, and breathhold imaging at different stages
in the respiratory cycle and repeatability of the lung
field of view between successive imaging sessions
of different imaging techniques is demonstrated in
Figure 4.

DISCUSSION

The apparent heterogeneity of pulmonary ventilation
in normal and disease subjects has been assessed by
means of hyperpolarized media (3-helium and 129-xe-
non) and multi-detector computed tomography, dem-
onstrating the impact of gravity, posture, and lung
volumes upon the resultant ventilation assessments.
Inspiratory flow rates, tidal volume, initiating lung
volumes, and posture are all factors that act variably
to change the overall distribution. The underlying
complexity of the pulmonary ventilation and the
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factors affecting the distribution of gas and blood flow
during any given maneuver must be carefully
monitored during imaging for accurate assessment
and differentiation between normal and abnormal
physiological states and dissemination across
multi-center trials.

In conclusion, the methods and results presented
demonstrate the feasibility of an MRI conditional ap-
paratus, providing physiological and respiratory moni-
toring of individuals undergoing free-breathing and/
or breathheld imaging maneuvers through the use of
510k cleared devices. The increasing need for assess-
ing pulmonary ventilation regionally, rather than glob-
ally by means of PFTs, has prompted the development
of imaging-based methods to assess this need. The
complexity of the pulmonary system gives rise to
many factors affecting the overall distribution of the
inspired gaseous agents, such as gravitational de-
pendence, regional differences in lung expansion, and
flow rates (15,18,19). Therefore, appropriate monitor-
ing of flow rates, lung volumes, and respiratory efforts
is needed to ensure proper assessment of the underly-
ing structure and function, as well as suitable inter-
and intra-subjects multi-modality assessments.
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