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Abstract
Background: Polyhexamethylene guanidine phosphate (PHMG) is was used as humidi�er disinfectants.
We aimed to evaluate PHMG-induced lung injuries and their chronological changesin a rat model using
chest CT with pathologic correlation, to determine whether PHMG exposure causes lung tumors, and to
explore genetic alterations according to PHMG exposure under the guidance of CT.

Methods: A PHMG solution was intratracheally administrated to 40 male rats. Chest CT was carried out in
all rats and both lungs were collected for histopathologic evaluation. At 4 weeks after instillation, one
lobe of the right lung from 3 rats was subjected to RNA sequencing.

Results: At least one abnormal CT �nding was found in all rats at all weeks. The major CT �ndings were
in�ammation, �brosis, and tumors in the pathologic analysis, where signi�cant changes were observed
over time.The lung lesions remained persistent after 8 weeks of PHMG exposure. In the pathologic
analysis, the extent/severity of in�ammation did not show statistically signi�cant changes over time,
whereas the extent/severity of �brosis increased continuously up to 6 weeks after PHMG exposure and
then decreased signi�cantly at 8 weeks. Bronchiolar-alveolar adenomas which have malignant potential
were found in 50% of rats at 6 and 8 weeks after PHMG exposure. Also, several genes associated with
lung cancer, acute lung injury, and pulmonary �brosis were detected.

Conclusions: PHMG-induced lung injury and its changes according to the number of weeks after
exposure were demonstrated using chest CT and pathologic evaluation. In addition, we showed that
PHMG exposure caused lung tumors and genetic alterations according toPHMG exposure under the
guidance of CT.

Background
Polyhexamethylene guanidine phosphate (PHMG) is a member of the polymeric guanidine family which
is widely used as a biocide in the medicine, agriculture, and food industries because of its broad-
spectrum antibacterial, antifungal, and antiviral activities in addition to its relatively low toxicity for
humans [1]. This compound was used as humidi�er disinfectants, and several epidemiological and
experimental studies revealed a causal association between PHMG exposure through humidi�ers and
severe lung injuries [2, 3].

In previous studies, chest CT analysis and pathologic correlations of humidi�er disinfectant-associated
lung disease were performed in both children and adults [4, 5]. However, in these studies, only patients
who had rapidly progressive respiratory distress for several days or weeks were included. Also, the exact
length of time and amount of exposure to the humidi�er disinfectant and the exact ingredients of
humidi�er disinfectants were not known due to the retrospective nature of the study design. In addition,
lung biopsies were performed in only a few patients and the percentage of patients exposed to humidi�er
disinfectant which caused lung injury was not investigated. Also, since PHMG is also known to cause cell
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cycle arrest and apoptosis in lung epithelial cells [6], we hypothesized that exposure of PHMG may be
related to tumorigenesis.

Genomic responses to PHMG exposure using a DNA microarray was investigated, which has been widely
used to simultaneously measure the expression levels of a large numbers of genes [7]. This study
showed the PHMG changed the expression of genes involved in the urea cycle, in�ammation, and
oxidative stress in a lung rat model. However, the authors observed changes of the gene expression
without knowing any pathologic changes in rat lungs exposed to PHMG. Thus, it is necessary to con�rm
the presence of pathologic changes in rat lungs using chest CT before performing DNA microarrays.

Therefore, the purposes of this study were to correlate chest CT and pathologic �ndings of PHMG-
induced lung injury in a rat model, to determine whether PHMG exposure causes lung tumors, and to
explore genetic alterations according to PHMG exposure under the guidance of CT.

Methods
This study was approved by the Institutional Animal Care and Use Committee of the Korea University
Medical Center (Approval number: 2019-0031).

Animals
Nine-week-old male Sprague-Dawley rats (Raonbio, Yong-in, South Korea) were acclimated for 1 week (3
rats per cage) under the following conditions: temperature, 22–25 ℃; relative humidity, 40–60%; and
lighting condition, light 12 hours/dark 12 hours. Pelletized food for experimental rodents (Purina, Sung-
nam, South Korea) and �ltered tap water were given ad libitum.

Experimental design
A total of 40 rats were randomly divided into 5 groups. A solution of PHMG was diluted to 0.9 mg/kg with
saline using a previously reported method [8]. Then, 50 uL of the PHMG solution was intratracheally
administrated to the rats under the guide of a modi�ed videoscope for intratracheal instillation
(Additional �le 1). At weeks 1, 2, 4, 6, and 8 after instillation (Groups 1 to 5), chest CT examinations of all
rats were carried out under anesthesia. Subsequently, the animals were sacri�ced and both lungs were
collected for histopathologic evaluation. In Group 3, one lobe of the right lung from 3 randomly chosen
rats were used for RNA sequencing and the rest of other lobes of these 3 rats were used for
histopathologic evaluation. The one lobe in each rat used for RNA sequencing was chosen by one
radiologist (C.K.) after reviewing the CT images (lobe with obvious lesions). Lung tissues from control
animals (n = 3) were also extracted at 4 weeks after instillation of sterile saline for RNA sequencing. The
experimental design is summarized in Fig. 1.

CT protocol
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All CT images were scanned using a Philips IQon 128-slice dual-layer detector spectral CT scanner
(Philips Healthcare, Cleveland, OH, USA). All images were obtained in a caudo-cranial direction during an
inspiration breath-hold using a ventilator for small animals (VentElite, Harvard Apparatus, MA, USA). CT
scan parameters were as follows: kVp, 80; mA, 400; collimation, 64 × 0.625 mm; slice thickness, 0.67 mm;
beam width, 40 mm; pitch, 1.048; rotation time, 0.4 sec.

CT evaluation
Two board certi�ed radiologists (K.Y.L. and C.K., with 22 and 10 years of experience in thoracic imaging,
respectively) who were blinded to the experimental groups and time points reviewed all CT images. Each
reviewer evaluated the following CT �ndings (Fig. 2). The CT �ndings followed or modi�ed the glossary
of radiologic terms suggested by the Fleishner Society [9]. Consolidation was de�ned as a homogeneous
increase in parenchymal attenuation obscuring margins of vessel and airway walls. Hazy increased lung
opacity with the preservation of bronchial and vascular margins was de�ned as GGO. A nodule was
de�ned as a rounded or irregular opacity, well or poorly de�ned, measuring up to 1 mm in diameter. A well
or poorly de�ned, rounded or irregular opacity over 1 mm was de�ned as a mass. Centrilobular nodules
were nodules which appeared to be separated from the pleural surfaces, �ssures, and interlobular septa.
Bronchiectasis included bronchial dilatation with respect to the accompanying pulmonary artery, with a
lack of tapering of the bronchi. The linear density was a focal or multifocal subsegmental atelectasis
showing linear con�guration, almost always extending to the pleura.

Among these CT �ndings, the �ndings that make up more than two-thirds of the lesions were de�ned as
major CT �ndings. There were four major CT �ndings: peribronchial GGO, centrilobular nodules, diffuse
GGO, and linear densities and nodules.

The zonal distribution was considered as being the upper lung zone (above the level of the carina), lower
lung zone (below the level carina), or whole lung. The prominent location was de�ned to be ‘posterior’ if
there was a predominance of CT �ndings in the dorsal area and 'peribronchial' if there was predominance
along the peribronchovascular area.

Histologic examination
All extracted lung specimens were evaluated by one experienced pathologist with 20 years of clinical
experience in lung pathology (J.L.). The lungs were �xed in 10% neutral buffered formalin. From the �xed
samples, 4 um thick para�n sections were cut and hematoxylin and then, eosin (H&E) staining and
Masson’s trichrome (MT) staining were performed.

The extent (none, lesions involving < 0–25%/<25–50%/>50% of the total lung areas) and severity
(none/mild/moderate/severe) of in�ammation and �brosis were evaluated. The scores of in�ammation
and �brosis were calculated by adding the extent and severity of in�ammation and �brosis.

Radiologic-histologic correlation
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All major CT �ndings were compared with matched histologic �ndings, lesion by lesion, by one
radiologist (C.K.) and one pathologist (J.L.), with consensus.

RNA isolation, library preparation/sequencing, and data
analysis
Methods for RNA isolation, library preparation/sequencing, and data analysis are described in Additional
�le 2.

Statistical analysis
The chi-square test for nominal variables and Kruskal–Wallis test for continuous variables were
performed to determine differences CT features and pathologic �ndings among groups, and the chi-
square trend analysis for nominal data, Cochran–Mantel–Haenszel test for ordinal data, Jonckheere-
Terpstra test for continuous data with Bonferroni corrections were performed for revealing the
chronologic changes of CT features and pathologic �ndings. Inter-observer agreement between two
radiologists was assessed with Cohen’s kappa statistics. These results were interpreted as follows: < 0.2,
poor agreement; 0.21–0.4, fair agreement; 0.41–0.6, moderate agreement; 0.61–0.8, good agreement; >
0.80, very good agreement. All statistical analyses were performed using SPSS Statistics 20 (SPSS,
Chicago, IL, USA) or MedCalc version 18.5 (MedCalc Software, Ostend, Belgium). All P-values < 0.05 were
considered statistically signi�cant.

Results

CT image analysis
At least one abnormal CT �nding was observed in all rats at all weeks. The CT �ndings according to
weeks after PHMG exposure are shown in Table 1. Consolidation was the most frequent at 2 weeks after
PHMG exposure with statistically signi�cance (P = 0.012) and then the frequency decreased. GGO was
observed in all rats (100%) 1, 4, 6, and 8 weeks after PHMG exposure, and in 7 of 8 rats (87.5%) after 2
weeks. Nodules, masses, and linear densities signi�cantly increased according to the number of weeks
after PHMG exposure (all P-values for trend < 0.05).

The major CT �ndings, zonal predominance, and prominent location of the CT �ndings according to the
number of weeks after PHMG exposure are shown in Table 2 whereas the changes in the major CT
�ndings according to groups are presented in Fig. 3. Peribronchial GGO was observed in all rats 1 week
after PHMG exposure and then slightly decreased from 2 to 6 weeks after PHMG exposure before �nally
disappearing 8 weeks after PHMG exposure. Centrilobular nodules peaked at 4 weeks (37.5%) and then
decreased. Linear densities and nodules were observed at 8 weeks (100%). The major CT �ndings
signi�cantly changed according to the number of weeks (P-value for trend < 0.001). Nearly all lung lesions
appeared along the peribronchial area in all weeks.
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Table 1
CT �ndings and changes according to the groups.

 After 1
week

(Group
1)

After 2
weeks

(Group
2)

After 4
weeks

(Group
3)

After 6
weeks

(Group
4)

After 8
weeks

(Group
5)

P-
value

P-value
for trend

 

Consolidation 1
(12.5%)

7
(87.5%)

6 (75%) 6 (75%) 3
(37.5%)

0.012 0.767  

GGO 8
(100%)

7
(87.5%)

8
(100%)

8 (100%) 8 (100%) 0.395 0.390  

Centrilobular
nodules

6 (75%) 4 (50%) 7
(87.5%)

4 (50%) 3
(37.5%)

0.229 0.179  

Nodule 3
(37.5%)

5
(62.5%)

7
(87.5%)

7
(87.5%)

8 (100%) 0.031 0.003  

Mass 0 0 0 1
(12.5%)

2 (25%) 0.217 0.030  

Bronchiectasis 0 6 (75%) 8
(100%)

8 (100%) 3
(37.5%)

<0.001 0.166  

Linear
densities

0 0 4 (50%) 7
(87.5%)

6 (75%) <0.001 <0.001  

GGO, ground glass opacity
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Table 2
Major CT �ndings, zonal predominance, and prominent location of CT �ndings according to the groups.
 After 1

week

(Group
1)

After 2
weeks

(Group
2)

After 4
weeks

(Group
3)

After 6
weeks

(Group
4)

After 8
weeks

(Group
5)

P-
value

P-value
for trend

Major CT �ndings 

Peribronchial GGO 8
(100%)

6 (75%) 5
(62.5%)

7
(87.5%)

0 <0.001 <0.001

Centrilobular
nodules

0 1
(12.5%)

3
(37.5%)

1
(12.5%)

0

Diffuse GGO 0 1
(12.5%)

0 0 0

Linear densities
and nodules

0 0 0 0 8
(100%)

Zonal predominance 

Upper (above
carina)

0 2 (25%) 0 0 0 0.2 0.2

Lower (below
carina)

1
(12.5%)

1
(12.5%)

0 0 1
(12.5%)

Whole lung 7
(87.5%)

5
(62.5%)

8
(100%)

8
(100%)

7
(87.5%)

Prominent location 

Posterior 0 1
(12.5%)

0 0 0 0.4 0.4

Peribronchial 8
(100%)

7
(87.5%)

8
(100%)

8
(100%)

8
(100%)

GGO, ground glass opacity

The two radiologists were in good agreement regarding the presence of CT parameters (Cohen’s kappa
for GGO, centrilobular nodules, bronchiectasis, and prominent CT features, 1.0; Cohen’s kappa for
consolidation, 0.955; Cohen’s kappa for nodules, 0.945; and Cohen’s kappa for mass, 0.877).

Histologic analysis
The changes in the pathologic �ndings are shown in Table 3 and Fig. 4. Lymphocytic vasculitis was
prominent 1 week after PHMG exposure and then decreased (P-value for trend = 0.028). Alveolar
hyperplasia peaked at 6 weeks after PHMG exposure and then decreased (P-value for trend = 0.034).
Alveolar in�ltration of macrophage was observed continuously over all weeks (P-value for trend = 0.884).
The presence of foamy histiocytes and lymphoid aggregates peaked at 4 weeks after PHMG exposure
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and then decreased (all P-values for trend > 0.05). Tumors were found in 50% of rats at 6 weeks and 50%
of rats at 8 weeks after PHMG exposure (all P-values for trend < 0.001). The range of the tumor size was 3
to 8 mm. The tumors were all bronchiolar-alveolar adenomas. The pathologic �ndings are detailed in
Additional �le 3.

Table 3
The changes of pathologic �ndings according to the groups.

  After 1
week

(Group
1)

After 2
weeks

(Group
2)

After 4
weeks

(Group
3)

After 6
weeks

(Group
4)

After 8
weeks

(Group
5)

P-
value

P-value
for trend

Major CT �ndings

Peribronchial GGO 8
(100%)

6 (75%) 5
(62.5%)

7
(87.5%)

0 < 
0.001

< 0.001

Centrilobular
nodules

0 1
(12.5%)

3
(37.5%)

1
(12.5%)

0

Diffuse GGO 0 1
(12.5%)

0 0 0

Linear densities
and nodules

0 0 0 0 8
(100%)

Zonal predominance

Upper (above
carina)

0 2 (25%) 0 0 0 0.2 0.2

Lower (below
carina)

1
(12.5%)

1
(12.5%)

0 0 1
(12.5%)

Whole lung 7
(87.5%)

5
(62.5%)

8
(100%)

8
(100%)

7
(87.5%)

Prominent location

Posterior 0 1
(12.5%)

0 0 0 0.4 0.4

Peribronchial 8
(100%)

7
(87.5%)

8
(100%)

8
(100%)

8
(100%)

GGO, ground glass opacity

The extent and severity of in�ammation and �brosis are shown in Table 4 and Additional �le 4. The
extent and severity of in�ammation were observed continuously throughout all weeks without
statistically signi�cant changes (all P-values for trend > 0.05). There were no signi�cant changes between
the weeks in the in�ammation scores (P-value for the trend = 0.82). The extent and severity of
in�ammation and �brosis gradually increased up to 6 weeks after PHMG exposure and then decreased at
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8 weeks (all P-values for trend < 0.05). The �brosis scores were also signi�cantly greatest at 6 weeks after
PHMG exposure and then decreased at 8 weeks (P-value for trend = 0.007).
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Table 4
The extent and severity of in�ammation and �brosis according to the groups.

  After 1
week

(Group
1)

After 2
weeks

(Group 2)

After 4
weeks

(Group 3)

After 6
weeks

(Group 4)

After 8
weeks

(Group 5)

P-
value

P-value for
trend

Lymphocytic vasculitis

None 4 (50%) 8 (100%) 7 (87.5%) 7 (87.5%) 8 (100%) 0.057 0.028

Mild 1
(12.5%)

0 0 1 (12.5%) 0

Moderate 0 0 1 (12.5%) 0 0

Severe 3
(37.5%)

0 0 0 0

Alveolar hyperplasia

None 3
(37.5%)

0 0 0 1 (12.5%) 0.001 0.034

Mild 3
(37.5%)

3 (37.5%) 1 (12.5%) 0 2 (25%)

Moderate 2 (25%) 4 (50%) 1 (12.5%) 0 4 (50%)

Severe 0 1 (12.5%) 6 (75%) 8 (100%) 1 (12.5%)

Alveolar in�ltration of macrophage

None 0 0 0 0 0 0.078 0.884

Mild 3
(37.5%)

2 (25%) 0 0 1 (12.5%)

Moderate 3
(37.5%)

1 (12.5%) 5 (62.5%) 7 (87.5%) 5 (62.5%)

Severe 2 (25%) 5 (62.5%) 3 (37.5%) 1 (12.5%) 2 (25%)

Foamy histiocyte

None 8
(100%)

0 0 0 2 (25%) < 
0.001

0.058

Mild 0 2 (25%) 0 2 (25%) 1 (12.5%)

Moderate 0 5 (62.5%) 4 (50%) 5 (62.5%) 5 (62.5%)

Severe 0 1 (12.5%) 4 (50%) 1 (12.5%) 0

Lymphoid aggregate
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  After 1
week

(Group
1)

After 2
weeks

(Group 2)

After 4
weeks

(Group 3)

After 6
weeks

(Group 4)

After 8
weeks

(Group 5)

P-
value

P-value for
trend

None 3
(37.5%)

1 (12.5%) 1 (12.5%) 4 (50%) 5 (62.5%) 0.016 0.239

Mild 4 (50%) 7 (87.5%) 2 (25%) 1 (12.5%) 3 (37.5%)

Moderate 0 0 4 (50%) 3 (37.5%) 0

Severe 1
(12.5%)

0 1 (12.5%) 0 0

Tumors

Presence of
tumors

0 0 0 4 (50%) 4 (50%) < 
0.001

< 0.001

Number of
tumors

0 0 0 1.6 ± 3.1 3.4 ± 8.3 < 
0.001

< 0.001

  After 1
week

(Group
1)

After 2
weeks

(Group 2)

After 4
weeks

(Group 3)

After 6
weeks

(Group 4)

After 8
weeks

(Group 5)

P-
value

P-value for
trend

In�ammation extent

None 0 0 0 0 0 0.075 0.932

< 0–25% 4 (50%) 0 0 0 2 (25%)

< 25–50% 3
(37.5%)

6 (75%) 6 (75%) 6 (75%) 6 (75%)

> 50% 1
(12.5%)

2 (25%) 2 (25%) 2 (25%) 0

In�ammation severity

None 0 0 0 0 0 0.312 0.209

Mild 0 0 0 0 1 (12.5%)

Moderate 6 (75%) 3 (37.5%) 3 (37.5%) 6 (75%) 5 (62.5%)

Severe 2 (25%) 5 (62.5%) 5 (62.5%) 2 (25%) 2 (25%)

In�ammation
score

3.88 ± 
1.13

4.88 ± 
0.84

4.88 ± 
0.84

4.50 ± 
0.93

3.88 ± 
0.99

0.087 0.82

Fibrosis extent
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  After 1
week

(Group
1)

After 2
weeks

(Group 2)

After 4
weeks

(Group 3)

After 6
weeks

(Group 4)

After 8
weeks

(Group 5)

P-
value

P-value for
trend

None 5
(62.5%)

2 (25%) 0 0 1 (12.5%) 0.007 0.024

< 0–25% 3
(37.5%)

6 (75%) 6 (75%) 3 (37.5%) 7 (87.5%)

< 25–50% 0 0 1 (12.5%) 2 (25%) 0

> 50% 0 0 1 (12.5%) 3 (37.5%) 0

Fibrosis severity

None 5
(62.5%)

2 (25%) 0 0 1 (12.5%) 0.014 0.014

Mild 2 (25%) 4 (50%) 5 (62.5%) 1 (12.5%) 4 (50%)

Moderate 1
(12.5%)

2 (25%) 1 (12.5%) 4 (50%) 3 (37.5%)

Severe 0 0 2 (25%) 3 (37.5%) 0

Fibrosis score 0.88 ± 
1.25

1.75 ± 
1.17

3.00 ± 
1.60

4.25 ± 
1.58

2.13 ± 
0.99

0.002 0.007

Radiologic-histologic correlation
Four major CT �ndings and the matched major and minor histologic �ndings are shown in Fig. 5 and
Additional �le 5. Peribronchial GGO was observed in 26 rats (65%) in all groups, and was matched with
the in�ltrate of histiocytes (84.6%) and �brosis in peribronchial and/or alveolar spaces (15.4%).
Centrilobular nodules were found in 5 rats in all groups (12.5%) in addition to matched �brosis in
peribronchial and/or alveolar spaces (60%) and the in�ltrate of histiocytes and lymphocytes in the
peribronchial/alveolar space (40%). Linear densities and nodules were major �ndings of 8 rats (20%) in
Group 5. The matched major pathologic �ndings were the in�ltrate of histiocytes and lymphocytes in
peribronchial/alveolar spaces (62.5%), �brosis in peribronchial/alveolar spaces (25%), and bronchiolo-
alveolar adenomas (12.5%). Diffuse GGO was found in one rat in Group 2 and the matched histologic
�nding was the in�ltrate of histiocytes in the alveolar spaces.

RNA sequencing analysis
A total of 96 genes among 17,048 genes signi�cantly expressed changes in PHMG-instillated lung tissue
with a standard P-value < 0.05 and log > 2 or <-2. Among these, 64 genes were upregulated and 32 genes
were downregulated compared to lung tissues of wild-type rat (Fig. 6). Additional �le 6 summarizes these
96 signi�cantly upregulated or downregulated genes. Among the PHMG-regulated genes, CXCR1, AQP3,
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ROR2, IQGAP3, SUV39H2, and THBS2 are upregulated [10–15], and RSPO1, WNT2B, CALML3, GATA4,
CES1C, BMP7, SPRY2, and TNFRSF25 are downregulated [16–20], which are associated with lung cancer.
In addition, there were some upregulated genes which have been implicated in mediating pulmonary
disorders, such as ALOX15, which induces acute lung injury [21], and PDE1A, CHI3L1, and BPIFB1, which
play a critical role in pulmonary �brosis [22–24]. In addition, there were no genes associated with DNA
repair and RNA splicing, and the genes related to cell proliferation were signi�cantly downregulated
(Additional �le 7).

Discussion
In this study, we evaluated PHMG-induced lung injury and its changes according to the number of weeks
after exposure in a rat model using chest CT and pathologic evaluation. In addition, we proved that
PHMG exposure caused lung tumors and genetic alterations under the guidance of CT.

In both the chest CT and pathologic analyses, at least one lesion in the lung appeared every week in all
rats exposed to PHMG, despite the single exposure. In addition, the major CT �ndings of lung lesions
showed signi�cant changes over time, which were also proved though pathologic evaluation, and the
lung lesions remained persistent after 8 weeks of exposure. In the pathologic analysis, the extent and
severity of in�ammation did not show statistically signi�cant changes over time, whereas the extent and
severity of �brosis increased continuously up to 6 weeks after exposure and then decreased signi�cantly
at 8 weeks. Among the major CT �ndings, we found that 84.6% of peribronchial GGOs were in�ammation
and the rest were �brosis through a radiologic-histologic correlation. Centrilobular nodules were 60%
�brosis and the rest were in�ammation, the linear densities and nodules were 62.5% in�ammation, 25%
�brosis, and 12.5% tumors, and diffuse GGO was in�ammation (100%). Most of the lesions were located
along the peribronchial area, which may be due to the fact that PHMG was instilled through the trachea
and reacted by spreading along the bronchus. These �ndings suggest that PHMG can cause signi�cant
lung injury and if exposed to PHMG, the lesion can be evaluated by chest CT. In previous studies,
exudates �ll the alveolar air space as well as the peribronchial �bro-in�ammatory lesions in both early
and chronic stages in pediatric patients [25]. In adult patients, extensive �brosis was also noted in the
chronic stage [5]. However, in the previous study, they did not analyze pathologic �ndings which
correlated with CT �ndings in all patients. Several studies using mice also reported severe pulmonary
in�ammation and �brosis caused by PHMG exposure [8, 26]. PHMG exposure led to persistent pulmonary
in�ammation and �brosis for at least 10 weeks and dose-dependent exacerbation of both in�ammation
and pulmonary �brosis on day 14 was found. However, these studies did not provide quantitative
pathologic �nding results and did not analyze the changes of pathologic �ndings over time in detail. In
addition, there have been no studies on the occurrence of lung lesions and changes according to time
caused by PHMG using chest CT.

Another important �nding in our study is the incidence of tumors caused by PHMG. Previous studies have
not reported the incidence of tumors, probably because the pathologic evaluation did not include the
section where the tumor grew. In this study, the CT �ndings were analyzed in advance and slides were
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made in consideration of the mass or nodule part. As a result, we found tumors in 50% of rats 6 and 8
weeks after exposure. In addition, our study was the �rst to detect tumors in lungs exposed to PHMG.

In our study, the tumors were all bronchiolar-alveolar adenomas. A spectrum of bronchiolar-alveolar
proliferative lesions such as hyperplasia-adenoma-adenocarcinoma has been best described in rodents,
where they can occur after exposure of various carcinogens or spontaneously [27]. Bronchiolar-alveolar
proliferative lesions apparently represent a spectrum that progresses from hyperplasia to adenoma to
carcinoma in rodents and some researchers have argued that all lesions should be designated as
carcinomas, even in earliest lesions. In addition, bronchioloalveolar neoplasms in human are generally
considered malignant [27]. In our study, analysis was only performed up to 8 weeks after PHMG exposure,
but considering the spectrum of bronchiolar-alveolar proliferation, the possibility of carcinoma being
discovered after 8 weeks cannot be excluded. Therefore, in future work, it is important to consider results
beyond 8 weeks.

In the RNA sequencing analysis, we found several genes associated with lung cancer, acute lung injury,
and pulmonary �brosis. In addition, there were no genes associated with DNA repair and RNA splicing,
and the genes related to cell proliferation were signi�cantly downregulated. Since the lung lobes with
lesions were identi�ed using CT beforehand, the tissues to be used for RNA sequencing were selected,
resulting in a more robust and direct gene association with the lung lesions. It has been reported that
dysregulation of DNA repair and RNA splicing can cause various genetic disorders and eventually lead to
cancer [28–30]. Taken together, our results demonstrate that genetic alterations due to PHMG exposure
may provoke pulmonary in�ammation and pulmonary �brosis by attenuating the normal recovery
mechanism of the lung, consequently resulting in tumorigenesis.

There were several limitations in this study. First, RNA sequencing was performed for only three rats at 4
weeks after PHMG exposure. However, because the primary goal of this study was CT imaging analysis
with pathologic correlation, much of the tissue could not be utilized for RNA sequencing. In addition,
since the tumors were detected 6 weeks after exposure, gene analysis may be necessary in rats after 6
weeks. Second, it is di�cult to accurately correlate the dose instilled in rats with the amount of inhalation
through the humidi�er in humans. In addition, further studies are needed to determine the extent and
severity of lung lesions, including tumors, using a smaller or higher dose in addition to the concentrations
used in this experiment.

Conclusions
In conclusion, at least one lesion in the lung appeared every week in all rats exposed to PHMG in chest CT
and pathologic analyses, despite the single exposure. In addition, the major CT �ndings of lung lesions
showed signi�cant changes over time, which were also veri�ed though pathologic evaluation, and the
lung lesions remained persistent after 8 weeks of exposure. We found bronchiolar-alveolar adenomas,
which have malignant potential, in 50% of rats 6 and 8 weeks after exposure. Also, several genes
associated with lung cancer, acute lung injury, and pulmonary �brosis were found. The genetic alterations
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due to PHMG exposure may provoke pulmonary in�ammation and pulmonary �brosis by attenuating the
normal recovery mechanism of the lung and consequently result in tumorigenesis.

Abbreviations
PHMG
Polyhexamethylene guanidine phosphate
GGO
ground-glass opacity
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Figures

Figure 1

The experimental design. 1, 2, 4, 6, and 8 weeks after instillation (Groups 1 to 5), chest CT examination
was conducted in all rats under anesthesia. Subsequently, the animals were sacri�ced and both lungs
were collected for histopathologic evaluation. In Group 3 (4 weeks after instillation), one lobe of the right
lung from 3 randomly chosen rats were used for RNA sequencing and the other lobes of those 3 rats were
used for histopathologic evaluation. The lung tissue from control animals (n=3) was also extracted 4
weeks after the instillation of sterile saline instead of PHMG for RNA sequencing.
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Figure 2

Examples of CT �ndings. Consolidation, ground-glass opacity (GGO), nodules, masses, centrilobular
nodules, bronchiectasis, and linear atelectasis were followed or modi�ed the glossary of radiologic terms
suggested by the Fleishner Society.
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Figure 3

Changes of the CT �ndings according to the groups. Peribronchial GGO was observed in all rats 1 week
after PHMG exposure, then slightly decreased through 2 weeks to 6 weeks after PHMG exposure, and
disappeared at 8 weeks after PHMG exposure. Centrilobular nodules peaked at 4 weeks (3 of 8 rats,
37.5%) and then decreased. Linear densities and nodules were observed at 8 weeks (8 of 8 rats, 100%).
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Figure 4

Changes in the pathologic �ndings according to group.Lymphocytic vasculitis was prominent 1 week
after PHMG exposure and then decreased (P=0.057, P-value for trend=0.028). Alveolar hyperplasia
peaked at 6 weeks after PHMG exposure and then decreased (P=0.001, P-value for trend=0.034). Alveolar
in�ltration of macrophages was observed continuously over all weeks (P=0.078, P-value for trend=0.884).
Foamy histiocyte and lymphoid aggregate peaked at 4 weeks after PHMG exposure and then decreased
(all P<0.05, all P-value for trend >0.05). Tumors were found in 50% of rats (4 of 8 rats) at 6 weeks and
50% of rats (4 of 8 rats) at 8 weeks after PHMG exposure (all P<0.001, all P-value for trend <0.001).
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Figure 5

Four major CT �ndings and matched major histologic �ndings. Through radiologic-histologic correlation,
84.6% of peribronchial GGOs were in�ammation and the rest were �brosis. Centrilobular nodules were
60% �brosis and the rest were in�ammation, linear densities and nodules were 62.5% in�ammation, 25%
�brosis, and 12.5% tumors, and diffuse GGO was in�ammation (100%).
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Figure 6

Analysis of PHMG-regulated gene expression in rat lung tissue. Heatmap of PHMG regulated genes (>2-
fold, p<0.05) based on gene clustering of QuantSeq 3’ mRNA-Seq results.
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