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Abstract

Xenon-enhanced computed tomography (Xe-CT) has been used to measure regional ventilation by determining the wash-in
(WI) and wash-out (WO) rates of stable Xe. We tested the common assumption that WI and WO rates are equal by measuring
WO-WI in different anatomic lung regions of six anesthetized, supine sheep scanned using multi-detector-row computed
tomography (MDCT). We further investigated the effect of tidal volume, image gating (end-expiratory EE versus end-inspiratory
El), local perfusion, and inspired Xe concentration on this phenomenon. Results: WO time constant was greater than WI in all
lung regions, with the greatest differences observed in dependent base regions. WO-WI time constant difference was greater
during EE imaging, smaller tidal volumes, and with higher Xe concentrations. Regional perfusion did not correlate with WI-WO.
We conclude that Xe-WI rate can be significantly different from the WO rate, and the data suggest that this effect may be due to
a combination of anatomic and fluid mechanical factors such as Rayleigh—Taylor instabilities set up at interfaces between two
gases of different densities.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction pulmonary function in 1955Knipping et al., 195k
this gas has been used in various forms as a contrast
Since Knipping and co-workers introduced the use material in conjunction with different imaging modal-
of radioactive xenon (Xe) gas to understand regional ities. Small volumes of radioactive ¥& was used in
the early studies with scintillation camer&sa(l et al.,
T+ Corresponding author. Tel.: +1 319 356 1381 1962; Bunow et QI., 1979; van der_ Mf’il’k et al., 1980,
fax: +1 319 356 1503. 1984 and later single photon emission tomography
E-mail addresseric-hoffman@uiowa.edu (E.A. Hoffman). (SPECT) Buga et al., 1996; Almquist et al., 1999
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and much of our current understanding regarding het-

erogeneity of ventilation was derived from these early
Xe!33 gas studiesWest et al., 1962; Anthonisen and
Milic-Emili, 1966; Bryan et al., 1966; Kaneko et al.,
1966; Milic-Emili et al., 1966. High concentrations of
non-radioactive Xe have been used in conjunction with
CT (X-ray computed tomography) imaging for high-
resolution quantitation of regional pulmonary venti-
lation (Gur et al., 1979; Marcucci et al., 2001; Tajik
et al., 2002 and ventilation/perfusion ratio&feck et
al., 2001. Most recently, promising techniques for lung
imaging using laser polarized Xe and helium for mag-
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only, Xe wash-out (WO) only, or Xe wash-in/wash-
out (WI/WOQO) combination, have been based primarily
on considerations of convenience or signal:noise ratio
(Dollery et al., 1962; Dollery and Gillam, 1963; Brudin
et al.,, 1992; Simon et al., 1998; Kreck et al., 2p01
within the assumption of equal WI and WO rates.
Finally, the density and viscosity of Xe gasis 5.44 g/l
and 2.25< 10° Pa/s at ambient temperature, respec-
tively (Anonymous, 198) These values are substan-
tially higher than those of the other typical respiratory
gases. Previous studies have demonstrated the effect
of physical gas properties on pulmonary mechanics,

netic resonance imaging (MRI) have been described gas exchange, and ventilation distributidaffrin and

(Albert et al., 1994; Kauczor et al., 1996; Eberle et al.,
2002.
Regional lung ventilation using imaging methods

involving tracer or radiopagque gases can be mea-

sured quantitatively using single-breatBafl et al.,
1962; Tajik et al., 200Ror multi-breath equilibrium
techniquesBunow et al., 1979; Gur et al., 1979, 1981;
Murphy et al., 1989; Marcucci et al., 200MWhile a
single breath technique provides information related to
the distribution of the inspired gas under static con-
ditions, multi-breath equilibrium techniques allow for
the measurement of the regional distribution of ven-
tilation under steady-state dynamic conditiofigjik

et al., 2002. West and Dollery (1960)valuated
regional pulmonary ventilation by the use of exter-
nally placed scintillation counters by measuring the rate
of removal of G°-labeled carbon dioxide after single
breath of radioactive gakety (1955)suggested mod-

Kesic, 1974; Wood et al., 1976a,b; Zhang et al., 1995;
Calzia et al., 1999; Baumert et al., 2Q0¥entilation
distribution is further dependent on several additional
factors such as lung mechanical properties (regional
structure and compliance), external factors (pleural
pressure, heart, chest wall effects), and ventilatory
parameters (tidal volume, flow rate).

Our observations using the Xe-CT method sug-
gested that, in different regions and under certain con-
ditions, the lung density may notreturn fully to baseline
after a reasonable wash-out period and, further, that WI
and WO time constants may differ considerably. Given
the above considerations, we sought to examine the
assumption that Xe-CT WI and WO time constants are
equal during mechanical ventilation of healthy, supine
sheep. In addition, we investigated different factors
that might influence this phenomenon, including the
effects of tidal volume (which, for the same respiratory

els to measure regional pulmonary ventilation using frequency, alters flow velocity), anatomic region, scan-
multi-breath protocols. Most of these models assume ning modes (end-inspiratory (El) or end-expiratory
that Xe is insoluble in blood and tissue, giving rise (EE) image gating), and inspired Xe concentration
to mono-exponential wash-in (WI) and/or wash-out (affecting overall density and viscosity of the inspirate).
(WO) curves. However, Xe gas is inert and moderately
soluble in blood and tissue: the Oswald solubility coef-
ficient of Xe gas is 0.14 at 3C for blood and 0.13
for fat (calculated from blood and oilsfeward et al.,
1973. This solubility, under different conditions, may 2.1. Animal preparation

resultin uptake of Xe by the blood, storage of dissolved

Xe in lung and peripheral tissues, and recirculation of ~ This protocol was approved by the University of
Xe with return to the lung, all of which could affect lowa Institutional Animal Care and Use Committee.
background levels and/or alveolar accumulation rates. All animal studies were performed within guidelines
Most of these models, regardless of consideration of for animal care defined by the American Physiological
Xe solubility in blood and tissue, assume that the Xe Society and the National Institutes of Health.

wash-in rate is equal to the Xe wash-out rate. Choice  Fifteen adult sheep (30—40Kkg) of either sex were
between the three different protocols, Xe wash-in (WI) studied. Sheep were pre-medicated with .M. ketamine

2. Methods
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(2 mg/kg) and acepromazine (0.67 ml/kg). The sheep sure) 3-5 times for the purpose of (1) assuring a con-
were anesthetized with inhaled isoflurane (1-2%) via stant volume history, (2) promoting maintenance of
nose cone until intravenous access was obtained, afterapnea during scanning and (3) minimization of depen-
which deep anesthesia was maintained with continuous dent atelectasis.
intravenous infusion of propofol (12 mg/kg/h) titrated
to heart rate and reflexes. 2.2.1. Image specifications
After tracheotomy was performed and the trachea  All scans were performed in our research dedicated
intubated with a cuffed endotracheal tube (9.0 mm Philips MX 8000 scanner which allowed for the acqui-
i.d.), the sheep were mechanically ventilated (10 ml/kg, sition of four high-resolution (up to 24 line pairs per
12-15 breaths/min) with a Harvard piston pump respi- cm) images per scanner rotation with a gantry rotation
rator. Liquid filled pressure catheters were inserted into speed of 0.5 s per revolution.
acarotid artery (blood pressure monitoring) and jugular ~ With the lungs held at 0, 10, 15 and 30 ca®air-
vein via cutdown procedure. With the guidance of aflu- way pressures, volumetric images of the lungs were
oroscope, catheters were advanced into the right mainobtained for purposes of being able to evaluate air-
pulmonary artery (pressure monitoring and administra- way geometry and to select locations for Xe-CT stud-
tion of anesthesia and fluid) or right ventricle outflow ies. This scanner was set at 90kV and 120 mAs for
tract (contrast injection). the multi-breath axial scanning protocol. All images
After instrumentation, sheep were transported to the were reconstructed using a 54512 and a “standard”
scanner facility, placed supine on the scanner table, image reconstruction kernel. Slice thickness and incre-
and connected to and ventilated by a Harvard piston ment was set at 4 mix 2.5 mm and in plane pixel size
pump respirator. The sheep were relaxed with a 1mg was 0.449 mnx 0.449 mm, resulting from both image
intravenous injection of pancuronium bromide. Airway field of view of 22.6 cm.
pressure and ECG were monitored using an IBM com-
patible computer equipped with a standard laboratory 2.2.2. Xe-CT ventilation protocols
A/D converter board and a customized Labview 7.0 For these multi-breath dynamic imaging series, res-
(National instruments, Austin, TX)-based PC software. piratory gating was used.
The software was programmed to correlate physiologic ~ Protocol 1 In protocol 1, a series of 130 consecutive
information with scanner events by triggering the pulse EE CT scans were obtained in three animals during Xe-
of the scanner X-ray timed to the ventilation cycle. WI (55% Xe—-25% oxygen) and WO: seven baseline
During a Xe study, Xe was delivered via a specialized (28s), 63 Xe-WI (252s), and 60 Xe-WO (2405s). In
delivery device (Enhancer 3000, Diversified Diagnos- addition, a control image set without Xe delivery was
tic products, Houston, TX) into the inhalation side of collected for 520s in one animal. For this study, the
a Harvard piston ventilator. The Enhancer 3000 allows ventilator was set to a tidal volum&+) of 10 ml/kg.
for control of concentration of Xe and oxygen gasina Image location was chosen from the volumetric spiral
closed circuit system, using a G@bsorber along with  scan at FRC such that slices were gathered at a location
Xenon and oxygen sensors to allow for maintenance of centered half way between the diaphragm dome and the
a constant concentration of these gases on the inhala-carina. Data from this protocol were used to investigate
tion side of the circuit during a Wl maneuver. Through- the characteristics of the Xe signal in the blood and to
out the study, deep anesthesia was maintained with determine the optimal WI times for subsequent xenon
continuous I.V. drip (12 mg/kg/h) of propofol titratedto ~ studies.
heart rate and reflexes. The sheep were euthanized with  Protocol 2 Findings from protocol 1, discussed in
sodium pentobarbital (60 mg/kg) and concentrated KCI the results section, demonstrated that the number of

after completion of the study. time points needed to avoid confounding signals from
blood born Xe gas returning from peripheral stores.
2.2. Imaging protocols Thus, in protocol 2 axial scans were gated to 60 con-

secutive breaths. Six supine sheep were studied in
Before each imaging protocol, the lungs were this protocol. Image acquisition was gated to occur
inflated to total lung capacity (30 cmB airway pres- at both the El and EE time points of each breath and
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subsequently separated into the inspiratory and expira- TLC, the lungs were held apneic at 0 ca® airway
tory series for separate evaluation of regional Xe-WI pressure and images were obtained at 30 time points
and WO characteristics. The 60 breaths were as fol- by triggering scans at the peak of the QRS complex
lows: seven baseline breaths (room air); 33 WI breaths of the ECG signal. After three baseline images were
55% Xe and 25% @ and finally 20 WO breaths on  obtained, nonionic radiopaque contrast agent (lohexol,
room air. The protocol was repeated at tidal volumes Amersham, UK) was administered by a bolus injection
of 7ml/kg, 10 ml/kg, and 13 mil/kg, with respiratory- of 0.75 ml/kg over 2 s via a powered injector (Medrad)
frequency held at 15 breaths/min, and for slice locations connected to a 7F multiple-side-hole catheter placed in
selected at the lung apex and base in each animal. Thisthe right ventricular outflow tract.
protocol was performed to investigate the differences in
regional Xe-WI and WO rates as a function of tidal vol- 2.3. Ventilation image analysis
ume (velocity), and inspiratory versus expiratory gating
modes. The images were transferred to our PC workstations
Protocol 3 Protocol 3 consisted of a series of 60 and analyzed using customized software (Time Series
consecutive breaths as in protocol 2, imaging only at Image Analysis or TSIA). For protocol 1, we visually
EE and repeated with 30, 40, and 55% inspired Xe €valuatedthe time intensity curvesinregions of interest
concentration. This study was carried out in a separate placed in the dependent, mid and non-dependent lung
group of six Supine Sheep_ All scans were performed regions to gain an initial understanding of the charac-
at a tidal volume of 15ml/kg, a respiratory rate of teristics of the data sets being gathered.
10 breaths/min. For these studies we centered ourimag-  In protocol 2, as a first step, each slice was seg-
ing planes only at the basal location (half way between mented to separate lung field from the mediastinum,
the carina and the diaphragm dome). The purpose of chestwall (rib cage and diaphragm), and myocardium.
this protocol was to investigate the effect of Xe con- The area of lung parenchyma was sampled automat-
centration on the difference of Xe-WI and WO rates. ically using a regular grid pattern and an ROI size
The hypothesis was that, as Xe concentration changed,0f 2.15-2.79 mm, with 2.5mm slice thickness. The
the differences in WI and WO rates should vary if gas mean attenuation in each ROl was measured in each
density and viscosity played an important role in these image in the series, plotted as a function of time,
differences. and ventilation or perfusion parameters were derived
Protocol 4 As will be shown in the results, using non-linear curve-fitting routines as describe
dependent, lung regions (but not non-dependent lung below.
regions), failed to return to baseline density in pro-
tocol one. Because this paralleled the distribution of 2.3.1. Ventilation
blood flow, we wished to test whether WO-WI differ- In order to calculate the ROI ventilation time con-
ences were related to the amount of blood flow to a stants, we fitted each regional this WI/WO curve
given lung region. If WO-WI differences were related to a single-compartment exponential model using a
to the Xe signal in blood returning from the peripheral non-linear least squares curve-fitting procedure which
circulation, we reasoned that these differences should allowed independent time constant assessment for WI
be magnified in regions where the signal was strong and WO curves. One example WI/WO curve is depicted
enough to affect the WI and/or WO curves. In regions with its associated equation and parametenSiin 1
where regional blood flow was low (which also tended From these curves, specific ventilation (ventilation per
to be regions where the per voxel blood volume was unit volume) was calculated as the inverse of the time
also low) then the blood signal would have little to constant, based upon the model first proposetdty
no effect on the WI/WO rates. These studies were (1955) Kety’s model of inert gas exchange is applica-
performed on the supine position in the same six ani- ble to gases with both high and low solubility in blood
mals used for protocol 2. Regional pulmonary blood and tissue, assuming that the inhaled concentration of
flow was measured through the evaluation of first pass an inert gas is held constant and alveolar ventilation
kinetics of a radiopaque contrast bolWsd]fkiel and is treated as a continuous process. For the special case
Rich, 1992. Following three recruitment maneuversto of very low solubility in blood, Kety’s model can be
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Fig. 1. Diagram of curve fitting for Wl and WO Xe-CT curves. This curve derived from a scanning protocol which used a seven breath baseline,
33 breath WI, and 20 breath WO sequence. Note that the tail of WO curve approximates the initial baseline. The time constants for WI [tau(wi)]
and WO [tau(wo)] are indicated. The curve equations are given in the lower half of the figure.

described as a simple exponential function. this model is that tissue accumulation of indicator is
complete before the indicator washes out significantly.
Ca = C\(1 — exp(—k x 1)) P 9 y

whereC, is the concentration of inspired gas at time F; HU, ok — HU, base

t, Ca the concentration (amount) of gas present in the =~ .

lungs at equilibrium and is related to volume, dttie Vorel Jo” (HUpal(r) — HUpabasd dr

rate constant that relates alveolar ventilation to alveolar yhereF; is the flow to the tissue from main feeding

volume (V/ Va9, called specific ventilation. vesselVyoxel the volume of parenchyma present in the
To eliminate regions containing major pulmonary

blood vessels and airways, data were filtered using two

criteria: SSR (summed squared residual) less than 150
(Simon et al., 1998 and air fraction between 40 and -
90% (Hoffman et al., 198 The sagittal slice images Nondep Nondep

were divided into three regions as describe&ig. 2
Xe-WI and WO rates were compared: (1) apex ver- m
sus base (2) dependent, middle, non-dependent (3) EI 4

versus EE scans (4) tidal volume at 7, 10, and 13 mi/kg

In protocol 3, regional perfusion was evaluated. w ‘
2.3.2. Perfusion

In order to determine the relationship of perfusion APEX BASE
to the difference of WI and WO rates, regional pul- _ o _ _
monary blood flow was calculated from contrast injec- Fig. 2. Visual depiction of the three vertical regions evaluated for

tion i . inal ¢ t del. In thi each of the four axial slices sampled at the lung apex and base.
Ion Images using a single compartment moael. In this WI and WO rates were determined for each of these levels which

model, flow is proportional to maximal enhancement represent the non-dependent 20%, middle 20% and dependent 20%
(Gould, 1992; Tajik et al., 1993The assumption of  of the lung in each slice.
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region of interest, Hh the Hounsfield unit of con-  2.4. Statistical analysis

trast agent in the feeding pulmonary artery, fdbhse

the Hounsfield unit measured prior to the arrival of All data are presented as mean$§.D. A pairedt-
contrast into pulmonary artery, Hyx the Hounsfield test was used to compare differences of time constants
unit measured at the peak of the parenchymal dilu- (e.g. Wl versus WO. El gating versus EE gating, etc.).
tion curve, HY pasethe Hounsfield unit measured prior  For all statistical tests? < 0.05 was considered statis-
to the arrival of contrast into the region of interest. tically significant.

The ratio of the peak HU in a ROI placed over lung

parenchyma to area of the arterial input curve gives

flow per volume of the region (ml/min/ml). Examples 3. Results

and their corresponding plots of input and output data

are shown inFig. 3, where an input ROI is chosen As shown in the upper panel &ig. 4, data gath-

in the center of the feeding pulmonary artery and the ered from a study in which no Xe gas was actually
output data are selected from the lung parenchyma. delivered remained quite stable with a variation of
A non-linear model of the Marquardt method is fit 47 Hounsfield units (HU: water =0 and air=1000).

the gamma variate function to the concentration-time However, as seen in the lower panelFif). 4, there
curve. The fitted input and output curves are used was a failure to return to baseline during the Xe-WwO
to calculate the volume normalized pulmonary blood period in the dependent and, to a lesser degree, in the
flow. To remove samples (ROIs) containing major pul- middle lung regions. There was a return to baseline in
monary blood vessels (veins and arteries) and major air- the non-dependent lung regions. During the WI phase,
ways, two criteria: (1) air fraction between 40 and 90%; Xe passes from alveolar wall into the blood stream,
(2) blood fraction between 2 and 50% were applied to and is transported to peripheral stores (fat), and plays
data. arole as a Xe-source during the Xe-WO portion of our

Pulmonary Artery

Middle
O

B

Attenuation (HU)

Time (sec)

Fig. 3. Time intensity curves derived from scanning the passage of a sharp bolus of contrast material as it traverses the lung field. Arterial curve
(right upper panel) and three different parenchymal curves (right lower panel) are demonstrated for regions shown in image. These curves are
used to calculate regional pulmonary perfusion parameters.
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Fig. 4. Upper panel demonstrates the stability of the imaged grey scale values during a simulated Xe protocol. Note that the CT density values
remain withint= 7 HU (mean =784.7 HU) of baseline throughout the scan. Lower left panel shows transverse CT image of a sheep in the supine
position along with three ROIs (dependent, middle, non-dependent). Right panel shows regional time attenuation curves corresponding to the
three ROIs. The initial baselines are marked at each curve by black horizontal line. From dependent to non-dependent ROIs, the difference of
initial baseline and the tail of WO curve decrease, indicating incomplete WO in dependent regions.

imaging protocols. ABunow et al. (1979)ndicated, it is necessary to consider this blood born Xe signal in
for radioactive tracers this return of Xe from peripheral calculating both WI and WO curves. To minimize the
stores prevents the tail of the WO curves fromreturning effect of blood born Xe the Wl and WO calculations, we
to baseline, andin this case potentially affects the radio- limited the number of sample points in subsequent pro-
density of the lung parenchyma during WI. Therefore, tocols so as to reduce the effect of xenon accumulation
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Fig. 5. Position of the optimal cut-off time. Note that the WO curve does not return to baseline, possibly related to the return of xenon gas to
the lung from peripheral stores and through simple recirculation. We make the assumption that the peak of the WI plateau should be lowered by
the same amount as is reflected in the difference between the initial and final baselines and we identify the time point at which that lower WI
plateau occurs. This time point was determined in three sheep and then subsequent protocols in this study switched from the WI to the WO scar
phase after this pre-determined number of breaths.

into peripheral stores and its return to the luRgy. 5 both dependent and non-dependent regions assessed
shows the plot of a WI and WO curve from a repre- using El or EE gating. At both the lung apex and base
sentative ROI. To estimate the retention of Xe in blood as well as in the dependent and non-dependent lung
and tissue after lung WO, an average of seven baselineregions, the time constants for Wl was faster (shorter)
time points (breaths) was subtracted from an averagethan WO. A faster time constant indicates greater
of the final seven time points (breaths) of WO. Thenthe regional specific ventilation. As expected from known
magnitude (HU) of the final background activity was supine lung physiologyHoffman and Ritman, 1985
subtracted from the average of the last seven time pointswe observed that dependent regions of lung exhibited
at the end of the WI curve with the assumption that the shorter time constants than did non-dependent lung
plateau is raised by the same amount as the final tail regions, indicating that the dependent region were bet-
of the WI/WO curve. By finding the point at which the ter ventilated than non-dependent regions.

WI curve reaches the predicted plateau (correcting for  Fig. 7shows histograms representing time constants
the shift due to returning Xe stores), we identified the of WI, WO and WO-WI differences in the apex and
time point at which to stop the WI portion of the study.
The average time point was evaluated across all three
sheepsin protocol 1 and this then determined the timing
of subsequent protocols. By reducing the WI time and
leaving the WO time the same, in subsequent studies,

Table 1
Baseline difference and optimal cut-off times

Supine position, global ROI

the WO curves returned to baseline values as shown Animal Final-initial baseline Optimal cutoff
in Fig. 1 Table 1shows the mean difference between difference (HU) time (br)
the final and initial baseline (average: 4.72 [HU]) and 1 7.68 31
optimal cut-off time (average: 33 breath of WI). This 2 3.79 35
cut-off time was used for subsequent protocols. 3 2.70 33
Fig. 6 summarizes the Xe-WI and WO time con- Mean 4.72 33

S.D. 2.61 2

stants at the lung apex (left) and lung base (right) for
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Fig. 6. Note that time constants in the non-dependent regions are longer than in dependent regions, meaning that non-dependent regions are
less ventilated than dependent regions. This is in agreement with previous studies. EE, end expiration; El, end inspiration; WI, wash-in; WO,

wash-out.

base of one animal. The histogram of the WO time constants is much narrower than that for the WO time

constants is shifted to the right relative to the WI his- constants at both apex and base, indicating that WO
togram. Thus, the WO-W!I histogram mode is greater time constants are more variable. Despite this, because
than zero. Also, note that the distribution of the Wiltime the mean time constants for WO are greater, the het-
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Fig. 7. Histogram of WI, WO, and WO-WI differences at apex and base. Mean WO time constants, and difference of Wl and WO time constants
were shifted to the right.
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Table 2
Coefficient variation (S.D./mean) of Wl and WO time constants at apex and base
APEX BASE

Tau (wi) Tau (wo) Tau (wi) Tau (wo)

1 0.61 0.46 0.68 0.5

2 043 0.35 0.58 0.44

3 0.84 0.67 0.68 0.61

4 0.84 0.61 0.71 0.57

5 0.6 0.53 0.8 0.47

6 0.82 0.54 0.75 0.57

Mean 0.69 0.52 0.7 0.52

SD 0.15 0.10 0.06 0.06

P<0.01% P<0.01%

erogeneity as measured by the coefficient of variation in Tables 3 and 4this finding held for both El and EE
(CV =S.D./mean) of the distributions of WI time con-  scanning P <0.05).

stants are significantly larger than the CV's of WO time In dependent and non-dependent regions, the
constantsTable 2 P<0.01). WO-WI was larger and significantly different at the

Example vertical distributions of Wl and WO time lung base compared to the ap&x<0.05). This rela-
constant differences are shown in color mapBim 8. tionship did not hold for the middle sections of the
Note the color maps of are scaled at the range ®to lung.

10 (s) for the lung apex and3 to 16 (s) for the lung

base. The scale difference was necessitated by the facB8.1. Dependence on regional pulmonary blood

that the differences are much larger at the lung base flow

compared to the lung apex. Also note that at both the

apex and base, the colors indicating the largest differ- ~ We postulated that if the WO-WI difference was
ences dominate in the dependent lung region. As showndue to blood flow uptake of tracer gas, the difference

Fig. 8. Color maps of WO-WI time constant differences. Note different scale and that the difference between WO and WI time constant is larger
in the dependent region at both apex (left) and base (right).
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Table 3
Averaged time constant (WO)-time constant (WI)—end expiration imaging
EE
Apex Base
Nondep Middle Dep Nondep Middle Dep
1 -0.28 6.72 8.69 10.13 4.16 12.5
2 2.72 7.16 6.58 9.59 5.65 13.8
3 5.23 4.39 7.02 9.80 5.55 9.86
4 8.71 7.83 27.32 10.8 9.78 26.1
5 12.5 13.33 17.38 12.87 14.95 27.27
6 9.18 15.01 13.72 10.25 10.61 16.19
Mean 6.34 9.07 13.45 10.57 8.45 17.62
SD 4.68 4.14 7.98 1.20 4.08 7.32
T p<0.01 T T p=0.04* T
T p=0.04% T
T p=0.58 T
T p=0.04% T
Table 4
Averaged time constant (WO)-time constant (WI)—end inspiration imaging
El
Apex Base

Nondep Middle Dep Nondep Middle Dep
1 1.42 -0.71 1.78 6.22 3.31 6.12
2 -0.51 7.76 5.03 2.1 5.06 12.85
3 0.38 0.28 2.04 2.05 3.08 8.04
4 9.68 8.13 19.36 11.94 6.87 20.53
5 6.53 9.81 10.01 8.48 12.33 20.58
6 8.17 11.98 9.50 13.33 6.79 15.63
Mean 4.27 6.21 7.95 7.35 6.24 13.96
SD 4.37 5.20 6.60 4.79 3.39 6.12

Loe e
T p<0.01* T
L=
L

75
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Table 5
Relationship between pulmonary blood flow and averaged time constant (WO)—time constant (WI)
EE, Base
Global Dependent Middle Non-dependent
Slope R? Slope R? Slope R? Slope R?
1 243 0.06 2.40 0.02 3.45 0.08 —3.43 0.01
2 4.00 0.04 2.20 0.01 1.70 0.00 —4.81 0.04
3 6.89 0.06 7.32 0.02 6.74 0.08 3.51 0.01
4 0.08 0.08 0.37 0.13 0.04 0.02 0.01 0.00
5 0.41 0.00 —0.33 0.00 1.37 0.02 —0.73 0.00
6 3.55 0.02 2.45 0.01 4.68 0.04 0.80 0.00
Mean 2.89 0.04 2.40 0.03 2.99 0.04 0.37 0.01
S.D. 2.52 0.03 2.67 0.05 2.45 0.03 3.08 0.01

would be proportional to the local perfusiofable 5 constants was influenced very little by the regional spe-
summarizes the results of a linear regression analysiscific ventilation.

to test this hypothesis in six sheep under protocol 4.

At most, regional pulmonary blood flow could account 3-3. Effect of El versus EE scan gating

for only 4% of the difference of the two time constants
(meanR?2 value: 0.01-0.04). This lack of correlation

between blood flow and WO-WI differences indicate
that the signal from Xe returning from peripheral stores
is an unlikely explanation for the observed WO-WI

time constant differences.

Comparison of Wl and WO time constants in depen-
dent, middle, and non-dependent regions at both the
apex and base for El and EE imaging as well as coef-
ficients of variation of difference of Wi and WO time
constants for El and EE imaging of the whole lung slice
are shown inFig. 9. These data indicate that the dif-
ference between WO and WI time constant in both the
dependent and non-dependent regions at the lung base
is significantly larger when measured at EE compared
to El (P<0.05), but not in the middle lung regions.

3.2. Dependence on specific ventilation

The relationship between specific ventilation (inde-
pendentvariable) and time constant differences (depen-
dent variable) is shown ifable 6 Based upon a  34. Effect of tidal volume
linear regressionRk? values ranged from 0.03 for the
whole lung slice and 0.01-0.11 for three different lung Fig. 10demonstrates the effect of tidal volume on
regions. In all cases, the difference in WO-WI time the differences of Wl and WO rates. The left plot shows

Table 6
Relationship between specific ventilatiorvj and averaged time constant (WO)—time constant (W1)

EE, Base

Global Dependent Middle Non-dependent

Slope R2 Slope R2 Slope R2 Slope R2
1 0.88 0.04 0.16 0.00 141 0.14 1.57 0.01
2 3.57 0.05 5.96 0.09 3.85 0.07 2.56 0.05
3 0.35 0.02 0.42 0.03 0.42 0.03 1.24 0.04
4 0.33 0.01 0.05 0.00 1.01 0.07 5.92 0.24
5 0.51 0.05 0.34 0.03 0.72 0.11 6.49 0.30
6 —0.25 0.01 —0.73 0.04 0.04 0.00 0.33 0.01
Mean 0.90 0.03 1.03 0.03 124 0.07 3.01 0.11

S.D. 1.35 0.02 2.44 0.03 1.36 0.05 2.57 0.12
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Fig. 9. Effects of El and EE on WO-W!I time constant differences. The WO-WI time constant differences are smaller during EI mode than EE
mode in three vertical lung regions at the apex and base.

that, as expected, increasing tidal volume increases3.5. Effect of Xe concentration

ventilation and thus reduces both WI and WO time

constants. The right plot shows that as tidal volume  The averaged WO-W!I time constant differences
increases, however, the difference betweenregional Wi for the three different Xe concentrations (55, 40,
and WO rates decreases. At both the lung apex andand 30% Xe) in the six supine sheep are shown in
base, the WO-WI differences at 13 ml/kg tidal volume Fig. 11 As Xe concentration decreased, the average
were significantly smaller than at 7 ml/k& € 0.05). WO-WI difference decreased: 11.2461.35s at 55%
However the differences between the individual tidal Xe, 2.35+3.87 s at 40% Xe, 1.2 3.27 s at 30% Xe

volume steps did not achieve statistical difference. (meant S.D.). The average WO-WI difference was
Tidal volume vs. [Tau(wi), Tau(wo)] Tidal volume vs. [Tau(wo)-Tau(wi)]
m—e—APEX WI TAU NS NS
50 =—O==APEXWOTAU  __ 46 n
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Fig. 10. Effects of tidal volume on WO-W!I time constants differences. Each column represents an average of six sheep. Left panel displays time
constants at both Wl and WO at three tidal volumes at apex and base. Note that as tidal volume decreases, time constants during WO increase
more than with WI studies at both the lung apex and base. Right panel shows the difference WO-WI at three tidal volumes at apex and base,
indicating that increasing of tidal volume results in decreasing of difference of Wl and WO time constant.
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18 p P<0.05* ferent from and slower than the Xe-WI throughout the
— 16 k v lung and whether assessed using El or EE triggering.
§ Wl P<0.05* P=0.37 The WO-WI differences were smaller at the lung apex
=1l v v v compared to the base, in the non-dependent compared
% 10 L to dependent regions, and when using EE versus El
S sl gating, large versus smaller tidal volumes, and lower
% sl versus higher Xe concentrations. These results sug-
2 Al gest that the high density and consequently the lower
E .1 diffusion coefficient and/or viscosity of Xe gas in com-

o ﬁ bination with anatomic and/or gravitational factors may

be responsible for difference seen in the WI and WO

55%Xe 40%Xe 30%Xe
rates.

Fig. 11. WO-WI time constant differences derived from data using

three different inspired Xe concentrations (55, 40 and 30%). As Xe 4.1. Minimizing the effect of Xe returning from
concentration decreases, the averaged value of WO-WI time con- peripheral stores

stant differences decrease. This WO-WI difference for 55% Xe was

significantly greater than that at both 40 and 30% Xe. L .
9 ve ’ We sought to minimize the confounding effects of

Table 7 Xe inreturning blood by finding the optimal time point
Density and viscosity of mixed gases to stop the WI maneuve¥latthews and Dollery (1965)
Density and viscosity of mixed gas identified three main sources of error in their calcula-

550 Xelair | 40% Xelair  30% Xe/air tion of regional ventilation_from 133_Xe, all ofwhich are
Density (kg/) 2070 1718 1oa3 dgpendent on the solub|I|ty. of Xe in blood and tissue.
Viscosity (glcms)  0.000183 0.000178 0.000175 Firstly, they foun(_j that the!r measures were affected
by the accumulation of radioactivity in the chest wall
and this effect varied with the length of the rebreathing
significantly greater®<0.05) at 55% Xe, compared time and individual variations based upon differences
to 40 and 30%. The densities and viscosities of the in chest wall anatomy at the level of interest. This is
three gas mixtures are shownTable 7 a superposition problem with scintigraphy and is not a
problem in the case of CT imaging. The second error
identified by Matthews was due to the accumulation of
4. Discussion 133Xe in the tissue during rebreathing. In the late WI
and during the WO phases, depending upon the length
The aim of this study was to test the hypothesis that of the WI portion of the study, some portion of periph-
the Xe-WI (WI) rate is equal to the Xe-WO rate when eral Xe gas stores may return to the alveolar space,
using X-ray CT to study regional ventilation. We sought  serving to elevate the WI plateau value and/or inhibit
to evaluate the WO and WI time constant relationships a return to the original baseline after WBunow et
as a function of anatomical lung region (apex versus al., 1979. The third error arises due to the continu-
base and dependent versus non-dependent regions)pus removal of alveolar Xe by the blood during the
tidal volume (which at fixed respiratory rate and inspi- rebreathing period. This error could cause an over-
ratory time is proportional to flow velocity), and Xe estimation of the ventilation in a well-perfused area
gas concentration (density and viscosity). We further compared with a poorly perfused area. While some
sought to evaluate the influence of gating CT scanning prior studies using Xe scintigraphy tried to correct for
to EE versus El with the notion that the effect of the these errors by assuming a constant or estimated back-
conducting airways being filled with alveolar gas ver- ground signal, others, including prior Xe-CT studies,
sus inspired xenon gas concentrations would possibly have not used methods to eliminate these sources of
serve to reduce the ability to detect differences between error (although CT by its nature eliminates superpo-
the above-mentioned variables. The primary finding of sition problems) $ecker-Walker et al., 1975; van der
this study is the observation that the Xe-WO rate is dif- Mark et al., 1980, 1984




D. Chon et al. / Respiratory Physiology & Neurobiology 148 (2005) 65-83 79

We have sought in this study to minimize the sec-
ond source of error identified bytatthews and Dollery

nation may lie in the fact that radioactive studies use
only trace amounts of Xe gas compared to our studies
(1965)using a simple correction which required some which ranged from between 30 and 55% Xe gas con-
assumptions. First, in order to find the optimal WI cut- centrations. Our studies demonstrated that the WO-WI
off time, we assumed that the increased density due to differences were increased as a function of gas concen-
Xe recirculation from the blood in the late WI phase tration. In fact, as discussed below, we believe that the
is equal to that observed during the WO phase, basedW!I versus WO effects may very likely be related to the
on the reasoning that the volume of distribution and interactions of gas density and viscosity with anatomic
solubility of Xe in the periphery is large relative to and gravitational factors.

the systemic perfusion and thus gas is released at a Several studies showed that Xe may affect measure-
relatively steady rate during the short period of wash- ment of respiratory mechanics such as airway pressure

out. Second, the averaged optimal cut-off time three

and pulmonary resistance due to its higher dengi}y (

sheeps was obtained by processing the whole lung. Thisand viscosity §) (Table 7 (Forkert etal., 1975; Drazen

did not take into account possible regional variability.

etal., 1976; Wood et al., 19763,8Vhile most previous

Especially in some less well ventilated non-dependent studies have agreed that there is an increase in airway

regions, Xe equilibrium may not be reached at the opti-
mal cut-off time in the WI phase and this could cause
greater variability in the measures for this region as
has been previously reported Bymon et al. (1998)
The optimal cut-off time1f = 33 breaths) was obtained
at a fixed tidal volume (10 ml/kg) and respiratory rate
(15 breaths/min). Because Xe equilibration is depen-
denton respiratory parameters, the optimal cut-off time
could vary based on these values. Finally, if blood car-
ries Xe away from the lung at a faster rate than Xe is
returned to the lung from peripheral fat stores (which is
likely) then the Wil rate in our studies could be underes-
timated, in which case the WO-WI differences would

pressure during Xe inhalation, the effect of Xe inhala-
tion on pulmonary resistance is controversighang

et al. (1995)showed that pulmonary resistance was
increased by use of 70%, but not 50% Xe. However,
after correction for pressure signal artifact<Injzia et

al. (1999)as well as for gas density and viscosity under
simplified assumptions of flow patterns Baumert

et al. (2002) there were no significant differences in
pulmonary airway resistance using 70% Xe. Based on
these findings, it is unlikely that pulmonary resistance
due to higher density and viscosity of Xe gas causes
the difference of Wl and WO flow rates obtained using
55% Xe gas in this study.

actually be greater than are estimated by our current  As shown inTable 2 we have found that WI time
measures. Despite these limitations it is our estimate constants are more heterogeneous than P&va and
that we have minimized the effect of Xe-return on the Eagel (1979)proposed a mechanism based on the
WO calculations as evidenced by the results shown interaction between diffusion and convection in a het-
in Table 5which demonstrates that blood flow has erogenous lung, implying thatinspired and alveolar gas
essentially no correlation with the observed WO-WI during inspiration are mixed by interaction of convec-
differences. tion and diffusion in a uniform lung. While convection

Secker-Walker et al. (1973pund that the Wi rate  dominates in the large airway and diffusion dominates
was 65.2% longer than WO rate (an opposite relation- in the peripheral lung, in the intermediate size air-
ship to ours) before correcting for background activity, way interaction of convection and diffusion can causes
but after background correction the difference of Xe- sharp diffusion fronts that can play a dominant role in
WO and WI rates was reduced to 7.5%. Our results distribution of gases in the lung. Based upon the work
indicated that the WO rate was 39% longer than WI at of Paiva and Eagel (1979f the inspiration of heavier
the base and 27% longer at lung apex. There are severabas (Xe) causes the formation of a diffusion front distal
possible reasons for the different results between theseto the bifurcations during Xe-WI (heavy gas WI into
studies. First, because of the superposition problems,a light gas), but during Xe-WO, the diffusion front is
cross talk amongst detected regions, and the inherentformed mouthward of the bifurcation due to the inspira-
poor spatial resolution of scintigraphy (several cen- tion of lighter air into a resident denser gas, there would
timeters at best) each region of interest may not be be greater heterogeneity of regional time constants dur-
fit well by single compartment models. Another expla- ing WI than WO, consistent with our findings.
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As shown inFig. 11, as Xe concentration decreased posture may lead to short dependent lung time con-
from 55 to 40 and 30%, the WO-WI difference in stants Qtis et al., 1958 It is our hypothesis that the
time constants was significantly decreased, which may observed Xe-WI and WO rate differences are likely
be explained by Rayleigh—Taylor instability. This phe- due to the interaction between the asymmetrical inspi-
nomena describes the hydrodynamic effect that occursratory/expiratory airway geometry, gravitational forces
when a heavy fluid is accelerated into a light one. and the variable density/viscosity of the inhaled ver-
In 1980, Lord Rayleigh first discovered this notion sus resident gases (Rayleigh—Taylor instabilities upon
for fluid in a gravitation field and in 1950R@yleigh, wash-in as described above).

1883, Sir Geoffrey TayorTaylor, 1950 extended it by Interestingly, during the extended wash-in period
applying this to all accelerated fluids. It is not neces- the density of the non-dependent regions appeared
sary for Rayleigh—Taylor instabilities to take place in to slowly and continuously rise while the dependent
a gravitational field, which means that when a light regions reached a platedtiq. 4). One explanation for
fluid runs into a slower, heavy fluid, a deceleration this effect could be the presence of intraregional het-
that causes the overturn occurs. Based on the notionerogeneity, with the presence of a slow compartment
of Rayleigh—Taylor instability, when the heavy Xe gas within the voxel Simon and Venegas, 1994; Melo et
encounters lighter air in the airway during Xe wash-in, al., 2009 although this might be unusual in otherwise
Xe gas is accelerated, resulting in faster Xe-WI rates, normal sheep lungs. Alternatively, if there is prefer-
but during Xe wash-out by air, a light gas encounters ential flow of the Xe tracer to dependent regions, this
heavy Xe gas, and the front is very stable, resulting in late non-dependent rise could be due to a redistribution
a more even distribution of the air to both dependent of Xe from the dependent to the less well ventilated
and non-dependent regions, thus resulting in a slower non-dependent regions via the common dead space.
Xe-WO rate, especially in the dependent lung regions. However, a likely explanation is that the non-dependent

Our result showed that the difference of Xe-Wl and regions simply have a much slower over-all time con-
WO rates were larger in the dependent regions and atstant.
the lung base than in the middle and non-dependent While some previous studies have chosen to scan
regions and at the lung apex. These anatomic differ- their subjects at end inspiration in order to maximize
ences are paralleled by gradients of both pulmonary signal Robinson and Kreel, 1979; Kreck et al., 2001
ventilation and perfusion that in turn could possibly others have used EE imaging because of the more reli-
contribute to WO-WI differences. However, WO-WI able return to a consistent lung volumddrcucci et
differences were essentially uncorrelated with regional al., 2003, particularly important to reduce noise with
ventilation )2 = 3%) or perfusionR? = 4%), suggest-  CT imaging Simon et al., 1998 An additional con-
ing that these factors are not important. sideration is that the conducting airways are filled with

Using similar Xe-CT methods as used in the current the inspired concentration of Xe gas at El, whereas at
paper, Tajik et al. (2002)demonstrated a redistribu- EE the conducting airways are filled with alveolar gas
tion of regional ventilation with increasing inspiratory  (Tajik et al., 2002. As a result, scanning at El could
flow rate while keeping tidal volume constant, suggest- cause regional parenchymal density to be influenced by
ing that the pathway geometry (conductance) becomespartial-volume effects from the fresh Xe gas from con-
more important in the distribution of air flow at high  ducting airways in the ROI. The current study findings
flow velocities due to the dominance of inertial term demonstrate that imaging at EI masks the WO-WI dif-
in flow equation. Their result indicated the dorsal, ferences and, possible, might similarly eliminate other
diaphragmatic region of the pig lung (dependent lung important differences in lung physiology.
region in a supine pig) received increased ventilation ~ Crawford et al. (1986)eported that, at a constant
at higher flow rates due to favorable airway structure. alveolar ventilation, convection-dependent inhomo-
They suggested that the monopodial branching patterngeneity among larger units (interregional) determined
found in most mammals other than humans provides at more proximal branchpoints increases with increas-
a major airway path traversing to the dorsal diaphrag- ing tidal volume. In contrast, they showed that the
matic region of the lung. The low resistance of this component of ventilation maldistribution decreases
major conducting airway to that region in the supine due to the interaction of convection and diffusion in
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the lung periphery (intra-regional) when tidal volume mately, for understanding the ventilation that occurs
increasesPaiva et al. (1984identified the important ~ when breathing ambient gas.

role of intraregional zones with parallel units pre-
senting a sequential convective flow in producing an
alveolar plateau, indicating that a larger inspired vol-
ume will cause a decreased slope using a multibranch

point model Emery et al. (2000fried to remove many We thank Dr. Shaher Samrah, Jared Sieren, RTR
factors affecting heterogeneity such as lung mechan- (CT), John Spahn, for technical help during the study.

ical properties (regional structure and compliance), This study was supported in part by a NIH Bioengi-

external factors (pleural pressure, cardiac motion, neering Research Partnership: RO1 HL-064368.
chest wall), and ventilatory parameters (tidal volume,

flow rate) by performing experiments in excised and
unperfused lungs. Their findings demonstrated that
increasing tidal volume removed the dominant intra-
regional component of ventilation heterogeneity, but _ _
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