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Magnetic resonancéMR) and computed tomography coronary imaging is susceptible to artifacts
caused by motion of the heart. The presence of rest periods during the cardiac and respiratory
cycles suggests that images free of motion artifacts could be acquired. In this paper, we studied the
rest period RP) duration of the coronary arteries during a cardiac contraction and a tidal respiratory
cycle. We also studied whether three MR motion correction methods could be used to increase the
respiratory RP duration. Free breathing x-ray coronary angiograms were acquired in ten patients.
The three-dimensiongBD) structure of the coronary arteries was reconstructed from a biplane
acquisition using stereo reconstruction methods. The 3D motion of the arterial model was then
recovered using an automatic motion tracking algorithm. The motion field was then decomposed
into separate cardiac and respiratory components using a cardiac respiratory parametric model. For
the proximal-to-middle segments of the right coronary arf@®¢€A), a cardiac RR<1 mm 3D
displacement of 76+34 ms was measured at end syst@s), and 65+42 ms in mid-diastole
(MD). The cardiac RP was 80+£25 ms at ES and 112+42 ms at MD for the proximal 5 cm of the
left coronary tree. At end expiration, the respiratory @Ppercent of the respiratory peripdas
26+8% for the RCA and 27+17% for the left coronary tree. Left coronary respiratory RP
(<0.5 mm 3D displacemenincreased with translatiof82% of the respiratory perigdrigid body

(51%), and affine(79%) motion correction. The RCA respiratory RP using translatig@@®o) and

rigid body (33%) motion correction were not statistically different from each other. Measurements
of the cardiac and respiratory rest periods will improve our understanding of the temporal and
spatial resolution constraints for coronary imaging.2805 American Association of Physicists in
Medicine [DOI: 10.1118/1.1836291
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I. INTRODUCTION slice®> However, 3D MRCA requires longer imaging times
during which respiratory motion can cause blurring that
Magnetic resonancéMR) imaging may be used for nonin- |eads to overestimation of vessel lumen size and undetected
vasive detection and staging of coronary artery diseas&tenosef.
However, physiologic motion during an MR acquisition  Gating the MR acquisition to both the cardiac and respi-
causes blurring and ghosting artifacts in the imagfeBwo-  ratory cycles is one method for freezing the motion of the
dimensional(2D) MR images can be acquired during a coronary arteries. Data are acquired for a short period of time
breath hold, with electrocardiogra(@CG) gating and short whenever the two gating triggers coincide. Increasing the
readouts used to freeze the motion of the heart during thguration of the data acquisition window reduces the overall
cardiac contractiofi The technique requires the use of thick duration of the scan, but could introduce motion artifacts.
imaging slices(3—5 mm that can cause partial volume ef- Motion correction could be used to increase the length of the
fects and signal averaging when visualizing submillimeterdata acquisition window, thereby reducing total scan dura-
pathologies. tions without compromising image quali7t§/?0
Three-dimensiongl3D) magnetic resonance coronary an-  In this paper, we studied the quiescent periods of mini-
giography(MRCA) provides volumetric images with higher mum coronary motion during a cardiac cycle and during a
isotropic resolution and signal-to-noise ratiSNR). Volu- tidal respiratory breath. These rest periods were quantified
metric data simplifies the visualization of tortuous and non<{rom free breathing x-ray coronary angiograms using a math-
planar vessels that are difficult to capture in a planar 2Dematical modeling technique for separating the cardiac and
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respiratory motion fields. The results provide important in-grams. For each patient, a static 3D model of the coronary
sight into calculating the spatial and temporal resolution lim-arteries,Y,, was reconstructed from one image pair at dia-
its of MR coronary acquisitions. The results are also applistasis using a semiautomatic algorithm for stereo reconstruc-
cable to cardiac computed tomograpb@T) acquisitions tion of 3D curves from 2D projectiorfé.Dynamic program-
which suffer from motion related artifacts secondary to aming was used to optimize the reconstruction using an
data acquisition window of approximately 100 ms. epipolar constraining function.

Finally, we investigated the ability of three different MR The 3D motion of the arteries was then recovered using
motion correction methods to model the motion of the coro-an automatic motion tracking aIgoritthﬁ.The algorithm
nary arteries during breathing. The relatively longer periodcomputes the 3D deformation &F, which is consistent with
of the respiratory cycle, as compared to the cardiac cyclehe temporally varying angiograms, subject to a constraint on
suggests that respiratory motion is more responsible for ththe 3D length change of the arteries, and to a constraint on
low duty cycle of a cardiac and respiratory gated MRCAthe spatial regularity of the 3D deformation field. The motion
acquisition. The results of our respiratory motion analysis idield
important for understanding the utility of MR respiratory _
motion correction techniques for increasing imaging duty M@ =q+d(a.0 @
cycle, and therefore reducing scan durations for MRCA. is defined as a 3D displacement fiett], for pointsq e Y,

e R3. d:R3—R?%is a 3D displacement vector generated by a

Il. MATERIALS AND METHODS 3D tensor product B-splinB-solid)
A. Patients niz_l n,-E—l nkz—l
d(q,t) = b o(Gb; (A b oA Ui L], 2
Patients referred for diagnostic left heart catheterization @9 =0 1=0 k=0 1p( 003, (Gy) Dk p( ) UL 2

were recruited to participate in an institutional review board 3 .
here the{u;j[t] € R°} are then; X n; X ny control point vec-

(IRB) approved protocol. Unstable patients and emergency/ _ _
cases were excluded from participation in this study. Coniors for imaget, and the{b.,:R —R} are thepth degree
ventional cine biplane coronary angiograms were obtained iff~SP/in€ basis functions defined over a uniform knot

eight male and two female patients that gave written in_vector.13 C? continuity of the deformation field is maintained

formed consent. Their mean age was 65+11 yaage ©OVe the B-solid volume by using cubic B-spline basis func-
range, 5185 yearsFour patients had mild dilated cardi- 1onS (P=3). o

omyopathy, and two had mild to moderate hypertrophic dis- While M operates on 3D pointg in the coronary tree,
ease. The mean ejection fraction measured by ventriculogrd® adopt the shorthand notation

phy was 58+8%range, 40%—65% Y= M[Yqt] (3)

B. Imaging to represent the transformation of the entire coronary tree
from time zero,Y, to its stateY, at timet.
Imaging was performed with a Siemens biplane HICOR A 3D rms errors of 0.69 mm was found for the recon-
Angiography systemiSiemens, Erlangen, Germanymages  stryction and motion tracking procedure using a coronary
were acquired at 30 frames per second, digitized, and aphantom. A more complete description of this energy mini-

chived onto compact disk in digital imaging and communi- mization algorithm and results of validation experiments can
cations in medicingDICOM) format. The raw 51X 512  pe found in Ref. 12.

images were extracted using custom software on a personal

computer running Linux, and postprocessing was performed

using MATLAB (The MathWorks Inc., Natick, MA Asepa- D. Separating cardiac and respiratory motion
ra“? cor’nputer with d.|g|.tal a_cqwsmon SVS‘eT“ recorded Fhe The recovered deformation fieldyt, represents the mo-
patients’ ECG and a timing signal from the Siemens imaging, |

; . . n of the coronary arteries while the heart is beating and the
system, which allowed the cardiac phase of each image to be .. ~ . : . ) ;
. patient is breathing. A cardiac respiratory parametric model
computed retrospectively.

. : is used to decompose the motion field into independent car-
Coronary arteriography was performed using conven-,. ) : ) .
. : - - iac and respiratory motion field$.The (i,j,k)th control
tional techniques. A hand injected bolus of iodinated contrast . o .

oint’s variation over a set of images;,[t] € M, can also

agent was administered at the coronary ostia. Opacified aE— . : . .
. - : . e written as a function of cardidg;) and respiratory phase
teries were visible for 3—6 s, spanning several cardiac cycle

and approximately one breath. Patients were given no breat P
ing commands in order to avoid making them conscious of = Uj[t] = Ujj[xwpdl- (4)
their breathing; therefore we studied spontaneous tidal respi-

The cardiac phaséy) represents the percentage of the
cardiac cycle with the QRS peak gt0. Intra-patient and
inter-patient heart rate variability is normalized using the fol-
lowing method. In a study of 121 male subje{ﬁs't was

A 3D+t (three dimensional plus timenodel of the coro- determined that total electromechanical systQl§, (sec-
nary arteries was reconstructed from biplane cine angioends was related to heart ratdR (beats/min by

ration.

C. Recovering the motion of the coronary arteries
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QS,=-0.0021X HR+ 0.546. (5  E. Measuring the rest period duration

Standardized coronary segments were defined to facilitate
inter-patient comparisoﬁgThe proximal two thirds of the
rright coronary arteryRCA), spanning the distance from the
éoronary ostium to the acute margin of the heart, was studied
in four patients. In seven patients, we studied the proximal
(1-0.42=0.58 s 5 cm of the Ieft coronary tree, which included.the left main,

' e . . é\nd the proximal segments of the left anterior descending

For each patient R-R interval, we computed a systolic an Lnd circumflex arteries
diastolic subinterval using the instantaneous heart rate mea- The cardiac respirat;ary parametric model was fit to each
sured from the ECG. The systolic interval was then Iinearlymotion tracked dataset. A set of respiration-only B-solid de-
re-mapped to the cardiac phase interi\@l0.42. Similarly, '

the diastolic interval was linearly mapped to the cardiadormation fields, Mg, was created by evaluating E(f) at

phase interva[0.42, 3. For example, with a heart rate of different respiratory phases, for a constant cardiac phase in
80 beats/min. the ,cardiac period is '0_75 s @8=0.378. diastasis. These new deformation fields represent the motion

of the coronary tree due only to respiration. Evaluating Eq.
(6) at different cardiac phases, with respiratory phase held at
end expiration, yielded a cardiac-only deformation field,

In order to work with a total cardiac phagg) interval of[0,

rate. Using Eq.(5), a heart rate of 60 beats/min yields a
systolic interval duration of 0.42 s. The diastolic interval is

Thus, data during the systolic interval [@f,0.378 s follow-
ing the QRS peak, was linearly scaled and mapped tpthe
interval [0, 0.42. Data from the diastolic interval
[0.378,0.75 s following the QRS peak, was linearly scaled Mc-
and mapped to thg interval [0.42, 1.

The respiratory phasg) was measured directly from the 1. Cardiac rest period
images by taking a profile through the diaphragm. The dis-

placement of the diaphragm-lung interface relative to end _The ca_rdlac defo_rmanon f'el_QMC was sampled at 100
expiration is used as a measure of respiratory phese; at points during a cardiac contraction, and a set of.3D coronary
end expiration, ang=+1 at end inspiration. The sign’q»f models was generated at each of these cardiac pHases

<y i -
depends on whether the image is acquired during inspiration xi<1). For ea_ch card_lac phas@_ we calculated the long
(+) or expiration(—) est symmetric time window centered at

We hypothesize that there exists a functigp(y.p) de- x; such that the motion of all of the points along the arteries

' L . ; during that time interval was less than some 3D threslold
fined for any combination of cardiac and respiratory phases,

and thatui[ x, p] is @ sampling of that function. We model  arg ma)(”MC(Qian) - M@, xoll < € (7)
Uik(x,p) as the sum of two periodic B-spline parametric t
functions subject to the following constraints:
U g; € Yo, (8)
nX—l np—l
O = t
Uuk(XyP) Z%) b(f,pX(X)V€ + mE:O bm,pp(p)vmmxa (6) 0 Xj:|Xj — Xi| < E’ 9
. t
where{v e R% are then +n, control point vectors, and the O xiclxk— xil < > (10)

{b.,:R—R} are thepth degree B-spline basis functions de-

fined over a uniform and periodic knot vector. This rest period duration is reported in milliseconds and
The first sum of Eq(6) represents the cardiac motion, and measures a quiescent period with respect to a specific maxi-

the second represents the respiratory motion. This formulanum allowed 3D motion.

tion captures the temporal smoothness characteristic of

physiologic motion, and the periodicity of the cardiac andp Respiratory rest period

respiratory cycles. The function supports interpolation of the -

deformation field at cardiac-respiratory phase combinations The respiratory_ deformation fi_eIdMR was  similarly

other than those captured in the angiogram. Most imporSampled at 100 points over a respiratory cyeté<p<1).

tantly, the function facilitates the separation of the cardiacl he respiratory rest period is reported in milliseconds and as

and respiratory motion. a percentage of the patient's respiratory cycle in an attempt
The set of modeled control pointg(x,p) combine to 0 normalize for the variability in breathing rate among pa-

form the coronary transformation functio, which is an tients.
approximation ofM [see Eqgs(1) and(2)]. In Ref. 14, 3D

rms errors were computed between coronary trees evaluatéd
using M and M [Eg. (3)]. The mean plus one standard  To assess the applicability of different MR motion correc-
deviation of these rms values was submillimeter in 15 of 1&ion methods, we computed a motion corrected respiratory
patient validation experiments. rest period(MCRRP) for the respiratory motion. The three

Motion corrected respiratory rest period
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motion models we studied werg) 3D translation7 (2) 3D 15
rigid body transformationk; and(3) 3D affine deformation, .
A. The rigid body transformation represents translation and g 10
rotation in three dimensions. The affine transformation mod- =
els translation, rotation, scaling, and shearing. 2s
The coronary tree modeN g, at end expiration(p=0) §
was used as a reference, and the coronary models at the other g0
respiratory phased(;, were registered to the reference using a
one of the three linear transformatio(®, R, or A). The ® 5
transformations can be recovered with a closed form linear ) ) ) ) ) )
least squares method since the pairwise matching of points 0 02 04 06 08 1
betweenY; and Yeg is known [remember: both trees are (@) Cardiac Phase
related toYy by Mg, see Eq(3)]. 8

The rest period duration was then recomputed for the reg-
istered coronary trees using the method described in the pre-
vious section. This new metric, the MCRRP, quantifies how
well the given transformations account for the motion of the
coronary tree by studying the residual motion field.

3D displacement (mm)
N

0
G. Statistics 5
Measurements are reported as a mearone standard
deviation. Comparisons were made using a two-tailed stu- 4 os 0 05 ]
dent’st-test with significance level of 0.05. Multiple pairwise (b) Respiratory Phase
comparisons for a set of results were made with a Bonferroni
correctedt -test’ Fic. 1. (@) Magnitude 3D displacement of the left main origin during the

cardiac contraction. Breathing has been arrested at end expiration. The plot
shows individual results for seven patierithin liney and the mean dis-
Il. RESULTS placementthick line). (b) Magnitude 3D displacement of the right coronary

’ artery ostium during a tidal breath. The cardiac contraction has been arrested

In the four right coronary datasets, the patients had a&tmid diastolgdiastasis The plot shows individual results for four patients
mean heart rate of 64+9 beats/mifrange, 55-75 (thin lines and the mean displacemethick line).
beats/min and a mean respiratory rate of 14.6+2.2
breaths/min(range, 12.5-17.6 breaths/mimrhe mean 3D
length of the reconstructed proximal third of the RCA was For an allowed 3D motion of 1 mm of the right coronary
39+10 mm(range, 29-43 mm The mean 3D |ength of the artery, the end-SyStOliC rest periOd duration was 76+34 ms
middle third of the RCA was 36+5 mifrange, 32—43 mpn  (range, 47-115ms The rest period was centered at
In the seven left coronary datasets, the patients had x=0.41+0.02(range, 0.39-0.43The mid-diastolic rest pe-
mean heart rate of 64+7 beats/mjrange, 56—74 beats/ fiod duration was 6542 mgrange, 21-116 msand was
min), and a mean respiratory rate of 15.7+4.2centered ay=0.72+0.04(range, 0.68-0.797
breaths/minrange, 9.4—21.4 breaths/min For the left coronary tree, the end-systolic rest period du-
Figure 1 shows the 3D displacement of the left main ostation was 80+25 mgange, 52—131 mdor an allowed 3D
tium over a cardiac cycle, and the RCA ostium over a tidaimotion of 1 mm. The rest period was centered at
breath. The cardiac motion plot suggests that periods of=0.38+0.04(range, 0.30-0.43 The mid-diastolic rest pe-
minimal motion may occur at end systolg=~0.4) and at riod duration was 112+42 mgrange, 65-183 msand it
mid diastole(y=~0.7). The respiratory motion plot suggests Was centered a¢=0.74+0.06(range, 0.63-0.81

that periods of minimal motion may be found at end expira- Rest period is defined with respect to a given amount of
tion (p=0) and at end inspiratiof{p|=1). coronary motion. Therefore, as the amount of tolerated mo-

tion increases, so does the rest period duration. This relation-
) ) ship is demonstrated in Table | which shows the rest period
A. Cardiac rest period duration for a range of 3D motion tolerances.

Figure 2 shows the rest period duration as a function of
the cardiac cycle for the right coronary artery in four patients
and for the left coronary tree in seven patients. In these ex-
amples, the rest period was defined as the amount of time Figure 3 shows the rest period duration during a sponta-
during which the 3D motion of the artery was less thanneous tidal respiratory cycle for the right coronary artery in
1 mm. The plots show that the motion of the heart during thefour patients and for the left coronary tree in seven patients.
cardiac contraction is smallest at end systale-0.4), and at  In these examples, the rest period was defined as the amount
mid diastole(y=0.7). of time during which the 3D motion of the artery was less

. Respiratory rest period

Medical Physics, Vol. 32, No. 1, January 2005
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Fic. 2. Rest period duration during a cardiac contraction for(@eright ~ FIG- 3. Rest period duration during a tidal breath for ¢aeright and(b) left

and (b) left coronary arteries. The maximum allowed 3D motion of the coronary arteries. The maximum allowed 3D motion of the artery is 1 mm.
artery is 1 mm. The graphs show individual resultisin lines for four The graphs show individual resulgghin lines for four patients in(a) and
patients in(a) and seven patients ifb). The mean rest period durations are Seven patients iitb). The mean rest period durations are plotted as thick
plotted as thick lines. Cardiac phagg) represents the percentage of the lines. Respiratory phas) is 0 at end expiration, angd=+1 at end inspi-
cardiac cycle, withy=0 set to correspond to the QRS peak. End systoleation. The sign op indicates inspiratiori+) or expiration(—).

corresponds tg=0.4.

391-3629 mp As a percentage of the patients’ respiratory

than 1 mm. The plots indicate that there are periods of miniP€riod, the end-expiration rest period was 27+ 1#nge,
mal motion at end expiratiofp=0) and at end inspiration 9%-57%. The end-inspiration rest period was 444+273 ms
(p=21). (range, 156-839 msor 11+6%(range, 5%—21%

For the right coronary artery, the end-expiration rest pe- Table Il provides the respiratory rest period duration as a
riod was 1065+320 mgrange, 844—1536 msfor an al- percentage of the respiratory cycle duration for a range of
lowed 3D motion of 1 mm. This was equal to 26+8% Motion tolerances.

(range, 18%—-37%0f the patients’ respiratory period. The _ _ _
end-inspiration rest period was 655+227 msange, C- Motion corrected respiratory rest period

415-939 my or 16+8% (range, 9%-28%o0f the respira- Figure 4 shows the effect of motion correction on the rest

tory cycle. _ period at end expiration. The graph shows that as the degrees
For 1 mm of allowed motion of the left coronary tree, the uf freedom of the motion model are increasganslation
end-expiration rest period was 1232+1172 mmange,  igid < affine), the MCRRP duration also increases.

TaBLE |. Cardiac rest period for the right and left coronary arteries. The TasLE Il. Respiratory rest period for the right and left coronary arteries. The
systolic and mid-diastolic rest period duration are measured in millisecondend-expiration(EE) and end-inspirationEl) rest period duration are re-

(m9). ported as a fraction of the respiratory cycle durati®s).
Rest period duratiofms) Rest period duratioii% of cycle)
Allowed 3D Allowed 3D

motion Right coronary Left coronary motion Right coronary Left coronary

(mm) Systolic Diastolic Systolic Diastolic (mm) EE El EE El
0.5 41+21 30+19 41+15 55+22 0.5 17+8 10+6 18+14 6+3
1.0 76+34 65+42 80+25 112+42 1.0 26+8 16+8 2717 11+6
15 105+40 109+71 114+29 168+65 15 33+8 20+9 33x16 14+7
2.0 131+43 135+86 148+33 197+60 2.0 39+9 25+11 39+16 18+9
25 164+40 171+£108 184+37 224+61 25 45+9 28+12 4515 23+10
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% Fic. 4. Motion corrected respiratory rest period
5 06 (MCRRP) duration at end expiration: A comparison of
@ three different motion models. The physiologic motion
o is shown as a base line reference. Two Bonferroni cor-
ke 041 rectedt-tests were performed for each artery to test for
‘q:')' ’ incremental differences in the MCRRP. A group-wise
o y statistical significance otv<<0.05 is indicated by an
. ‘ asterisk(*). P values are provided for at-tests.
o2 ] ,
o
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(&)
=

O B * * *
P<0.346 P<0.001 P<0.019 P<0.002
Right Coronary Left Coronary

For a tolerated 3D motion of 0.5 mm, the physiologic restamplitude, and breathing mechanics could influence the ob-
period of the left coronary tree was measured previously tserved rest period. However, the nature of the angiographic
be 18+14% of the tidal respiratory cycle. Translation wasprocedure, in which contrast agent is injected into the coro-
able to model the motion of the left coronary arteries fornary arteries displacing normal blood flow, does not allow
32+13% of the tidal respiratory cycle with the same motionfor longer injections to study these effects.
tolerance. The MCRRP increased to 51+28% of the cycle To the best of our knowledge, there are no reports of the
with the rotational degrees of freedom provided by the rigidcoronary respiratory rest period duration. The technical limi-
body motion model. The affine motion model extended theation has been the difficulty in separating the cardiac and
MCRRP to 79+£26% of the respiratory cycle. respiratory motion of the arteries. Our work on the cardiac

Rigid body motion modeled the respiratory motion for arespiratory parameter model has made this posé‘beehis
significantly longer portion of the respiratory cycle than mathematical modeling technique allows us to study the dy-
translation motion alon€P <0.019, Bonferronit-test for namics of the respiratory cycle in patients by providing a
paired samples and two comparispribhe affine deforma- mechanism for freezing the motion coming from the cardiac
tion model modeled the respiratory motion for a significantlycontraction.
longer fraction of the respiratory cycle than the rigid body
transformation (P<<0.002, Bonferronit-test for paired
samples and two comparisgns A. Comparison to previous studies of the cardiac rest

For the right coronary artery, there was no statistical im-period
provement with the rigid body modefMCRRP mean,
33+11% over the translation motion modéMCRRP mean,
27+13%. The affine motion model was able to model the
motion for 64+25% of the respiratory cycle. This was a
statistically significant improvement over the rigid body mo-
tion model(P<0.001, Bonferroni-test for paired samples
and two comparisons

Confidence in our results is obtained by comparing them
with a previous report of the coronary artery rest period. The
cardiac respiratory parametric model allowed us to math-
ematically freeze the breathing motion of our free-breathing,
beating, coronary data. Thus, we were able to analyze only
the cardiac motion of the arteries.

Wanget al. studied the rest period during the cardiac con-
traction with x-ray angiograms acquired during a breath
hold!® The mid-diastolic rest period was defined as motion
IV. DISCUSSION less than 1 mm in any of the in-plane directions visualized

The prescribed volumetric spatial resolution of a MR orwith an orthogonal biplane acquisition. Thus, the upper
computed tomograph§CT) protocol is only one determinant bound on the 3D motion was approximatel@=1.73 mm.
of the true resolution of the acquisition. Temporal resolutionThe mean rest period durations were reported as 120 ms
plays an important role in defining the true resolving power(range, 66—200 mdor the right coronary artery and 161 ms
of a given imaging technique. In this paper, we present arrange, 66—333 mdor the left coronary tree. For a 3D mo-
analysis of the cardiac and respiratory motions of the heartjon limit of 1.75 mm, we measured similar mean rest peri-
with a specific focus on the quiescent periods of these cyclesds of 124 ms(range, 35—222 msfor the right coronary

The analysis presented in this paper is based on a singkatery and 178 mgrange, 94—257 mdor the left coronary
breath for each patient. Variability in the respiratory rate,tree.
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B. Respiratory motion correction for MRCA identified in the projection images and used to generate a 3D

Respiratory motion correction during MR imaging of the reconstruction. This was further complicated by the fact that

heart typically uses navigator echb& measure the posi- the contoura of_ the diaphragmatic silhouet_te, viewed from
tion of the diaphragm. This one-dimensional displacement iglifferent projection angles, did not necessarily correspond to
then used to estimate the stgpmsition, orientation, etgof ~ the same material tissue. _
the heart so that the proper amount of correction can be Nonetheless, our measure of respiratory phagevas a
applied® Whereas cardiac gating windows are described ir?D approximation of diaphragmatic displacement measured
the temporal domain, respiratory gating windows are deffom one of the projection imagés.Based on empirical
scribed in the spatial domain. For example, data might béneasurements of the range of diaphragmatic displacement
acquired whenever the diaphragm is within 5 mm of a referduring free breathing:*” we mapped the normalized phase
ence position. measuremen{O<|p|<1) to represent a displacement of
Unfortunately, we were not able to make 3D spatial mea0 to 15 mm. This relationship allowed rest period durations
surements of diaphragmatic displacement during respiratiorio be converted from a temporal to a spatial measurement.
There were no landmarks on the diaphragm that could be Figure 5 shows the relationship between the width of a
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