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Short Communication

Chronic Iron Overload in Rats Induces Oval

Cells in the Liver

Patrick G. J. Smith and George C. T. Yeoh

From the Department of Biochemistry, University of Western
Australia, Nedlands, Australia

Liver damage induced by a variety of agents in-
cluding bepatocarcinogens, alcobol, and virus in-
duces proliferation of oval cells. In this study, iron
overloading of the liver is used as a means of
inducing liver damage over an extended period to
ascertain whetber it promotes the appearance of
oval cells. Rats were fed a 2% carbonyl-iron-supple-
mented diet for 3 or 6 montbs. Extensive iron de-
posits appeared periportally in bepatocytes and
some Kupffer cells. Iron deposition was less pro-
nounced pericentrally. Small oval-like cells, mor-
phologically and immunocytochemically similar to
CDE-derived oval cells, were identified and quanti-
fied. They first emerged periportally and subse-
quently in small tracts or foci nearer central re-
gions and stained positively for ofetoprotein,
7class glutatbione S-transferase, and the embry-
onic form of pyruvate kinase. They contained very
JSew iron deposits and were classified as iron free.
The major difference between CDE- and iron-over-
load-derived oval cells was that the latter were
negative for transferrin. This study shows that cel-
lular changes occurring in iron-overloaded rat
liver are similar to those observed in rats placed
on a bepatocarcinogenic diet and in rats chroni-
cally exposed to alcobol. (Am J Pathol 1996,
149:389-398)

The emergence of oval cells in preneoplastic liver
during experimentally induced hepatocarcinogen-
esis is well documented.’=° These cells were char-
acterized in 19562 and described as small cells hav-
ing scanty, lightly basophilic cytoplasm and ovoid
nuclei. They have been shown to express embryonic

proteins, for example, a-fetoprotein (AFP),'° as well
as embryonic enzymes such as the M, form of pyru-
vate kinase (M,-PK)® and m-class glutathione
S-transferase (mGST).'" During experimental hepa-
tocarcinogenesis, oval cells are initially located pe-
riportally and subsequently spread throughout the
liver lobule. The ability of these cells to give rise to
hepatomas has been demonstrated.®

More recently, oval cells have been described in
other conditions such as hepatitis'> and alcohol-
induced liver toxicity.'® A common factor in these
conditions is prolonged liver damage.

Genetic hemochromatosis (GH) is an autosomal
recessive disorder with the abnormal gene located
on the short arm of the sixth chromosome near the A
locus of the histocompatibility leukocyte antigens
system.’~'7 Among people of Northern European
descent, GH is a common cause of iron overload
with approximately 1 in 220 people being affected.’
Major complications of GH are cirrhosis of the liv-
er,'5:18-26 congestive heart failure,2°-2% and diabe-
tes.?%27 |n particular, the disease has been associ-
ated with a substantially increased risk of developing
primary hepatocellular carcinoma,'®20:21:24-26.29.30

The basis of cellular and tissue injury caused by
chronic parenchymal iron overload is still unclear.®
There is agreement that cell toxicity is associated
with iron-induced lipid peroxidation and the associ-
ated organelle dysfunction mediated by production
of free radicals.'®16:1923.31-33 Factors such as alco-
holism and hepatitis B virus infection have also been
implicated in the pathogenesis of GH.34-41
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Despite strong clinical evidence supporting the
relationship between chronic iron overload and the
development of hepatocellular carcinoma, the spe-
cific mechanisms leading to hepatoma formation in
iron overload are unknown. It has been suggested
that increased free radical production is responsible
for heritable genetic alterations that increase the like-
lihood of transformation to cancer.?® An alternative
explanation proposes that cellular changes that ac-
company iron-induced liver damage are similar to
those observed when liver cancer is induced by
carcinogens. Specifically, these conditions promote
the proliferation of oval cells. The present study doc-
uments the induction of oval cells in liver subjected
to iron overload toxicity.

Materials and Methods

Animals

Males of the Wistar strain of the albino rat Rattus
norvegicus (120 to 140 g) were used in these exper-
iments and received humane care in compliance
with guidelines set out by the National Health and
Medical Research Council of Australia.

Iron Overload Diet

Rats were fed a carbonyl-iron-supplemented diet
and normal drinking water for 3 to 6 months. Ferrony!
(ISP Australasia, Sydney, Australia) was blended
with a standard laboratory chow to a final concen-
tration of 2% (w/w). Control rats received a standard
laboratory chow.

Choline-Deficient, Ethionine-Supplemented
(CDE) Diet

Rats were fed a choline-deficient diet (product code
TD 79246, Teklad, Madison, WI) plus 0.15% (w/v)
pL-ethionine supplemented in their drinking water
(CDE group) for 3 weeks. Based on their consump-
tion of liquid, this was equivalent to giving the rats a
0.07% (w/v) ethionine-supplemented diet in solid
form. Ethionine given in the drinking water minimized
our risk of exposure to the carcinogen. Control rats
received a standard laboratory chow.

Elutriation of Liver Cells

The liver of control and iron-overloaded rats were
perfused via the hepatic portal vein with perfusion
buffer (0.4 mg/ml KCI, 6.8 mg/ml NaCl, 4.8 mg/mi

HEPES, 2.1 mg/ml NaHCQOj, 1.0 mg/ml glucose, pH
7.4, 300 mOsmol/L) under surgical anesthesia (1
wul/g body weight Nembutal; Pentobarbitone sodium
(60 mg/ml) Boehringer Ingelheim, Artarmon, NSW,
Australia). Liver cells were isolated by collagenase
perfusion using the method of Seglen*? and sepa-
rated according to size and density by centrifugal
elutriation as described by Yaswen et al.' Four frac-
tions were collected at flow rates of 18, 24, 40, and
50 ml/minute, and a fifth fraction was obtained by
shutting down the rotor (from 2500 rpm) while the
flow rate was maintained at 50 mi/minute. A pre-
elutriation sample was also retained for analysis.
When present, some oval cells were collected in
fraction 4, although the majority were contained in
fraction 3, which was free of adult hepatocytes as
determined by routine histochemistry and immuno-
cytochemical staining. Fractions were attached to
poly-L-lysine-coated glass slides by cytocentrifuga-
tion and fixed in 4% paraformaldehyde, 0.1% glutar-
aldehyde in 0.1 mol/L sodium cacodylate buffer (pH
7.45) for 4 minutes at 4°C.

Histochemistry and Immunocytochemistry

Before digestion with collagenase, samples of liver
were removed and cut into approximately 0.5-cm?®
pieces and immersed in Carnoy's fixative for 6 hours
and then embedded in paraffin wax. For light micros-
copy, 6-um sections were cut and attached to glass
slides coated with poly-L-lysine. Liver sections and
cytocentrifuged cell preparations were stained with
haematoxylin and chromotrope 2R (H&C) to verify
morphology. Liver sections were also stained for
hemosiderin using Perls’ Prussian blue method (1%
potassium ferrocyanide in 1% HCI) to confirm the
status of iron overload. Kupffer cells were identified
by staining for endogenous peroxidase by treatment
with 0.05% diaminobenzidine color reagent and
0.01% H,0, in 0.05 mol/L Tris, pH 7.45, for 20 min-
utes. Immunocytochemistry was performed at room
temperature using the indirect immunoperoxidase
method. Specific antibodies used were those raised
against the M, isoenzyme of pyruvate kinase (M,-
PK), a fetal isoenzyme; the L form of pyruvate kinase
(L-PK), the adult specific isoenzyme; AFP; a-, u-, and
7-GST, tyrosine aminotransferase (TAT); transferrin
(TF); and albumin (ALB). Samples treated with non-
immune serum were incorporated as negative con-
trols. Before immunocytochemistry, endogenous
peroxidase activity was blocked by treating with
2.5% aqueous periodic acid for 5 minutes and 0.02%
sodium borohydride for 2 minutes.*° This was fol-
lowed by a 1-hour incubation in 10% fetal calf serum



and 0.2% saponin in phosphate-buffered saline
(PBS). Samples were then reacted for 1 hour with the
following primary antibodies: L-PK, a-, w-, and
7-GST, TF, and ALB (1:200 dilution); M,-PK (1:500
dilution); AFP (1:400 dilution); TAT or nonimmune
serum (1:100 dilution). After three washes with 0.2%
saponin-PBS, the samples were exposed to a 1:200
dilution of the secondary antibody (horseradish-per-
oxidase-conjugated goat IgG directed against rabbit
IgG (H+L) from Diagnostics Pasteur, Marnes-la-Co-
quette, France) for 1 hour. The washing procedure
was repeated followed by a rinse in 0.05 mol/L Tris,
pH 7.45. The secondary antibody was visualized by
reaction with 0.05% diaminobenzidine and 0.01%
H,O, in 0.05 mol/L Tris, pH 7.45, for 20 minutes. The
samples were then washed with PBS and mounted
with Kaiser's glycerol gelatin (Merck, Darmstadt,
Germany).

Cell Counts

Liver sections stained for M,-PK were used to deter-
mine the proportion of oval cells present in the liver at
each time point. Using a standard graticule, several
fields of view were counted. Cells were scored when
they satisfied the morphological criteria of oval cells
and expressed M,-PK. Hepatocytes in the same field
of view were also scored, and the results are ex-
pressed as the number of M,-PK-positive oval cells
per 100 hepatocytes. To determine the proportion of
oval cells that expressed a particular marker, cyto-
centrifuged preparations from fraction 3, which is
highly enriched for oval cells, were scored. Positive
oval cells were expressed as a percentage of total
cells.

Results

In Vivo Histological and
Immunocytochemical Changes in the Liver

CDE-Treated Rats

Oval cell proliferation resulted in extensive alteration
of the hepatic architecture. Tracts of oval cells (Fig-
ure 1a, small arrows) were evident throughout the
liver lobule between clusters of hepatocytes (Figure
1a, large arrows). In histological preparations, oval
cells were identified by size (approximately one-third
to one-quarter of a hepatocyte), a high nucleus-to-
cytoplasm ratio, possession of an ovoid nucleus, and
weakly basophilic cytoplasm. Immunologically, they
expressed the embryonic isoenzymes of pyruvate
kinase (M,-PK, Figure 1b, small arrows) and gluta-
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thione S-transferase (w-GST; data not shown) as well
as AFP (data not shown). Hepatocytes did not ex-
press M,-PK (Figure 1b, large arrow), although a
minority expressed both #-GST and AFP (data not
shown). More than 95% of CDE-derived oval cells
were positive for M-PK and #-GST, with just over
one-third positive for AFP. A minority expressed the
adult liver enzymes a-GST, u-GST, and TAT. Ap-
proximately one-third expressed the parenchymal
cell markers TF and ALB. Control rats showed no
evidence of oval cell proliferation.

Iron-Overloaded Rats

Before in situ perfusion, iron-loaded livers usually
had a dark red/brown discoloration that persisted
after perfusion. Control livers displayed the normal
pale yellow appearance after perfusion.

In both 3- and 6-month iron-loaded liver samples
there was a zonal distribution of iron deposition with
a decrease toward pericentral regions, as shown by
Perls’ Prussian blue staining (Figure 1c, arrow). Ex-
tensive iron deposition was detected in all hepato-
cytes located periportally (Figure 1d, small arrow) as
well as in a small proportion of Kupffer cells (Figure
1d, intermediate arrow). Kupffer cells were identified
on serial sections by morphology and expression of
endogenous peroxidase. Hepatocytes located peri-
centrally, although exhibiting weaker staining, were
still iron loaded to varying degrees. Iron deposits
were also visible without the aid of Prussian blue
staining and appeared as yellow/brown granular de-
posits within the cytoplasm. Putative oval cells (Fig-
ure 1d, large arrow), as well as bile duct cells and
endothelial cells, were relatively free of iron.

It is interesting to note that there was a zonal
pattern of TF distribution that was inverse to the
pattern of iron deposition. TF expression was maxi-
mal pericentrally (Figure 1e, small arrow) and de-
creased toward periportal regions (Figure 1e, large
arrow) where iron deposition was maximal.

Small basophilic cells with oval cell morphology
were detected around the portal regions of the
3-month iron-loaded liver samples (Figure 2a, small
arrows). Large hepatocytes (Figure 2a, large arrow)
were easily distinguished from the oval cells. The
majority of these putative oval cells were positive for
M,-PK (Figure 2b, small arrows) whereas hepato-
cytes were negative (Figure 2b, large arrow). Puta-
tive oval cells were also positive for w-GST, with the
majority exhibiting nuclear staining (Figure 2c, small
arrows). A small proportion of hepatocytes were also
7-GST positive, with evidence of nuclear staining
(Figure 2c, large arrow). The oval cells were hetero-
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geneous with respect to AFP expression, approxi-
mately one-quarter being positive (Figure 2d, small
arrows). Fine granular iron deposits were visible in
hepatocytes (Figure 2d, intermediate arrow) as were
the larger and more dense iron deposits (Figure 2d,
large arrow).

Oval cells also displayed a heterogeneous ex-
pression of hepatocytic markers such as ALB, L-PK,
a-GST, u-GST, and TAT. A minority expressed L-PK,
a-GST, u-GST, and TAT (Table 1) whereas approx-
imately one-third expressed ALB (Table 1). The level

Figure 1. a: H&C-stained liver section from a rat fed a CDE diet for 4
weeks showing disruption of liver architecture by oval cells (small
arrows) throughout the lobule. Hepatocytes are indicated by large
arrows. P, portal vein. Magnification, X400. b: Oval cells (small
arrows) from CDE-treated liver express M,-PK; hepatocytes are nega-
tive (large arrow). X 400. c: Iron deposition in the liver from a 3-month
iron-loaded rat, showing a lobular pattern of distribution with a
decreasing gradient toward pericentral regions (arrow). Perls’ Prus-
sian blue stain; X 100. d: Iron is mainly deposited in the hepatocytes
(small arrow) and in a few Kupffer cells (intermediate arrow). Putative
oval cells (large arrow) in the periportal region show no evidence of
iron accumulation. X400. e: Immunocytochemical stain for TF,
which is maximal pericentrally (small arrow) and minimal peripor-
tally (large arrow) after iron overload. X 250.

of L-PK expression in the iron-loaded liver was dimin-
ished compared with control liver, and there was
heterogeneity among hepatocytes (Table 1); how-
ever, there was no obvious zonal distribution of L-PK
expression. A similar reduction in L-PK expression
was also observed in the CDE-treated liver. Oval
cells from iron-loaded liver were negative for TF.
Similar oval cells were found in the 6-month sam-
ples and with greater frequency. There were 10 *
2.3 (mean = SE) M,-PK-positive oval cells per 100
hepatocytes in the liver after 3 months of iron load-
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Figure 2. a: H&C-stained liver section from a 3-month iron-loaded rat showing tracts of oval cells (small arrows) extending from a small portal region,
surrounded by hepatocytes (large arrow). Magnification, X 400.b: M,-PK-positive oval cells extending into the liver lobule (small arrows). Hepatocytes
are negative (large arrow). X 400. ¢: The majority of oval cells are w-GST positive and exhbibit nuclear staining (small arrows). A small proportion
of hepatocytes express w-GST with nuclear staining (Jarge arrow). X 400. d: Some oval cells express AFP (small arrows). Note the presence of granular
iron deposits (intermediate arrow) as well as dense iron deposits (large arrow). X 400.

ing; which increased to 17 = 3.1 (mean *+ SE) after
6 months of iron loading. In addition to the increased
quantity of oval cells in the 6-month samples, a sig-
nificant proportion were pericentrally located, some
of which formed small foci (Figure 3, a-d). These
contained approximately 15 to 20 oval cells that were
positive for M,-PK (Figure 3a) and #-GST (data not
shown). Hepatocytes were M,-PK negative. The pat-
tern of immunostaining for AFP, ALB, L-PK, and TAT
were similar for the 6-month and 3-month samples.
AFP expression, detected in only a few of the paren-
chymal cells at 3 months increased to approximately
one-third by 6 months. Oval cells remained TF neg-
ative after 6 months of iron overload (Figure 3b, small

arrow), giving the appearance of a TF-free focus
surrounded by darkly stained parenchyma (Figure
3b, large arrow). The majority of oval cells were
negative for a-GST, with only a few being weakly
positive (Figure 3c, small arrow). The same was ob-
served for u-GST (Figure 3d, small arrow). All hepa-
tocytes expressed both «-GST (Figure 3c, interme-
diate arrow) and u-GST (Figure 3d, intermediate
arrow). For both a- and u-GST, hepatocytes exhib-
ited either cytoplasmic staining and nuclear staining
or cytoplasmic staining alone.

Ductal structures were observed in 5% of oval cell
foci. In contrast to the surrounding oval cells, the
ductal structures were strongly positive for u-GST

Table 1.  Percentage of Isolated Oval Cells Expressing the Listed Markers after 4 Weeks of CDE Treatment or 3 to 6
Months of Iron Overloading
Condition AFP ALB TF M,-PK a-GST u-GST w-GST TAT
CDE (4 weeks) 39 53 47 95 13 27 95 10
Iron overload (3 months) 28 37 0 92 11 9 89 13
Iron overload (6 months) 26 41 0 95 9 14 95 16
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Figure 3. a to d: Liver sections from a 6-month iron-loaded rat showing a small focus of oval cells surrounded by liver parenchyma. a: Cluster of
M,-PK-positive oval cells. Magnification, X 980. b: TF-negative focus of oval cells (small arrow) among strongly positive hepatocytes (large arrow).
X 400. c: The majority of oval cells are negative for a-GST, with only a few being weakly positive (small arrow) . In contrast, all bepatocytes are strongly
positive (intermediate arrow). A ductal structure at the center of the focus is negative for a-GST (large arrow). X 400. d: The majority of oval cells are
also negative for p-GST (small arrow) whereas all bepatocytes are positive (intermediate arrow). The same ductal structure shown in € strongly
expresses u-GST (large arrow). X 400. e: Liver cells isolated by centrifugal elutriation from rats overloaded with iron for 6 months; H&C stain of
Sfraction 5, containing aggregates of oval cells (small arrow) as well as individual bepatocytes (large arrow). X 490. f: TF-negative isolated oval cells
(small arrow) shown among a population of beterogeneously stained hepatocytes, some weakly positive (intermediate arrow) and some strongly

positive (large arrow). X £90.

(Figure 3d, large arrow). Serial sections revealed that
the ductal structures did not express a-GST (Figure
3c, large arrow).

There was no evidence of fibrosis or cirrhosis in
either the 3- or 6-month iron-loaded liver samples,
with no clear evidence of hepatocytic necrosis.

Isolated Cells and Their Pattern of Staining

Cells isolated by centrifugal elutriation allowed more
detailed examination and easier quantification of rel-
ative numbers that expressed particular markers.
Fraction 3 contained mainly oval cells devoid of



hepatocytes, whereas fraction 5 contained aggre-
gates of oval cells (Figure 3e, small arrow) and hepa-
tocytes (Figure 3e, large arrow), allowing compari-
sons of both cell types to be made on the one slide.
For both CDE and iron overload samples, the pattern
of immunocytochemical staining obtained from iso-
lated cells correlated well with in situ samples.

A summary of the immunocytochemical data from
CDE-derived and iron-overload-derived isolated oval
cells is presented in Table 1. Greater than 92 and
89% of both CDE- and iron-overload-derived oval
cells were positive for M,-PK and #GST, respec-
tively. The percentage of oval cells positive for each
marker from the 3- and 6-month iron-loaded samples
were approximately the same. For the majority of
markers, the proportion of positive oval cells ob-
tained by iron overload closely resembled those in-
duced by the CDE diet, with the exception of u-GST
and TF. No more than 14% of iron-derived oval cells
expressed u-GST compared with 28% of CDE-de-
rived oval cells. Similarly, 40% of CDE-derived oval
cells expressed TF, whereas none of the oval cells
isolated from iron-loaded liver expressed TF (Figure
3f, small arrow). Nearly double the proportion of
CDE-derived oval cells expressed L-PK compared
with 3-month iron-derived oval cells; however, by 6
months, the proportion of positive iron-derived oval
cells (data not shown) was closer to that seen in the
CDE group.

Thirty-one percent of hepatocytes isolated from
6-month iron-loaded liver expressed AFP (data not
shown), which was not observed in the control liver.
The hepatocyte population also exhibited a hetero-
geneous pattern of L-PK expression (data not shown)
and TF expression (Figure 3f, intermediate and large
arrows).

Discussion

In models of experimental hepatocarcinogenesis,
there are characteristic changes within the liver that
precede the development of hepatoma. These
changes include the emergence and rapid prolifer-
ation of a cellular compartment composed of oval
cells. These cells have the ability to generate hepa-
toma® and signify a preneoplastic change in the
liver. The present study was undertaken to ascertain
whether similar cellular changes occur in iron-over-
loaded liver.

Numerous studies in experimental iron overload
have utilized the rat model.'922:23.31.39.43-49 Thege
involved feeding of either carbonyl iron or iron dex-
tran or the intravenous injection of iron. In each in-
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stance, iron loading of the liver was a common fea-
ture.

The predominantly parenchymal deposition of
iron with a periportal distribution observed in the
present study agrees with the findings of other
researchers.*” High levels of iron deposition in
periportal hepatocytes with a reduction toward
pericentral hepatocytes is a clinical feature of ge-
netic hemochromatosis'#'®22 and indicates the
suitability of the carbonyl-iron-fed rat model for
studying this disease. We have previously demon-
strated the advantages of using #-GST'' and,
more recently, M,-PK'3 to identify oval cells and
apply these to this model. Other markers used
were ALB, TF, L-PK, a-GST, u-GST, and TAT to
further compare oval cells obtained from the iron-
treated liver with those derived from CDE-treated
liver. The majority of oval cells generated from
CDE-treated liver expressed M,-PK and =-GST,
with approximately one-third expressing AFP, a
similar pattern was found in oval cells derived from
iron-overloaded liver. Furthermore, similar propor-
tions of CDE- and iron-derived oval cells ex-
pressed ALB, L-PK, a-GST, and TAT. These results
indicate that chronic damage induced by iron
overload of the liver induces the proliferation of
oval cells that are immunocytochemically and mor-
phologically similar to those derived from the liver
after administration of the carcinogenic CDE diet,
with one exception. Oval cells induced by the iron-
loaded diet were TF negative, whereas a substan-
tial proportion of oval cells derived from CDE-
treated liver were TF positive. As TF is a transport
protein for ferric iron, it is possible that the ab-
sence of TF expression is a response to the over-
abundant levels of iron in the body. Bonkovsky'®
has suggested that iron in hepatocytes stimulates
translation of ferritin mMRNA and represses tran-
scription of DNA for transferrin and the transferrin
receptor. It is possible that a similar process oc-
curs in oval cells. Baynes et al,*° on the other
hand, have reported no evidence of generalized
dysregulation of expression of the transferrin re-
ceptor in hemochromatosis or in the African form
of iron overload. However, the present study sup-
ports the idea that iron overload influences the
state of hepatocyte TF regulation, as there was an
inverse relationship between iron loading and TF
expression in hepatocytes.

The significance of the reduced proportion of oval
cells expressing u-GST in the iron group compared
with the CDE group is not clear and may reflect a
difference in developmental maturity of the two pop-
ulations of oval cells.
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The identification of ductal structures in the iron-
loaded liver demonstrates another similarity be-
tween CDE-treated and iron-loaded liver. Ductal
structures, thought to be derived from oval cells,
are distinct from normal bile ducts in several re-
spects. Bile ducts reside in the portal triad
whereas ductal structures are randomly located
throughout the liver lobule after extensive oval cell
proliferation. Furthermore, these structures are ab-
sent in normal liver and express different markers
to normal bile duct cells. In a previous study,'' we
demonstrated that CDE-derived duct-like struc-
tures expressed a- and @#-GST but not u-GST,
which is expressed by normal bile ducts. In con-
trast, the ductal structures identified in this study
expressed u-GST, suggesting a closer association
to normal bile duct cells than the duct-like struc-
tures evident in CDE-treated liver.

It has been reported that human liver biopsies
from GH patients vary greatly with respect to his-
tological findings, ranging from normal to those
displaying micronodular cirrhosis.'® Therefore, the
absence of fibrotic or cirrhotic change in this study
is not surprising, especially when it is normally
associated with more advanced stages of GH.

We have previously reported the expression of
AFP in the hepatocyte population during the early
stages of experimental hepatocarcinogenesis as
well as in ethanol-treated liver.'® The expression of
AFP in a proportion of iron-loaded hepatocytes may
be a response to chronic damage and possibly in-
dicates an early stage of preneoplasia.

In cirrhotic patients, regenerating nodules have
occasionally exhibited smaller amounts of excess
iron than the rest of the liver.'® Liver biopsies from
patients with GH complicated with hepatocellular
carcinoma, contain iron-free foci,*® shown to be
proliferative lesions, strongly suggesting that they
are preneoplastic.243°5" Future studies may re-
veal a relationship between these preneoplastic
iron-free foci and the iron-free oval cells reported
in this study.
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