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Abstract

This study evaluated the clinical, hematological, radiographic, B-mode ultrasonographic, and shear-wave
elastographic (SWE) characteristics of dogs exposed to tobacco smoke. Seventy dogs were included: 33
unexposed controls (CG) and 37 tobacco smoke-exposed dogs (EG). Clinical and hematological
assessments, hair nicotine quantification by liquid chromatography-tandem mass spectrometry, thoracic
radiography, pulmonary ultrasonography, and SWE were performed. The EG showed a higher frequency
of respiratory clinical signs and higher neutrophil and monocyte counts, total plasma protein and hair
nicotine concentrations than the CG (P < 0.05). Hair nicotine concentration correlated positively with
respiratory clinical manifestations, elastographic findings, and Fagerstrém Test scores (P < 0.05). SWE
demonstrated greater pleuropulmonary interface stiffness in the EG, with higher shear-wave velocity
(3.89 vs. 3.45 m/s for controls) and predominantly green elastograms compared with predominantly
blue elastograms in the CG (P < 0.05). Radiographic and B-mode ultrasonographic findings did not differ
between groups (P > 0.05), with regular pleuropulmonary surfaces, preserved lung sliding, no B-lines,
pleural effusion, or masses, and an interface thickness of 0.05 cm. These findings indicate that tobacco
smoke exposure in dogs was associated with clinical and laboratory alterations and increased
pleuropulmonary interface stiffness, despite the absence of conventional imaging abnormalities that
needs attention for public health and type of detection lesions caused by smoking subjects and public
around them.

Introduction

The World Health Organization (WHO) has identified the tobacco epidemic as one of the major global
public health threats, accounting for more than 7 million deaths annually, approximately 1.6 million of
which are attributable to secondhand smoke exposure [1]. In this context, passive exposure to tobacco
smoke is particularly relevant for children and companion animals because they spend considerable
time with their parents and owners, respectively, and within the household environment [2]. They may
also be more exposed to tobacco smoke particles deposited on surfaces, known as thirdhand smoke
(THS), because of their characteristic behaviors and close contact with contaminated surfaces [3, 4].

In veterinary medicine, relatively few studies have investigated the effects of environmental tobacco
smoke exposure to dogs. Reported effects include chronic cough and increased respiratory secretions
[5], an increased risk of pulmonary [6] and nasal neoplasia [7], and, more recently, renal and hepatic
alterations in exposed dogs [8, 9].

Tobacco smoking has also been associated with the development of interstitial lung diseases (ILDs),
including idiopathic pulmonary fibrosis [10]. When these disorders progress to end-stage pulmonary
fibrosis, therapeutic response is often limited, particularly when diagnosis occurs at an advanced stage,
regardless of the underlying etiology, emphasizing the importance of early detection [11]. ILDs have also
been described in dogs, and cigarette smoke has been proposed as a potential environmental factor
associated with pulmonary fibrosis in this species [12].
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Thoracic radiography plays an important role in detecting pulmonary disease and potential pulmonary
fibrosis in animals; however, radiographic findings are often nonspecific and should therefore be
interpreted in conjunction with a complete clinical evaluation and complementary imaging modalities
[13]. Thoracic ultrasonography has increasingly contributed to the diagnosis of respiratory diseases in
both human and veterinary medicine [14]. Furthermore, elastography has shown potential for the
assessment of ILDs and therapeutic monitoring of patients with pulmonary fibrosis in human medicine
[15, 16].

Considering that (1) tobacco smoking remains a major public health concern associated with
substantial mortality; (2) identifying alterations associated with tobacco smoke exposure in dogs may
contribute to the early recognition of pulmonary changes, including those potentially related to ILDs and
pulmonary fibrosis; and (3) to our knowledge, no studies have described pulmonary ultrasonographic or
elastographic findings of the pleuropulmonary interface in animals exposed to tobacco smoke, we
hypothesized that tobacco smoke exposure would be associated with clinical and laboratory alterations,
changes in the normal ultrasonographic appearance of the pulmonary and pleural structures, and
increased stiffness of the pleuropulmonary interface. Therefore, this study aimed to evaluate the clinical,
laboratory, radiographic, B-mode ultrasonographic, and elastographic characteristics of dogs exposed to
tobacco smoke, with particular emphasis on the pulmonary structures and pleuropulmonary interface.

Results

Demographic data. The distribution of demographic variables was similar between groups (P > 0.05).
The overall median age was 7.00 years (IQR: 4.85), with median values of 6.40 years (IQR: 4.28) in the
control group (CG) and 7.60 years (IQR: 5.15) in the exposed group (EG). The overall median body weight
was 11.66 kg (IQR: 12.50), with values of 11.66 kg (IQR: 17.10) and 11.50 kg (IQR: 11.30) in the CG and
EG, respectively. The median body condition score (BCS) was 5.00 (IQR: 2.00) overall, 5.00 (IQR: 1.00) in
the CG, and 6.00 (IQR: 2.00) in the EG. Sex distribution was also similar between groups, with the CG
comprising 52% females and 48% males and the EG comprising 54% females and 46% males.

Mixed-breed dogs were the most frequently represented (23/70; 32.8%), followed by Beagles (11/70;
15.7%), Border Collies (5/70; 7.1%), Brazilian Terriers (5/70; 7.1%), Dachshunds (4/70; 5.7%), Shih Tzus
(4/70; 5.7%), and other breeds (18/70; 25.7%).

Clinical and hematological data. Baseline heart rate was significantly higher in the EG, with a median of
108 beats/min (IQR: 23), compared with 96 beats/min (IQR: 34) in the CG (P = 0.041). Respiratory rate
did not differ significantly between groups (P = 0.064), with median values of 32 breaths/min (IQR: 80) in
the CG and 48 breaths/min (IQR: 72) in the EG. Respiratory clinical signs were significantly more frequent
in dogs exposed to tobacco smoke (P < 0.001). All other physical examination parameters, including
cardiac and pulmonary auscultation, thoracic percussion, body temperature, capillary refill time, mucous
membrane color, superficial lymph node assessment, and skin turgor, were within clinically acceptable
limits in both groups.
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Regarding hematological findings, tobacco smoke-exposed dogs had significantly higher total plasma
protein concentrations (P < 0.001) and circulating neutrophil (P = 0.047) and monocyte (P =0.014)
counts than dogs in the CG (Table 1). No significant between-group differences were detected for the

remaining hematological variables (P > 0.05).
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Table 1

Median and interquartile range (IQR) of hematological parameters in dogs from the control (CG) and
tobacco smoke-exposed (EG) groups.

Parameters Group Median IQR Asymmetry P-value

Red blood cells (x108/pL) CG 7,340 0,715 0,36 0,769
EG 7,410 0,985 -1,49

Hemoglobin (g/dL) CG 17,600 3,200 0,22 0,378
EG 17,600 3,200 -0,99

Hematocrit (%) CG 51,000 8,200 -0.17 0,809
EG 51,90 9,40 -1,33

Total plasma protein CG 7,000 1,000 -3,13 <0,001*

(g/dL)
EG 8,000 1,500 0,55

Platelets (/pL) CG 364000 129000 0,73 0,404
EG 349000 255500 0,14

Total leukocytes (/L) CG 8400 2250 0,10 0,135
EG 9000 4150 0,81

Neutrophils (/uL) CG 5623 2360 0,19 0,047*
EG 6570 2730 1,10

Eosinophils (/pL) CG 352,0 530,5 1,27 0,601
EG 410,0 4240 317

Basophils (/pL) CG 0,000000 0,000000 0,000000 0,856
EG 0,00 0,00 6,08

Lymphocytes (/pL) CG 1675 1326 0,39 0,427
EG 1566 949 3,13

Monocytes (/uL) CG 260,0 342,5 1,01 0,014*
EG 364,0 469,5 1,39

Abbreviations: CG, control group; EG, tobacco smoke-exposed group.

P-values refer to comparisons between the CG and EG using the Mann—Whitney test. *Statistical
significance was set at P <0.05.

Radiographic and ultrasonographic findings. The occurrence of a radiographic pulmonary pattern and
visualization of pleural fissure lines did not differ significantly between groups (P =0.198 and P = 0.667,
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respectively). In the CG, 79% of dogs had no detectable abnormal pulmonary pattern, whereas 21%
exhibited a bronchial pattern. In the EG, 65% had no detectable abnormal pulmonary pattern, whereas a
bronchial pattern was identified in 35%. All visualized pleural fissure lines were thin. Pleural fissure lines
were identified in 30% and 35% of dogs in the CG and EG, respectively, and were not identified in 70% and
65%, respectively.

On B-mode ultrasonography, the pleuropulmonary interface was regular in all dogs, with no pleural
effusion, subpleural masses, or B-lines identified. Lung sliding and A-lines were present, and the "gator
sign" was preserved across all evaluated thoracic regions in 100% of dogs in both groups (P > 0.05)
(Fig. 1). Pleuropulmonary interface thickness measured on B-mode ultrasonography did not differ
significantly between the EG and CG in any of the evaluated regions (P > 0.05), with measurements
remaining approximately 0.05 cm across regions (Table 2).
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Table 2

Median and interquartile range (IQR) of pleuropulmonary interface thickness in dogs from the control
(CG) and tobacco smoke-exposed (EG) groups across the different regions evaluated by B-mode
ultrasonography.

Variable Group Median (cm) IQR Asymmetry P-value

Left CD CG 0,05 0,01 1,00 0,672
EG 0,05 0,01 1,50

Left PH CG 0,05 0,01 1,19 0,613
EG 0,05 0,01 1,80

Left MD CG 0,05 0,01 1,26 0,698
EG 0,05 0,00 1,22

Left CR CG 0,05 0,01 1,07 0,634
EG 0,05 0,01 0,62

Right CD CG 0,05 0,01 1,77 0,707
EG 0,05 0,01 1,36

Right PH CG 0,05 0,01 1,33 0,373
EG 0,05 0,00 0,00

Right MD CG 0,05 0,00 2,02 0,746
EG 0,05 0,01 0,81

Right CR CG 0,05 0,00 2,02 0,930
EG 0,05 0,00 1,54

Abbreviations: CG, control group; EG, tobacco smoke-exposed group; CD, caudodorsal region; PH,
perihilar region; MD, middle region; CR, cranial region; IQR, interquartile range.

P-values refer to comparisons between the CG and EG using the Mann—Whitney test. *Statistical
significance was set at P < 0.05.

On qualitative elastographic assessment, the elastographic pattern of the pleuropulmonary interface
was homogeneous in all evaluated regions in 100% of dogs from both groups (P > 0.05). However, the
pleuropulmonary interface exhibited significantly greater apparent stiffness in tobacco smoke-exposed
dogs across all evaluated regions (P < 0.05). The elastograms of dogs in the EG were predominantly
green, whereas those of dogs in the CG predominantly exhibited blue tones, consistent with
comparatively lower apparent stiffness.

For quantitative SWE assessment, ROls were positioned only within homogeneous areas of the
elastogram with adequate measurement reliability. Shear-wave velocity (SWV; m/s) measurements

Page 8/31



obtained at the pleuropulmonary interface were significantly higher in tobacco smoke-exposed dogs
than in control dogs across all evaluated thoracic regions (P < 0.05) (Table 3). When measurements were
compared among the different thoracic regions, neither pleuropulmonary interface thickness (P =
0.7586) nor SWV (P =0.1527) differed significantly among regions. Given the absence of significant
regional differences, global median values were subsequently calculated for an integrated between-
group comparison. Global pleuropulmonary interface thickness did not differ between the EG and CG (P
= 0.962), with an overall median of 0.05 cm (IQR: 0.01). In contrast, global SWV of the pleuropulmonary
interface was significantly higher in the EG than in the CG (P < 0.01), with median values of 3.89 m/s
(IQR: 0.79) and 3.45 m/s (IQR: 0.89), respectively (Figs. 2 and 3).

Table 3

Median and interquartile range (IQR) of the shear-wave velocity (SWV) of the pleuropulmonary interface
of dogs from the control (CG) and tobacco smoke-exposed (EG) groups across the different regions
evaluated by elastography

Variable Group Median (m/s) IQR Asymmetry P-value

Left CD CG 3,34 0.84 0,27 0,006*
EG 3,76 1,13 0,31

Left PH CG 3,16 0,98 0,46 <0,001*
EG 3,85 0,93 0,50

Left MD CG 3,56 0,98 -0,07 <0,001*
EG 412 1,02 0,29

Left CR CG 3,51 0,95 0,00 <0,001*
EG 4,00 0,86 -0,03

Right CD CG 3,44 1,09 -0,38 0,001*
EG 3,94 1,10 0,53

Right PH CG 3,09 0,90 0,79 <0,001*
EG 3,86 0,89 0,67

Right MD CG 3,31 1,04 -0,13 <0,001*
EG 4,03 0,78 0,57

Right CR CG 3,45 0,88 -0,21 0,001*
EG 3,90 1,00 0,06

Abbreviations: CG, control group; EG, tobacco smoke-exposed group; CD, caudodorsal region; PH,

perihilar region; MD, middle region; CR, cranial region; IQR, interquartile range.

P-values refer to comparisons between the CG and EG using the Kruskal-Wallis test. *Statistical

significance was set at P < 0.05.
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Hair nicotine concentration and correlation analyses. Quantitative measurement of nicotine in hair
confirmed tobacco smoke exposure in the study group. Hair nicotine concentration was significantly
higher in the EG (median: 0.11 ng/mL; IQR: 0.58) than in the CG (P < 0.001), in which nicotine was not
detected (median: 0.00 ng/mL; IQR: 0.00) (Fig. 4).

Correlation analyses were performed between hair nicotine concentration and variables that differed
significantly between the CG and EG. Hair nicotine concentration showed significant positive, moderate
correlations (Spearman’s r = 0.3-0.7; P < 0.05) with respiratory clinical signs, qualitative elastographic
findings, and SWV measurements of the pleuropulmonary interface (Table 4).
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Table 4

Spearman correlations between hair nicotine concentration and respiratory clinical signs (RCS),
elastogram findings, and shear-wave velocity (SWV) of the pleuropulmonary interface in dogs from the
tobacco smoke-exposed group.

Variable Statistics Nicotine concentration
RCS Spearman's r 0,471
P-value <0,001*
Left CD elastogram Spearman's r 0,286
P-value 0,027*
Left PH elastogram Spearman's r 0,356
P-value 0,004~
Left MD elastogram Spearman's r 0,399
P-value 0,002*
Left CR elastogram Spearman's r 0,386
P-value 0,002*
Right CD elastogram Spearman's r 0,321
P-value 0,011*
Right PH elastogram Spearman's r 0,424
P-value 0,001*
Right MD elastogram Spearman's r 0,318
P-value 0,013*
Right CR elastogram Spearman's r 0,317
P-value 0,013*
Pleuropulmonary interface SWV Spearman's r 0,409
P-value 0,001*
Abbreviations: RCS, respiratory clinical signs; SWV, shear-wave velocity; CD, caudodorsal region; PH,
perihilar region; MD, middle region; CR, cranial region. *Statistically significant at the 5% significance
level according to Spearman's rank correlation test.

The exposure scale score (Spearman’s r= 0.657; P < 0.001) and Fagerstrom Test score (Spearman’s r =
0.786; P <0.001) were significantly and positively correlated with hair nicotine concentration.

Discussion
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Exposure to tobacco smoke was potentially detrimental to canine health, as demonstrated by clinical
and laboratory alterations and changes in the mechanical properties of the pleuropulmonary interface
detected by elastography. These findings suggest a potential role for elastography in the early detection
of tissue alterations, including those potentially associated with pulmonary fibrotic processes. In
addition to demonstrating potential adverse effects of tobacco smoke exposure on canine health, these
results may increase awareness of the risks of passive exposure and encourage measures to reduce
tobacco smoke exposure in companion animals.

The higher heart rate observed in the exposed group is consistent with findings in nonsmoking humans
passively exposed to tobacco smoke compared with unexposed individuals and may be related to
increased sympathetic stimulation [17, 18]. Nicotine may contribute to this cardiovascular response
through activation of the sympathetic nervous system, resulting, among other effects, in an increased
heart rate [19]. In nonsmoking humans passively exposed to tobacco smoke compared with unexposed
individuals and may be related to increased sympathetic stimulation [17, 18]. Nicotine may contribute to
this cardiovascular response through activation of the sympathetic nervous system, resulting, among
other effects, in an increased heart rate [19].

Respiratory rate did not differ between groups, consistent with other authors, who also found no
difference in respiratory rate between dogs exposed and unexposed to environmental tobacco smoke
[5]. However, these authors identified changes in other parameters assessed by whole-body barometric
plethysmography, suggesting greater airway limitation in exposed dogs. Similarly, in human patients,
respiratory rate did not differ between active smokers and nonsmokers [20] or between individuals with
and without passive tobacco smoke exposure during exercise [21]. These findings indicate that tobacco
smoke-related respiratory dysfunction may occur even in the absence of changes in respiratory rate.

No adventitious lung sounds were detected in either group. Similarly, another study, using recorded lung
sounds subsequently analyzed by spectrogram, reported no wheezes or crackles in 62.7% of active
smokers [22]. Thus, adventitious sounds may be absent even in actively exposed individuals, suggesting
that their absence may also occur with passive exposure, as observed in the present study. Moreover,
normal pulmonary auscultation does not exclude underlying pulmonary abnormalities [23].

Environmental tobacco smoke may contribute to and exacerbate chronic cough in dogs with respiratory
disease, with chemical and physical injury from smoke exposure potentially increasing respiratory
secretion production [5]. In passive smokers, both greater intensity and longer duration of tobacco
smoke exposure have also been associated with an increased likelihood of respiratory symptoms [24].
These observations support a possible association between tobacco smoke exposure and the higher
frequency of respiratory clinical signs observed in exposed dogs in the present study.

The higher total plasma protein concentrations and neutrophil and monocyte count in tobacco smoke-

exposed dogs may reflect changes in individual plasma protein fractions, such as albumin, globulins, and

fibrinogen, as well as an inflammatory response. Higher albumin concentrations were reported in

smokers [25], consistent with the higher total plasma protein concentrations observed in the present
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study. During inflammation, concentrations of positive acute-phase proteins, including fibrinogen,
increase [26, 27], potentially contributing to increased total plasma protein concentrations. Although
fibrinogen was not specifically measured in the present study, this hypothesis is supported by studies in
humans in which higher fibrinogen concentrations were associated with passive tobacco smoke
exposure [28, 29].

The higher neutrophil and monocyte count in the exposed group may be related to increased myeloid cell
production in the bone marrow and consequently greater availability of these cells in the circulation in
response to cigarette smoke exposure [30]. Higher circulating neutrophil counts have similarly been
reported in active smokers compared with nonsmokers [31, 32]. Increased monocyte counts have also
been observed in active smokers [33, 34], with positive associations reported between monocyte counts
and cumulative cigarette exposure, expressed as pack-years, as well as smoking duration (years) [35].

Thoracic radiography revealed no significant differences in pulmonary patterns between groups.
Although this finding may suggest a lack of association between tobacco smoke exposure and
detectable radiographic pulmonary abnormalities, the bronchial pattern observed in both groups is
nonspecific and may occur with several conditions, including allergic disease, aging, and exposure to
inhaled irritants [36]. The present study also provided a better characterization of tobacco smoke
exposure including the exposure duration, number of smokers, and characteristics of the exposure
environment.

The frequency of thin pleural fissure lines on thoracic radiographs did not differ between groups. Thin
pleural fissure lines may be visible under normal conditions when the X-ray beam is tangential to the
interlobar pleura but may also occur with mild pleural thickening [37], small volumes of pleural fluid [38],
or mild pleural fibrosis [39, 40]. Therefore, because pleural fissure lines may occur both physiologically
and in association with pleural disease, this nonspecific finding may explain the absence of a difference
between groups.

B-mode ultrasonographic findings were predominantly consistent with a normal pleuropulmonary
appearance. Regarding pleural surface regularity, another study reported an association between active
smoking and pleural line irregularity in humans [41]. Other authors described pleural irregularity in 85% of
patients with idiopathic pulmonary fibrosis (IPF), in a population in which 52.5% were smokers [42]. In
veterinary medicine, however, there was no difference in the occurrence of pleural irregularities between
dogs with canine idiopathic pulmonary fibrosis and healthy controls [43]. Thus, although pleural
irregularity has been associated with smoking in humans, such an association was not evident in the
tobacco smoke-exposed dogs evaluated in the present study.

Although pleural thickening may occur in fibrotic processes [44] and smoking may contribute to fibrotic

pulmonary abnormalities [45], increased pleuropulmonary interface thickness was not observed in the

present study. Similarly, no association was found between smoking and thickened or irregular pleural

lines or small subpleural consolidations in humans [46]. Using computed tomography, other authors also

found no significant difference in pleural thickening between smokers and nonsmokers [47]. Collectively,
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these findings suggest that tobacco smoke exposure is not necessarily accompanied by detectable
pleural thickening, consistent with the findings in the exposed dogs in this study.

Lung sliding remained present in both control and exposed dogs. In active smokers, pleural adhesions
may develop secondary to excessive exudation associated with chronic inflammation [48], and absent
lung sliding may be associated with such adhesions [49]. However, lung sliding may remain preserved
even in fibrotic pulmonary disease. Normal lung sliding was reported in 82.5% of patients with IPF, in a
population comprising 52.5% smokers [42]. Similarly, lung sliding remained present in dogs with canine
idiopathic pulmonary fibrosis, which the authors suggested could reflect less severe remodeling of
pulmonary architecture [43]. Therefore, although pleural adhesions may be associated with smoking,
tobacco smoke exposure does not necessarily result in reduced or absent lung sliding, and this sign may
remain preserved even in pulmonary fibrotic disease in humans and dogs.

Although smoking may be associated with pleural inflammation, pleural effusion was not detected in
exposed dogs. In active smokers, an increased proportion of neutrophils has been reported in pleural
fluid obtained by pleural lavage. Conversely, other authors identified smoking as one of the factors
associated with smaller volumes of pleural fluid on magnetic resonance imaging [50], while no
significant difference in the occurrence of pleural effusion on computed tomography was reported
between smokers and nonsmokers [47]. These findings suggest that although smoking may induce
inflammatory pleural changes, these alterations are not necessarily accompanied by the development or
accumulation of detectable pleural fluid.

The gator sign remained preserved in both groups, with no detectable ultrasonographic abnormalities.
Regarding reverberation artifacts, A-lines were present and B-lines were absent in both groups. A-lines
are predominantly observed in normally aerated lungs [14], whereas B-lines may occur as either
physiological or pathological findings depending on their number and distribution [51]. Another study
found no significant difference in the presence of B-lines between smokers and nonsmokers (31% vs.
11%, respectively), with a single B-line observed in most participants (84%) [52]. However, B-lines were
identified in all patients with IPF in another study, regardless of smoking status [42]. Therefore,
preservation of the gator sign, presence of A-lines, and absence of B-lines were consistent with a normal
lung ultrasound appearance in both groups, suggesting that B-lines may be more strongly associated
with underlying pulmonary disease than with tobacco smoke exposure itself.

No subpleural masses were identified in either group. There was reported an association between
tobacco smoke exposure and lung cancer in brachycephalic and mesocephalic dogs [6]. Conversely,
other authors found no significant association between secondhand tobacco smoke exposure and
primary lung cancer in dogs in a study including 2.6 times more cases and four times more controls [53].
In humans, cigarette smoking is strongly associated with lung cancer risk [54], while secondhand smoke
exposure increases this risk by more than 20% [55]. Thus, unlike the well-established relationship
between active or passive smoking and lung cancer in humans, current evidence regarding passive
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tobacco smoke exposure and canine primary lung cancer, in both literature and in the present study,
remains inconsistent.

Qualitative elastography demonstrated greater apparent stiffness of the pleuropulmonary interface in
tobacco smoke-exposed dogs, characterized by predominantly green tones on the elastograms, whereas
control dogs showed predominantly blue elastograms across all evaluated regions. Patients with
interstitial lung disease, including IPF and other idiopathic interstitial pneumonias presented greater
apparent stiffness of the superficial lung region compared with controls, demonstrated by a
predominance of colors indicative of increased stiffness [56]. The authors suggested that this finding
could be related to pulmonary fibrosis. These observations support the ability of qualitative elastography
to identify changes in the mechanical properties of superficial pulmonary tissues and suggest that
underlying tissue alterations may similarly contribute to the greater apparent stiffness observed in
tobacco smoke-exposed dogs.

Quantitative elastography further demonstrated higher shear-wave velocity (SWV; m/s) at the
pleuropulmonary interface in tobacco smoke-exposed dogs across all evaluated anatomical regions,
indicating greater stiffness compared with controls. One possible explanation is that chronic cigarette
smoke exposure may promote pulmonary fibrotic processes [45], which are associated with altered
tissue mechanical properties [57]. Cigarette smoke induces oxidative stress and promotes the release of
pro-inflammatory and profibrotic mediators, including TGF-B1, stimulating fibroblast proliferation and
differentiation into myofibroblasts. These processes promote extracellular matrix (ECM) deposition,
particularly collagen, within the pulmonary parenchyma and may ultimately contribute to pulmonary
fibrosis [45]. Increased stiffness of fibrotic lung tissue may result from ECM accumulation, alterations in
collagen fiber organization, and increased collagen cross-linking [57]. Collectively, these findings support
the hypothesis that chronic passive tobacco smoke exposure may induce tissue remodeling that
contributes to the increased pleuropulmonary interface stiffness detected in exposed dogs.

Although biopsy and histopathological evaluation of the pulmonary regions corresponding to the
elastographic assessment were not performed, the presence of inflammatory findings, evidenced by
increased neutrophil and monocyte counts and total plasma protein concentrations, together with the
increased stiffness of the pleuropulmonary interface in tobacco smoke-exposed dogs, suggests the
possibility of interstitial lung disease (ILD). This interpretation is supported by the fact that ILDs are
characterized by inflammatory and fibrotic processes and that cigarette smoke has been proposed as a
potential environmental factor associated with pulmonary fibrosis in dogs [12].

Hair nicotine concentrations were higher in exposed dogs, whereas nicotine was not detected in
controls. Similarly, differences in hair nicotine concentrations were associated with tobacco smoke
exposure category, with the highest concentrations in regularly exposed dogs [58]. Likewise, other
authors observed increasing hair nicotine concentrations with greater tobacco smoke exposure [59].
These findings support the association between nicotine concentration and tobacco smoke exposure
and its use as an exposure biomarker. In the present study, hair nicotine quantification complemented
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owner-reported questionnaire data by providing an objective quantitative measure of tobacco smoke
exposure.

The moderate positive correlation between hair nicotine concentration and respiratory clinical
manifestations is consistent with another study that reported an association between hair nicotine
concentration and a higher frequency of respiratory symptoms in women passively exposed to tobacco
smoke [60]. Higher urinary cotinine concentrations were also described in children presenting with
cough, rhinorrhea, and sneezing [61]. These findings indicate that higher concentrations of tobacco
smoke exposure biomarkers may be associated with the presence or greater frequency of respiratory
symptoms and support the relationship observed in the present study

Both qualitative and quantitative elastographic findings showed moderate positive correlations with hair
nicotine concentration, suggesting that greater tobacco smoke exposure was associated with increased
pleuropulmonary interface stiffness in dogs. To our knowledge, this association has not previously been
investigated in either active smokers or passively exposed individuals. These findings therefore provide
novel information regarding the potential effects of tobacco smoke exposure on the mechanical
properties of the pleuropulmonary interface.

The positive correlation between hair nicotine in dogs and the Fagerstrom Test of their owners indicates
that greater nicotine dependence among smokers was associated with greater tobacco smoke exposure
in their dogs. Although most smokers were classified as having low (62.5%) nicotine dependence,
exposure of the dogs was objectively demonstrated. This corroborates studies with dogs [62] and
children [63], indicating that passive exposure may occur even when smokers have a low degree of
nicotine dependence and represents real health risk. This is further supported by the clinical and
laboratory alterations and increased pleuropulmonary interface stiffness detected in exposed dogs of
the present study. The strong correlation between the exposure scale and hair nicotine indicates that
indoor smoking and higher number of smokers increase the dogs' exposure. This finding was like a
previous study describing that nicotine concentrations in women and children increased (1.8 and 2.6-
fold higher) with the number of smokers in the household [64]. Together, these findings support the
exposure scale used in the present study and emphasize the influence of household smoking
characteristics on passive tobacco smoke exposure in dogs.

Methods

Ethical aspects. This project was approved by the Ethics Committee on Animal Use of the Faculty of
Animal Science and Food Engineering, University of Sdo Paulo, Pirassununga, Sao Paulo, Brazil
(CEUA/FZEA/USP, No. 5248010623) and all experiments were performed in accordance with relevant
guidelines and regulations. Additionally, this project was approved by the Research Ethics Committee for
studies involving human participants (CEP/FZEA/USP, No. 6.435.293) and all experiments were
performed in accordance with relevant guidelines and regulations. A prospective study was conducted
using client-owned dogs from Pirassununga, Sao Paulo, Brazil, and animals presented to the Veterinary
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Hospital (HOVET - FZEA/USP). Before enrollment, owners received detailed information regarding the
study objectives and procedures and provided written informed consent for their dogs’ participation.
Owners who smoked participated in an exposure assessment, providing written consent for their own
participation. The animals were not sedated, anesthetized, or euthanized and returned to their homes
after the experimental collections.

Study design andanimals. Seventy adult dogs aged = 2 years were prospectively enrolled and allocated
to either the control group (CG; n = 33) or the tobacco smoke-exposed group (EG; n = 37). CG comprised
clinically healthy dogs with no known exposure to commercial cigarette smoke, no abnormalities
detected on clinical and physical examinations, and no history of acute or chronic cardiopulmonary
disease or malignant neoplasia. The EG comprised dogs with a history of exposure to commercial
cigarette smoke for at least one year. Dogs in this group could present with or without clinical signs
suggestive of chronic respiratory disease, including coughing, dyspnea, increased abdominal respiratory
effort, and exercise intolerance. Dogs with a history of cardiac diseases, recent acute pulmonary
disease, or malignant neoplasia were excluded.

Clinical assessment. Before diagnostic imaging, all dogs underwent anamnesis, physical examination,
complete blood count (CBC), and hair collection for nicotine quantification. In addition, owners of dogs in
the EG completed questionnaires designed to characterize nicotine dependence and the degree of
environmental tobacco smoke exposure.

During anamnesis, information was obtained regarding signalment, home environment, management,
medical history, and general health status. Attention was given to respiratory clinical signs, including
coughing, sneezing, respiratory distress, exercise intolerance or easy fatigability, and nasal discharge. A
clinical respiratory score was established according to the number of reported signs and categorized as
follows: absent (0 signs), mild (1 to 2 signs), moderate (3 to 4 signs), or severe (5 to 6 signs).

Smoking owners were assessed for nicotine dependence using the Fagerstrom Test for Nicotine
Dependence (FTND) [65]. The FTND consists of six questions scored from 0-1 or 0-3, yielding a total
score ranging from 0 to 10 [66]. Nicotine dependence was categorized according to the total score as
very low (0-2), low (3—4), moderate (5), high (6—7), or very high (8-10) [67].

An additional questionnaire was developed to characterize the degree of tobacco smoke exposure of
each dog according to the number of smokers in the household and the environment in which exposure
occurred. Exposure was scored as follows: 0, no exposure to tobacco smoke; 1, one smoker, with the
dog exposed predominantly or exclusively outdoors; 2, more than one smoker, with the dog exposed
predominantly or exclusively outdoors; (3) one smoker, with the dog exposed both indoors and outdoors;
(4) more than one smoker, with the dog exposed both indoors and outdoors; (5) one smoker, with the
dog exposed exclusively indoors; (6) more than one smoker, with the dog exposed exclusively indoors.

Physical examination included assessment of body temperature, cardiac and pulmonary auscultation,
thoracic percussion, thoracic wall abnormalities, capillary refill time (CRT), mucous membrane color,
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superficial lymph nodes, and skin turgor. Pulmonary auscultation was specifically assessed for abnormal
respiratory sounds, including stridor and crackles, as well as areas of reduced or absent breath sounds.
Thoracic percussion was evaluated for abnormal resonance, including areas of dullness. The thoracic
wall was inspected and palpated for abnormalities such as swelling or nodules, and dogs were examined
for clinically detectable neoplastic lesions at other sites, including mammary masses. A CBC was
performed to assess general health status and identify hematological abnormalities potentially
associated with respiratory disease, including changes suggestive of inflammatory, infectious, or
hemorrhagic processes.

For quantitative nicotine analysis, approximately 120 mg of hair was collected after clipping the thoracic
region. Samples were vacuum-sealed and stored at - 20°C until analysis. Hair nicotine concentration
(ng/mg) was determined by ultra-performance liquid chromatography coupled with tandem mass
spectrometry (UPLC-MS/MS) at the Food Microbiology and Mycotoxicology Laboratory (LMMA) of
FZEA/USP.

Following clinical and laboratory assessment, dogs from both groups underwent diagnostic imaging
examinations in the following sequence: 1) thoracic radiography, 2) B-mode thoracic ultrasonography,
and 3) shear-wave elastography (SWE). Data obtained from the anamnesis, questionnaire responses,
physical examination, and laboratory findings were recorded for each dog on a standardized study form.
Each dog was subsequently assigned a random identification number used for radiographic and
ultrasonographic image assessment. Ultrasonographic examinations were also recorded as video clips
for subsequent review. Image datasets were identified only by the assigned numerical code during
interpretation, thereby allowing blinded image analysis with respect to group allocation and clinical
information.

Radiographic examination. Thoracic radiography preceded ultrasonographic and elastographic
evaluations. In clinically unstable patients, radiographs were obtained only after appropriate clinical
stabilization to minimize risks associated with positioning and restraint. Thoracic radiographs were
acquired using an Altus ST 543 HF X-ray unit and a DIGIX WM digital radiography system. Three standard
projections were obtained whenever clinically feasible: left lateral, right lateral, and ventrodorsal. Images
were acquired at peak inspiration, with exposure parameters (kVp and mAs) adjusted according to
patient size.

Images were obtained using a cassette for digital reading suitable for the patient's thoracic size. Digital
radiographs were stored in Digital Imaging and Communications in Medicine (DICOM) format and
subsequently reviewed using dedicated DICOM viewing software (Digital Imaging and Communications
in Medicine, Rosslyn, VA, USA) and archived for subsequent analysis. Radiographic evaluation of
pulmonary parenchyma included assessment for bronchial, interstitial (unstructured or structured),
alveolar, and vascular pulmonary patterns. When features of more than one pulmonary pattern were
simultaneously present, the findings were classified as a mixed pulmonary pattern [68].
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A bronchial pattern was characterized by increased visibility and thickening of the bronchial walls,
bronchial dilation, and an increased number and conspicuity of end-on (“donuts”) and longitudinal (“tram
tracks”) bronchial profiles. An unstructured interstitial pattern was defined as a mild-to-moderate diffuse
or regional increase in pulmonary opacity without clearly defined margins, whereas a structured
interstitial pattern was characterized by identifiable nodular or miliary pulmonary opacities. An alveolar
pattern was characterized by increased soft-tissue pulmonary opacity associated with lobar signs, air
bronchograms, and border effacement of adjacent structures. A vascular pattern was defined by an
abnormal increase or decrease in the diameter of the pulmonary vessels.

The pleural space was additionally evaluated for the presence or absence of visible pleural fissure lines.

Ultrasound assessment. For ultrasonographic examination, the hair was extensively clipped over the
right and left thoracic walls to optimize acoustic coupling and allow systematic assessment of both
hemithoraces. In clinically unstable patients, for which minimal restraint and rapid examination were
prioritized, focal clipping was performed according to the suspected lesion location based on clinical,
physical examination, and radiographic findings and was extended as necessary during the examination.

Following clipping, patients were manually restrained with the head oriented toward the ultrasound
monitor and the body positioned parallel to the ultrasound system. Examinations were performed with
the animals in right or left lateral recumbency, sternal recumbency, or a standing position, depending on
the acoustic window required and the patient’s clinical and respiratory condition. Patient positioning and
restraint were adapted to minimize stress and avoid respiratory distress.

Ultrasound coupling gel was applied to the skin before image acquisition. In dyspneic or unstable
patients requiring minimal manipulation and continuous monitoring, ultrasonography was performed
while supportive oxygen therapy was maintained when indicated. In patients requiring general
anesthesia as part of their clinical management, ultrasonographic assessment could also be performed
following orotracheal intubation and anesthetic stabilization, according to the decision of the attending
emergency and anesthesia teams.

All examinations were performed using a MyLab X90 ultrasound system (Esaote, Italy) equipped with an
LX 3-15 multifrequency linear-array transducer (3—15 MHz). To ensure systematic evaluation of both
hemithoraces, the scanning protocol incorporated the acoustic windows described in the Vet BLUE
protocol [69]. Four regions were assessed in each hemithorax: caudodorsal (CD), perihilar (PH), middle
(MD), and cranial (CR), resulting in a total of eight thoracic regions. The CD region was evaluated at the
eighth or ninth intercostal space in the dorsal third of the thorax; the PH region between the sixth and
seventh intercostal spaces in the middle third; the MD region between the fourth and fifth intercostal
spaces in the ventral third; and the CR region at the second or third intercostal space in the ventral third
of the thorax [70]. At each acoustic window, the transducer was positioned within the intercostal spaces
in both transverse and longitudinal orientations relative to the accessible pleuropulmonary surface and
peripheral lung fields.
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B-mode ultrasonography. B-mode ultrasonography was used to evaluate the lung surface
(pleuropulmonary interface) and peripheral lung fields [71]. The pleuropulmonary interface was assessed
for surface regularity (regular or irregular), thickness (cm), presence or absence of pleural effusion,
characteristics of pleural fluid when present (anechoic or echogenic, with or without suspended
echogenic material/debris), presence or absence of lung sliding (sliding sign), and presence or absence
of subpleural masses. The peripheral lung fields were additionally assessed for the presence of the
"gator sign" and A-lines. The "gator sign" was identified with the transducer oriented transversely to the
ribs and was characterized by acoustic shadowing produced by two adjacent ribs (“gator eyes”)
separated by the intercostal space (“gator snout”), within which the pleuropulmonary interface was
visualized. A-lines were defined as horizontal, hyperechoic reverberation artifacts located deep and
parallel to the pleuropulmonary interface and recurring at regular intervals.

Shear-wave elastography (SWE). Following B-mode assessment, SWE was performed using the same
ultrasound system and transducer by activating the dedicated elastography software (used for both
qualitative and quantitative investigations). Elastographic evaluation was conducted at the same CD, PH,
MD, and CR regions of the right and left hemithoraces assessed during B-mode ultrasonography.

For each region, the system-generated reliability map was first evaluated to ensure adequate shear-wave
propagation and measurement quality. The reliability map was displayed using green, yellow, and orange
coding, corresponding to high, intermediate, and low measurement reliability, respectively. Only areas
displaying green coding were considered suitable for qualitative assessment and quantitative
measurements (Fig. 5).

A color-coded elastogram was subsequently obtained using a stiffness scale set to 10. Tissue stiffness
was displayed using a color spectrum ranging from dark blue to red, with dark blue, light blue, green,
yellow, and red representing progressively increasing stiffness. The color pattern of the pleuropulmonary
interface was qualitatively assessed and classified as homogeneous or heterogeneous according to the
distribution of colors within the elastogram.

For quantitative SWE assessment, five circular regions of interest (ROIls), each 0.2 cm in diameter, were
positioned at the pleuropulmonary interface within areas demonstrating adequate reliability. Shear-wave
velocity (SWV), expressed in m/s, was automatically calculated by the software for each ROI. The
median SWV of five measurements was subsequently calculated and used as the representative value
for each thoracic region (Fig. 5) [72].

Quantitative analysis of nicotine in hair by ultra-performance liquid chromatography coupled with
tandem mass spectrometry (UPLC-MS/MS). Sample preparation was performed according to literature
[73], with minor modifications. In a Petri dish, 35.0 mg of the sample was weighed and subsequently
transferred to a 4-mL capped glass vial, to which 2 mL of HPLC-grade methanol was added. The vial was
hermetically sealed and subjected to ultrasonic extraction for 120 minutes at room temperature. The
resulting extract was filtered through a 0.22-ym PTFE membrane. Subsequently, 20 pL of a 200 ng/mL
nicotine-d4 solution in methanol was added to 980 pL of the filtrate, resulting in a final concentration of
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4.0 ng/mL of the isotopically labeled internal standard. Following the addition of the internal standard,
the sample was directly analyzed.

Nicotine determination was performed using an LC-MS/MS system consisting of an Acquity I-Class™
ultra-performance liquid chromatograph (UPLC; Waters Corp., Milford, MA, USA) coupled to a Xevo TQS™
triple-quadrupole mass spectrometer (MS/MS) equipped with an electrospray ionization (ESI) (Waters
Corp., Milford, MA, USA). Chromatographic separation was achieved using a SeQuant ZIC®-HILIC
analytical column (150 x 2.1 mm, 3.5 ym; Merck) coupled to a SeQuant ZIC®-HILIC guard column (20 x
2.1 mm; Merck). The system was operated at a flow rate of 0.3 mL/min and a column temperature of
40°C. The mobile phase consisted of water (phase A) and acetonitrile (phase B), both containing 5,0
mmol/Lammonium acetate and 0.1% acetic acid.

Gradient elution was performed as follows: 80% phase B was maintained for the first 1 min, followed by
a linear decrease to 50% phase B at 7 min. The proportion of phase B was then returned to 80% at 8 min
and maintained until 20 min to allow column re-equilibration, resulting in a total run time of 20 min. The
injection volume was 5 pL for both samples and calibration standards.

Detection and quantification were performed using Multiple Reaction Monitoring (MRM) in positive
mode (M + H)*. The mass spectrometer was operated under the following conditions: capillary voltage,
3.0 kV; source temperature, 150°C; desolvation temperature, 400°C; desolvation gas flow rate, 800 L/h;
and cone gas flow rate, 150L/h. Cone voltages and collision energies were manually optimized for each
MRM transition (precursor ion — fragment ion).

Quantification was performed using a matrix-matched calibration curve and isotope dilution
methodology, with nicotine-d4 as the isotopically labeled internal standard. The instrumental limits of
detection (LOD, S/N = 3) and quantification (LOQ, S/N = 10) were estimated at 0.15 and 0.50 ng/mL,
respectively. Based on the sample preparation procedure and instrumental limits, the method limits of
detection (MLOD) and quantification (MLOQ) were estimated at 0.009 ng/mg and 0.029 ng/mg of hair,
respectively. Seven calibration levels were prepared for nicotine at concentrations of 0.50, 0.75, 1.0, 2.0,
4.0, 10, and 20 ng/mL, each containing 4.0 ng/mL of nicotine-d4. The calibration curve was fitted using
weighted linear regression (1/x) and yielded a coefficient of determination (R?) of 0.998. The absence of
systematic bias and the agreement between predicted and nominal concentrations were also evaluated.
Data processing was performed using MassLynx software, version 4.1.

Statistical analysis. Statistical analyses were performed using R software (R Foundation for Statistical
Computing). The normality of quantitative data was initially assessed using the Shapiro—Wilk test. As
most of the quantitative variables did not follow a normal distribution, quantitative and ordinal variables
were compared between the control and exposed groups using the Mann-Whitney test.

Binary variables (e.g., present/absent, yes/no, and regular/irregular) were compared between groups
using Fisher's exact test based on contingency tables. Quantitative variables measured at multiple
thoracic sites were compared across sites using the Kruskal-Wallis test. When no statistically
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significant differences among sites were detected, measurements were pooled and overall median
values were calculated for subsequent analyses.

The correlations between hair nicotine concentration and qualitative and quantitative variables that
differed significantly between the exposed and control groups were assessed using Spearman's
correlation coefficient. Descriptive statistics included the median, interquartile range (IQR), and
skewness of the variables evaluated. Statistical significance was set at P < 0.05 for all analyses.
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Figure 1

B-mode ultrasonographic image of the pulmonary region showing the pleuropulmonary interface (green
arrow), A-lines (red arrows), and the acoustic shadows of the ribs (red asterisks).
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Figure 2

Qualitative and quantitative elastography images of the pleuropulmonary interface, showing the
reliability map (in green; thin red arrow) and its color scale (thick red arrow), the elastogram (thin yellow
arrow) and its color scale (thick yellow arrow), the regions of interest (ROls; red circles numbered 1 to 5),
and the respective median (MED) values of shear-wave propagation velocity (m/s) (red asterisks), as
well as the median of the five ROls (yellow asterisk) from a dog belonging to the control exposited.
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Figure 3

Scatter plot of the global pleural thickness (A) and the global shear-wave propagation velocity (SWV) of
the pleuropulmonary interface (PPI) (B) in dogs from the control and exposed groups.
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Figure 4

Boxplot of the age distribution of dogs in the control and exposed groups before (A) and after (B) the
exclusion of animals with discrepant ages.
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Figure 5

Elastography image of the pleuropulmonary interface in the right perihilar pulmonary region (PH R),
showing the reliability map (in green; red arrow), the regions of interest (ROIs; red circles numbered 1 to
5), and the respective median (MED) values of shear-wave propagation velocity (m/s) (red asterisks), as
well as the median of the five ROIs (yellow asterisk), from a dog belonging to the control group.
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