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Abstract—This study characierized the reparative responses in rat lung, Forty-five adult female rals were
exposed at two sites over the left long to 3.1-MHz superthreshold pulsed ultrasound. The repair of lung lesions
was evaluated from O throngh 44 days postexposure. Macroscopic lesions al ) days postexposure were large
bright red ellipses of hemorrhage. By 1 and 3 days postexposure, lesions were the same size and dark red to
red-black, but, by 3 days postexposure, lesions had a raised surface appearance. From 5 to 10 days postexposure,
lesions grew smaller in size, progressed from red-gray o yellow-brown, and retained a raised surface appear-
ance. From 13 through 44 days postexposure, lesions gradually decreased in size, had a faint yellow-brown
discoloration, and gradually lost the raised surface appearance. By 37 and 44 days postexposure, lung returnecd
to near normal morphelogy, but had small areas of light yellow-brown discoloration in the areas where lung was
expused. Microscopic lesions at 0 and 1 days postexposure were arcas of acute alveolar hemorrhage. By 3 days
postexposure, lesions had loss of alveslar eryihroeyies and the formation of hemaglobin crystals. From 5 through
44 days postexposure, iron in degraded erythrocytes was processed to hemosiderin and was negligible in quantity
at 44 days postexposure. The proliferation of resident cells (likely alveolar epithelial cells, fibroblasts and
endothelial cells) and the infiliration of inflammatory cells in lesions declined in intensity as the lesions aged and
was minimal by 44 days postexposure. Under the superthreshold exposure conditions described, lesions induced
hy ultrasound do not seem (o have long-term residual effects in lung, (E-mail: zacharyj@staffuive.edu)  © 2001
Waorld Federation for Ultrasound in Medicine & Biology.
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INTRODUCTION and 10-day-old pigs (Baggs et al. 1996; Dalecki et al.
19972) and infant and mature monkeys (Tarantal and
Canfield 1994} at exposure conditions similar to those
used for scanning in humans.

Although the pathogenesis of ultrasound-induced
lung hemorrhage is unknown, recent studies have sug-
gested that inertial cavitation is not involved in ssue
njury (O'Brien et al. 2000), The results of this inertial
cavitation study suggest that other mechanical phenom
ena, such as those associated with radiation force effects,
are likely involved in ulirasound-induced lung hemor-
rhage.

The purpose of this study was macroscopically and
microscopically to: (1) characterize the reparative re-

Pulsed wlirasound iz one of the most widely used and
safest imaging modalities available in medical practice
Concerns for its safety have recently been raised and
addressed by members of the biweffects research com-
munity {American Institute of Ultrasound in Medicine
20000, These concerns are the result of publications
describing lung hemorthage induced in neonatal, juve-
nile and mature mice (Child et al. 199); Dalecks et al.
1997h: Frizzell et al. 1994 O Brien and Zachary 1997
Raeman et al. 1993), matere rats (Holland et al. 1996),
mature rabbits (O Brien and .-".L-..'h.'tr:.' |‘:.F.-|:":l. ]-d'.l_'r'-l.?'tlj
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term residual effects of pulsed ultrasound. if any, on
lung. The superthreshold exposure value was based on
previous smadies (O°Brien et al., 2001; Zachary et al.,
2001 ), i, exposure levels known to produce lung hem-
orrhage.

MATERIALS AND METHODS

Exposimetry

Exposure conditions and calibration procedures
used in this study have been described previously
(¥ Brien et al., 2001 ; Teodico et al., 2001; Zachary et al.,
20010). In summary, ultrasonic exposures were conducted
using a focused 51-mm-diameter, lithium niobate wltra-
sonic transducer { Valpey Fisher, Hopkinton, MA, USA)
at a cemter frequency of 3.14-MHz, pulse repetition fre-
quency of 1700-Hz, pulse duration of 1.4-ps, and expo-
sure duration of 60 = Other water-based pulse-echo
transducer characteristics included: fractional bandwidth
of 15%, focal length of 56 mm, —6-dB focal beamwidth
of 610 um, and —6-dB depth of focus of 5.9 mm.
Calibrations were performed using an automated proce-
dure with a PVDF calibrated hydrophone (Marconi
Model ¥-34 1o 6543, Chelmsford, UK). The in situ peak
rarefactional pressure af the plewral surface was 170
MPa and the in sitd peak compressional pressure was
39.7 MPa. The in siru pressure values were estimated
from a measured in vitro peak rarefactional pressure of
2011 MPa (5D = 1.0 MPa, n = 14}, a measured in vitre
peak compressional pressure of 45.7 MPa (SD = 2.8
MPa, n = 14), an imtercostal tissee attenuation coeffi-
cient of 2.9 dB/cm at 3.14-MHz, and a chest wall thick-
ness of 4.26 mm (5D = 0.39 mm, n = 45). For com-
parison to a guantity that appears on the display of
diagnostic ultrasound equipment. the mechanical index
was 5.7, The MI was determined by previously described
methodology (Zachary et al., 2001} according 0 estab-
lished procedures (ODS, 199%), We recognized that the
MI of 5.7 was considerably greater than the regulatory
limit of 1.9 (FDA, 1997). The intent of this superthresh-
old exposure level was to produce lung hemorrhage to
evaluate the reparative responses. The exposure level
was based on previous stadies (O°Brien et al., 2001;
Zachary et al., 2001)

Animals

The experimental protocol was approved by the
campus’ Laboratory Animal Care Advisory Committee
and satisfied all campus and NIH rules for the humane
use of laboratory animals. Animals were housed in an
AAALAC-approved animal facility, placed in groups of
three or four in polvcarbonate cages with B-chip bedding
and wire bar lids, and provided food and water ad lib.

Forty-five 10- to 11-weck-old female (249 * 3 g)

Wolume 27, Number 6, 2001

Sprague-Dawley rats (Harlan, Indianapolis, IN, USA)
were exposed o pulsed ulirasound at exposure condi-
tions described under exposimetry. Rats were weighed
and anesthetized with ketamine hydrochloride (87.0 mg/
kg) and xylazine (13.0 mgkg) administered IP. The skin
of the left thorax was exposed by removing the hair with
an electric clipper, followed by a depilatory agent (Nair,
Carter-Wallace, Inc., New York, NY, USA) to maximize
sound transmission, Two black dots were placed on the
skin at approximately the sixth and ninth intercostal
spaces to guide the positioning of the ultrasonic beam.
Anesthetized rats were placed in right lateral recum-
bancy and a stand-off tank was positioned in contact with
the skin (Fig. 1). The transducer. placed in the stand-off
tank that contained degassed water at 30°C, was aligned
with the first black dot. The low-power (in vitre peak
rarctactional pressure of (.4 MPa, in vitro peak compres-
sional pressure of 0.4 MPa, pulse repetition frequency of
10-Hz) pulse-echo capability of the exposure sysiem
(RAMS000, Ritec, Inc., Warwick, RI, USA) displayed
on an oscilloscope was used to adjust the axial center of
the focal region to within 1 mm of the lung surface. Thus,
the ultrasonic beam was approximately perpendicular to
the skin at the position of the black dot with the beam’s
focal region at the lateral surface of the lung. The rat was
exposed and the procedure was repeated over the second
black dot. Three rats were killed at (} days postexposure
by cervical dislocation while under anesthesia immedi-
atelv following exposure. The remaining 42 rats were
allowed o recover from anesthesia. On 1, 3, 5,7, 10, 13,
16, 19, 23, 27, 30, 34, 37 and 44 days postultrasound
exposure, three rats were anesthetized as previously de-
scribed and killed by cervical dislocation. The elliptical
dimensions of lung lesions at the visceral pleural surface
were measured immediately after death with a digital
micrometer (accuracy: 10 wm), where "a” was the length
of the semimajor axis and “b” was the length of the
semiminor axis. The lesions were then fixed by immer-
sion in 105 neotral-buffered formalin for 2 minimum of
24 h. After fixation, lesions were bisected and the depth
“d" of the lesion within the lung was measured. In
animals where the depth of the lesion was not visually
discernible, the depth was determined from measpre-
ments made on histologic sections with a slide microme-
ter, The surface area (ab) and volume (mabd/3) of the
lesion were calculated for each ammal. Each half of the
bisected lesion was embedded in paraffin, sectioned at 3
pn, staned with hematoxylin and eosin, and evaluated
microscopically.

Dt analyses

Data analyses included calculation of surface area
and volume and the macroscopic and microscopic char-
apclenzation of lung lesions at each time point. Summary
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Fig. 1. (A) Rats were exposed for 60-s duration to pulsed ultrasound in right lateral recumbency wsing 2 focused

5 1-mm-diameter, lithium nichate ultrasonic transducer (back side of transducer shown) at a center frequency of 3.14

MHz. pulse repetition frequency of 1700-Hz, and pulse duration of 1.4-ps. (B) The membrane of the stand-off vessel

made direct contact with the skin surface. A small gquantity of ultrasonography gel wis used 10 ensure complete Comiact

hetween the membrane and the skin. The in sitn peak rarefactional pressure at the pleural surface was 17.0 MPa: the
in site peak compressional pressure was 397 MPa

statistics for each time point included means of group
measurements and plots of the means of lesion surface
area, depth and volume vs. days postexposure. Means
and standard errors of the means (SEMs) for lesion
measurements were based on six lesions (n = 6) per
postexposure group, that is, three rats per group and two
lesions per rat. In four of the 15 postexposure groups
(days 7, 10, 13 and 23), one of the three rats i a group
had only one lesion on the left lung lobe and therefore
five lesions were used for measurements. For these four
groups, means and SEMs for lesion measurements werc
based on five lesions (5 = 3) per postexposure group

RESULTS

Macroscopic characterizatton of lung lesions

The notable macroscopic characteristics of lesions
in lung at each day postexposure are listed in Table | and
illusirated i Fig 2. In SLITLTATY '.|:-|||!-'.-'.'!Ili_' exposure o
pulsed ultrasound, the lesions at U days posiexposure
were bright red w red elliptical areas of acute hemor-
rhage under the visceral pleural surface. The lesion had a
darker central area of severe hemorrhage that hkely was
centerad at the focus of the beam. This area was sur-
rounded by a prominent rim of less intensc hemorrhage.
The hemorrhage extended into subjacent parenchyma to
form a conical shape. The base of the cone was at the
pleural surface and the apex was within the lung parcn
|.:":-.|||.=_ al the |,|-;,"';_"|"|1"\-|', extent of the lesion. From ] -di.l}
postexposure through 7 days postexposure, lesions re-

tained a similar overall shape but had a gradual reduction

in surface area, depth and hence, volume, as well as an
overall color change that progressed from red o dark red
to brown-vellow (Figs. 2 and 3). From 10 days postex-
posure through 44 days postexposure, lesions retained a

Table 1. Macroscopic charactenstics of lesions versus time
following superthreshold exposure (o pulsed ulirasound

Days

|1-\.':-\.||_' 1_|'|-\.:'\-||Il'|." |NETRITS MEES WM

0 Bright red 1o red elliptical areas of scute hemorrhage
undler the visceral pleural surface with exiension
of the lesion imo subjaoent parenchyma o form a
conical shape, The hase of the cone 15 at the
pheural surfsce: the apex is within fung
parzEnCchyma

Red 1o dark red elliptical aress of hemonrhage

Lesion area, depth and volume are essemtially
i hanmged

| Dark rexd b black ellipical areas of hemormhage.
Lesion anea, depth and solumse are essentially
LI i|_|:|:_'-\,|_| Le=iiis hiaye n rabsed surlsce
AR

3 Ciray io Py cllipiical areas of resodving
hemorrhage. Lessons have a rased pale cenler
Lesion area. depth and volume have decneased

Brown 10 yelbvw -brown cliptical areas ol resalving

hemoarhage, Lesions have a raised pale center.
Lesyon area. depth and volume have decreased

10kl ¥ elbow-brown elliptical areas of hemosrhage thad
progressively decrense in size 1o small yellovw-tan
i, Leswms have a raised I’!.I..-:' cember thal
decrease in magnihsde welh bee W0 & wormal
surface comtour. Lesion charmcberisbics, ared, depth

and wvoldume decnease OVer Dme
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Fig . Macroscopic bessiomes imduced in ||:I|Ig ﬁ.:-l'lw.l..il'lg EXPOSLE 10 ultrasound under the conditions descnibed in Fig. 1.

The acuie hemorhage (bright red ellipses) present on O doys postexposure 15 gradually repamred and returmed o mear

nmormal by 44 days postexposure, Pholomicrographs of each lesion time point should be comrelated with lesion
descriptions provided in Table 1.

similar overall shape, but had a gradual and contimual
reduction in lesion surface area, depth and volume. In
addition, duning this time period, lesions changed in
color from brown-yellow to light vellow, a reflection of
the removal of hemosiderin pigment from the lesion and
the resolution of the hemorrhage (Fig. 2).

From 3 days postexposure through 19 days postex
posure, the surface of the lesions was raised and hghter

in color than the surrounding injured area. From 23 days
postexposure through 44 days postexposure, the raised
appearance of the surface gradually diminished and the
lung surface contour returned to normal.

Microscopic characterization of fung lesions
The notable microscopic characteristics of lesions
im lung at each day postexposure are listed in Table 2 and
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Fig, 3 Quannitarve changes in lesion depth, saiface arca 2nd
enlume following exposure o pulaed alrasound. Eech svibel
represenls the mene nf six losions (e = O per posies posuse
gromp with the exception ol laur postes pnsiee groups odays 7.
16, 13 and 221 Dor these Tooe geonaps, cach =ymbold repaesenls
b wean ol five lesinns (g = 3) per posleaposun: group. Ecmor
bhars represen: standard evror of the means (7 = 5 o &)

illstrated in Figs. 4 and 3. In sumemary, followmg ex-
pasure (o pulsed ultrasound. the lesions al 1 days post
cxpiisure were chavacterized by areus ol acute alveola
hemurhage wader the visceral pleural surlace withour
plearal or sepral injury. From | day postexpasure
throwueb [0 davs postexposure, the lesions exhibited pros-
aressive etages of ervthrocyie degradation. the Goeurmin-
lation of hemaoglobin pigrmenl crystals and the producton

Tublz 2. Miciecn pic characteristics of lesions versus e
fallowing supcribhrzshold exposire o [milzed ultrasonnd

[,
(LA Pl ek T T imnus ol
n Awurs alamalar hemaangs sithou el o sepal
LTy
1 Aeute alvesdar bemearhoge widaool peousal or szponl

wjury. Baaly poagse & proliferative cellular and
eosinephilic leukacyle inflameelory ool
repnscs koging The idinl probireneive plese
comnists el hypeertmaphe: and epperabazin of selly
Latnse slecsdnr sepon

3 Al veclar hommrriage wille crytbrecere desrdatiom
ad Derwoelobin crystal Smmation, Srobifeane:
selluler and cosicsphilic Irckogyie e lammaeey
el mesprmsas e i magitdz, The
pesliteranies phnss somsisis ol hypedgly ol
heetemilacia ol cpatheial and mescncbymal cells
cutguising alvealzr eapbe,

5 Alvenlar heenondiage with covbwrnsyte drgraclotion
end homerzlabin eresad Bemmatin, Prolforative
callelar ane ceainopailie imAummalary responses
iirersnse in magrilnde.

=1k Ervlnwopie cepoadarion, beminlohin crystal
tprmation, nd lomasmsdeon poonsng
azcomelanion coominme. Prodm ve collosu aod
sreanapllie Lokt inflammoeeey cel
[ESEO0ECE yumiinis,

I3 Pyt hmaeyle deg racaion gomesr somplebed,
hernplekin coystal DnmaLio |:f.:-u1j.|1-:m:. nesl
hzusakeri picment accumalalien st
Proilerabee cellulu e cosinoph e
ifammasery respanises hegin e ool

Lii Trwihreesyl s cogradarion compiete, hamglabin
wrpstal famnasian prominent, aad hemoziderin
prgnrcn, avcanlatisan prasivans, Paoliencdive
el cmd praarcplelie oallaumbatay tesponzes
ol 0 resalve,

L Frvthroes e degraiizlen eonpless, bemoprlokin
civsal fomahvm pmmrisen L ol Locmig adiin
piprmenl zocuaraiapon promingrl Pralilaralive
callniar urel acosinephilic el ammalory reenomess
wrhadully subsid: ard s mintmal: aleesla
arghitesturs bas ~elursd e ponoal, By H doe:
aedzg posare, sEseniially mowmal lung
sirenchymra wiln matimal sepal gbrosis ol
faesideine_s

of vuriuble guantities of a brown w yellow pigmene
chemosidering Beginming w1 day  postexpasare and
comtinuing throngh 16 days poslesposwe, a praliferative
cellulas reparative response was also observed, This re-
sponse consisted af the prolileration of large numbers of
gpithelial and mesenchyomal cells in the exposed area thl
altcred the nommal alveola: achitzerwre (g 4, see |
through 16 lays pestexposuce and Fig, §, see | through
T days postesposure). The phanetypeis) ol hese cells
could nol be adequately deterrmed by hght mucroscopy
with routing histechemical staining, bul likely iaciods
tepe T1 alvealar epithehal cells, alveolu maciophages.
sorlh mwsele colls of vascular ongin and fibmblasts
The phenarypeis af these cells will be evaluated further
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Fig. 4. Microscopic lesions induced in lung following exposure to ultrasound under the conditions described in Fig. 1.
Photomicrographs of lesions are paired for each time point to demonsirate the overall lesion appearance at low (extent
of fully agrated alveoli) and medium {specific cellular proliferative responses ) magnifications. Photomicrographs should
be comrelated with lesion descriptions provided in Table 2. The acute hemorthage present on O days postexposure is
gradually remwoved and repaired by a proliferative cellular response (1 through 16 days postexposure) that is nearly
resolved by 44 davs postexposure, Lesions from 30 to 44 days postexposure are similar too, but less severe than the
lesion illustrated in the photosmicrograph for 27 days postexposure. HEE stain. Scale bar for the entire left panel (lower
magnification) is present in the photomicrograph of 27 days postexposure (bar = 400 um; left panel). Scale bar for the
entire right panel (higher magnification) is present in the photomicrograph of 27 davs postexposure (bar = B0 wm; right

and reported in a future publication. The reparative re-
sponse was also accompanied by an inflammatory exu-
date comprised of eosinophils admixed with lesser num-
bers of Ivmphocyvies and monocyies, The inflammatory
respomse was noted at | day postexposure and was re-
solved by 19 davs posiexposure,

From | day postexposure through 10 days posiex-
posure, affected alveoli were essentially obliterated by
this reparative response, and there was no area for effec-
tive air exchange. From 13 days postexposure through 44
days postexposure, the proliferation of cells subsided
and, by 44 days postexposure, alveolar architecture of
the exposed area had returned 1o near normal except for
small areas of subpleural and septal fibrosis. Fromy 140
through 16 days postexposure, the degradation and re-
mowval of hemoglobin pigment resulted in the formation
of appreciable quantities of hemosiderin pigment that

panel}.

was deposited in macrophages within lung tissuse as a
brown o yvellow pigment. As the lesion aged, the quan-
tities of this pigment decreased substantially, From 19
through 44 days posiexposure, hcmnglnhm and hemo-
siderin were processed and removed from the lesions, the
inflammatory responses subsided, and septal and alveolar
architecture returmned to near normal (Fig. 4). By 44 days
postexposure, the exposed area had small foci of septal
hbrosis that contmned hemosiderin pigment within mac-
rophages at the site of ultrasound exposure just under the
visceral pleura.

DISCUSSION

Ulrasound-induced lung injury resulted in severe
alveolar hemorrhage and a vigorous reparative response.
Macroscopically and microscopically, injured tissue re-
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Fig. 5. Characteristics of specific microscopic lesions following exposure to ultrasound under the conditions described
in Fig. 1. One day postesposure: early phase of the proliferative response is characterized by hyperrophy of cells
associated with alveclar septa (amows) and alveolar hemorrhage. Inset: acute inHammation dominated by eosinophil=
{arrowhead ) and bemoglobin crystal formateon (arrow) were also present in the lesion. Three days postexposure: alveoli
are obliterated by a proliferative cellular response that includes cells in mitosis {(armow). The response consists of
macrophages and other epithelial and mesenchymal cells. Acute inflammatory cells are also present. Alveolar hemor

rhage 15 being resolved by erythrocvie degradation through phagocytosis by macrophages. Five days postexposure:
spindloid cells (arrow) of likely mesenchymal origin (fibroblasts or smooth muscle) form o component of the
proliferative response, Acute inflammatory cells are also present. Alveolar hemorrhage is minimal due to phagocyiosis.
Seven days postexposure: the proliferative and inflammatory responses are still prominent. Processing of phagocytized
ervthrocytes has resulted in the accumulstion of hemosidenin pigment in macrophages (armows), Mineteen days
postesposure; alveolar architecture is returning o normal. The preliferative and inflammatory responses have subsided.
Alveoli and alveolar septa are again discernable and hemosiderin pigment is present within macrophages (arrow) in
wlvenliar w'|'.-|.¢1 r'-u.'-;'ul:. sEET |_1:|:.-'t. FIIH\-!I;"!:I.FH.:A.HIII'L‘.: :||'.-¢|.r|;,1r' jll'li.'"lilEl.."llllE‘ i% near normal. The pmliferuli'l.-r: and inflamima-
towy responses are essentially resolved:; however, small aress of septal fibrosis remain. Alveoll and alveolar septa are
clearly discernible and near proper size, Hemosiderin pigment is present within macrophages (arrow) in alveolar sepia.

H&E stain. Scale bar for all figures is present in the photomicrograph of 27 days postexposure (bar = 40 gm).
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turned essentially to normal following repair, but there
were small foci of fibrosis and hemosiderosis at 44 days
postexposure al the site of exposure. Based on morpho-
logic analysis, the reparative response that ensued under
the superthreshold exposure conditions described in this
study resulted in no substantive long-term residual ef-
fects that would be detrimental to normal alveolar func-
tion and air exchange. The rapidity and severity of the
proliferative response of specific populations of cells
within the exposed lung was unexpected. Alveolar mac-
rophages (blood monocytes) would be expected 1o play
an important role in removing and degrading erythro-
cytes, processing hemoglobin pigment and removing he-
mosiderin pigment from lung. The proliferation of prob-
able type 1T alveolar epithelial cells, fibroblasts and other
unidentified spindloid cell types was unanticipated, but
type I1 alveolar epithelial cells are the cells in lung that
proliferate following other types of toxic, metabolic and
infectious injury. The tissue and cellular characteristics
of this proliferative response may be related to cytokines
or other growth factors associated with the elicited eo-
sinophilic leukocyte inflammatory response. The role of
ultrasound and its interaction with resident and recruited
inflammatory cells in potentiating inflammatory and pro-
liferative reparative responses warrants further investiga-
tion.

A review of the biomedical literature descnbes le-
sions in humans following alveolar hemorrhage in a
group of diseases classified under the category of “dif-
fuse pulmonary hemorrhage syndromes.” These diseases
include Goodpasture’s syndrome, collagen vascular dis-
eases, and causes of diffuse pulmonary hemorrhage with-
out an immunologic basis (idiopathic pulmonary hemo-
siderosis) (Capron 1996; Corrin 2000; Miller 1995). In
these diseases, alveolar hemorrhage results from injury
{autoimmune or unknown causes) o the pulmonary mi-
crovasculature. Reparative responses to alveolar hemor-
thage include alveolar lining cell hyperplasia (type II),
subacute to chronic inflammation, hemosiderosis (free
and within macrophages) and varied degrees of alveolar
and septal fibrosis. These responses are thought to be a
nonspecific reaction to intraalveolar blood. Becanse most
of these human disgases are chronic in nature, alveolar
and septal fibrosis can be prominent and unresolvable.
The lesions induced by uhirasound in this siedy appear
more prodiferative than the lesions described in “diffuse
pulmonary hemorrhage syndromes™ of humans,

Even although it is apparent that extravascular (in-
traalveolar) ervthrocytes and their degradation byprod-
ucts are sufficiently irmitating to elicit proliferative cellu-
lar responses in the lung, the reaction of lung to alveolar
hemorrhage regardless of its cause (ultrasound, immu-
nologic or unknown) suggests that cells within lung have
a limited repertoire of responses to injury. Although it is

Volame 27, Number 6, Ji1

unlikely that ultrasound directly caused the eosinophilic
lenkocyte inflammatory response or the proliferative re-
parative response in this study, ultrasound has been
shown directly to cause cellular activation (Parvizi et al.
1999; Yang et al. 1966). As a result, the character and
phenotype of the cell populations involved in this pro-
liferative response need to be investigated in greater
detail .

CONCLUSIONS

Ultrasound-induced lung injury resolted in severe
alveolar hemorrhage and a vigorous reparative response.
The reparative response that ensued under the exposure
conditions described in this study resulted in no substan-
tive long-term residual effects that would be detrimental
to normal alveolar function and air exchange. Macro-
scopically and microscopically, injured lung essentially
refurmned to normal by 44 days postexposure. but had
small foci of fibrosis and hemosiderosis. Based on mor-
phologic analysis, it was likely that lung function was
also normal.
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