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Abstract

Background: Prolonged tissue hypoxia caused by chronic pulmonary disease is com-
monly regarded as an important mechanism in the development of secondary polycy-
themia, but little clinical data are available to support this hypothesis.

Objective: To study the prevalence and severity of erythrocytosis accompanying
chronic hypoxic pulmonary disease in dogs.

Animals: Forty-seven dogs with hypoxic chronic pulmonary disease, 27 dogs with
nonhypoxic chronic pulmonary disease, and 60 healthy controls.

Methods: Dogs with chronic pulmonary disease and chronic hypoxemia (partial pressure
of arterial oxygen [PaO,] < 80 mm Hg on at least 2 arterial blood gas measurements a
minimum of 1 month apart) were identified retrospectively from patient records. Associ-
ation between arterial oxygen and red blood cell parameters was analyzed using
Pearson's correlation coefficients and multivariable linear regression analysis.

Results: Red blood cell parameters measured at the end of the hypoxemia period
were within the laboratory reference range in most dogs. In chronically hypoxemic
dogs, hematocrit (Hct) was increased in 4/47 (8.5%; 95% confidence interval [Cl],
0-17) dogs, erythrocyte count (Erytr) was increased in 12/47 (26%; 95%Cl, 13-38)
dogs and hemoglobin concentration (Hb) was increased in 3/47 (6.4%; 95%Cl, 0-14)
dogs. No marked polycythemia (Hct 265%) was noted in any of the dogs. Red blood
cell parameters were not associated with the severity of hypoxemia (correlation to
PaO,: Erytr, r = —.14; Hb, r = —.21; Hct, r = —.14; P > .05 for all).

Conclusions and Clinical Importance: Polycythemia is uncommon, and usually mild if

present, in dogs with chronic hypoxia caused by pulmonary disease.
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1 | INTRODUCTION
Prolonged tissue hypoxia caused by chronic pulmonary disease is con-
sidered commonly as an important mechanism in the development of
secondary polycythemia in dogs.)® A deficiency in tissue oxygen
leads to increased expression of hypoxia-inducible factor 1 (HIF-1)
and a subsequent increase in the production of erythropoietin (EPO)
by Type 1 (stellate) cells in the renal cortex.>® Once EPO is released
into circulation, it binds to its receptors (EPOR) on erythroid progeni-
tor cells in bone marrow, leading to erythropoiesis and improved oxy-
gen carrying capacity.>>” Expression of EPO and EPOR under
hypoxic conditions also is controlled by HIF-1.58 The net effect of
hypoxemia-induced EPO production is an increase in erythrocyte
numbers and blood hemoglobin concentration.®

Chronic hypoxemia commonly occurs in a variety of pulmonary
diseases of dogs, including canine idiopathic pulmonary fibrosis (CIPF),
chronic bronchitis, and other interstitial lung diseases.”** As
expected, polycythemia is a well-recognized sequela of chronic tissue
hypoxia in dogs with right-to-left cardiac shunting.}? Information on
the prevalence and severity of erythrocytosis associated with hypox-
emic lung disease in dogs however is scarce. Contradictory to expec-
tations, erythrocytosis was not noted in 12 West Highland white
terriers (WHWTSs) with hypoxemic CIPF, and erythrocytosis did not
develop in dogs living and training at high altitude.*®4

The role of secondary erythrocytosis is also complex in humans
with hypoxemic lung disease because erythrocytosis is detected in
only a proportion of hypoxemic patients with pulmonary disease. For
example, in a previous study polycythemia was present in 62% of
patients with idiopathic pulmonary fibrosis (IPF) and in 48% of the
patients with pigeon breeders' lung disease.?®> In most studies of
humans describing hypobaric hypoxemia at high altitudes, both red
blood cell parameters and EPO production increased in relation to
hypoxia.'®*® However, in lung diseases of humans the correlation
between blood EPO concentration and erythropoiesis is less clear,
and normal or subnormal red blood cell parameters appear to be com-
mon despite increased blood EPO concentrations.’

Our aims were to investigate the prevalence and severity of
erythrocytosis in dogs with chronic hypoxemia caused by pulmonary
disease and to compare red blood cell parameters in hypoxemia cau-

sed by CIPF and other chronic lung diseases.

2 | MATERIALS AND METHODS

21 | Study population

Medical records of dogs diagnosed with chronic pulmonary disease at
the University of Helsinki Small Animal Teaching Hospital between
January 2011 and December 2020 were retrospectively reviewed.
Dogs with chronic lower respiratory tract signs and documented
chronic hypoxemia (partial pressure of arterial oxygen [PaO,] < 80
mm Hg on at least 2 separate arterial blood gas measurements a mini-

mum of 1 month apart) were included in the study. Included dogs had
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received a pulmonary diagnostic evaluation with various combinations
of diagnostic imaging, bronchoscopy with bronchoalveolar lavage
(BAL) and histopathology. Complete hematology and serum creatinine
concentration measurement were available for the same visit.

Dogs with nonhypoxemic chronic pulmonary disease (chronic
cough >2 months, PaO, = 90 mm Hg) that had pulmonary diagnostic
evaluation, hematology, and serum creatinine concentration measure-
ment available for the same visit were included as controls. Dogs were
included in the nonhypoxemic control group if they had bronchoscopy
and BAL performed and BAL cytology was indicative of inflammatory
bronchial disease (neutrophilic [>7%], eosinophilic [>20%], lympho-
cytic [>17%)], or mixed airway inflammation and no bacterial growth).

Additionally, a group of healthy control dogs lacking pulmonary
disease was included. The group consisted of healthy WHWTSs with
no respiratory signs or abnormal respiratory findings on physical
examination as well as hematology, serum biochemistry, arterial blood
gases, and thoracic computed tomography (CT) performed as part of
the previously published study,?® and volunteer blood donor dogs
from the University of Helsinki Canine Blood Bank with no respiratory
signs, normal physical examination, unremarkable leucocyte and
thrombocyte counts and serum biochemistry, and available red blood
cell parameter results.

All dogs with suspected (eg, history of anorexia, vomiting, or diar-
rhea) or documented dehydration at the physical examination per-
formed at the time of hematology assessment were excluded.
Additionally, dogs with suspected or documented erythrocyte loss (eg,
bleeding, hemolysis) or renal disease potentially affecting EPO pro-
duction as well as dogs of sight hound breeds were excluded from the
study.?!

2.2 | Diagnostic examinations

A clinical diagnosis of a pulmonary disease was based on a variable
combination of the following diagnostic tests: thoracic radiographs
and CT (Somatom Emotion Duo, Siemens, Germany and GE
LightSpeed VCT 64, GE Healthcare, Fairfield, Connecticut), bronchos-
copy (GIF-N180, Olympus Europa SE&Co. KG, Hamburg, Germany),
BAL fluid cytology and bacterial culture, cardiac ultrasound examina-
tion (iE33 and EPIQ7, Philips Ultrasound), fecal examination with
MgSO, flotation and Baermann's sedimentation method and lung his-
topathology. The clinical diagnosis established by the attending clini-
cian was verified by a review of patient records, imaging findings,
laboratory results, and bronchoscopy recordings by the senior
pulmonologists (MMR and SJV). Thoracic radiographs and CT images
were reassessed by the senior radiologist (AKL) to ensure radiographic
and CT findings were compatible with the established diagnoses.

2.3 | Sample collection and analysis

Arterial blood samples were obtained from the femoral or metatarsal

artery using a 25G needle attached to a blood gas syringe and
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immediately analyzed using an arterial blood gas analyzer (ABL
800 Flex analyzer, Radiometer Medical ApS, Brgnshgj, Denmark).
Arterial blood samples were collected at an atmospheric fraction of
inspired oxygen (FiO,) of 21% at 10 m above sea level. Hypoxemia
was graded as mild when PaO, was 70-79 mm Hg, moderate when
PaO, was 60-69 mm Hg, and severe when PaO, was <60 mm Hg. The
alveolar-arterial oxygen gradient (A-aDO,) was calculated at 37°C
without temperature correction using the equation A-aDO, =
(FiO5[Pb — PH,0] — [PaCO,/R]) — PaO,, where Pb is the barometric
pressure, PH,0 is the water vapor pressure, and R (respiratory quo-
tient) is 0.8.

Samples for hematology assays were collected into EDTA tubes
with precise filling and were analyzed without delay using a high-
volume hematology analyzer (Advia 2120i, Siemens AG, Erlangen,
Germany). Serum biochemistry was assayed using an automated clini-
cal chemistry analyzer (Konelab 30i Clinical Chemistry Analyzer,
Thermo Scientific, Fisher Scientific Oy, Vantaa, Finland).

2.4 | Ethical and experimental animal approvals
This study consisted of a retrospective review of patient records and
was not subject to ethical review. Some of the WHWTs were
recruited using written and informed owner consent as part of
other clinical studies at the University of Helsinki Small Animal
Hospital.*3202222 These study protocols were approved by the Ethics
Committee for Animal Experimentation at Helsinki University, Finland
(statement numbers 5B/2008, 1/2014, 4/2018, and 13/2020) and by
the Committee for Experimental Animals of Southern Finland (ESLH-
2008-05403/Ym-23, HY 132-05, ESAVI/1005/04.10.03/2011,
ESAVI/5794/04.10.03/2011, ESAVI/7383/04.10.07/2013, ESAVI/
9116/04.10.07/2014, ESAVI/9184/04.10.07/2014, ESAVI/10906/
04.10.07/2017, and ESAVI/29986/2020).

2.5 | Statistical analysis

Descriptive statistics are presented as mean * SD for continuous and
normally-distributed variables, as median and interquartile range (IQR)
for skewed variables, and as frequencies and percentages for categori-
cal variables. Normality of the variables was tested using the
Kolmogorov-Smirnov and Shapiro-Wilk tests and visual inspection.

Hypoxemic dogs Nonhypoxemic dogs

Number of dogs 47 27

Gender Male 24 (51%) 15 (56%)
Female 23 (49%) 12 (44%)

Weight (kg) 9.5(8.3-11.4) 14.8 (8.8-25.0)

Age (years) 12(10.0-13.3)° 5.3 (3.4-9.0)

Comparison between groups for non-normally distributed variables
(age and weight) was conducted using Kruskal-Wallis 1-way analysis
of variance (ANOVA) and comparison between groups for normally
distributed variables was analyzed using 1-way ANOVA and
Bonferroni correction was applied for post hoc tests. Differences
between CIPF and non-CIPF dogs were evaluated using Student
t tests. Correlations between PaO, and red blood cell parameters
were analyzed using Pearson's correlation coefficients. The effect of
hypoxemia on red blood cell parameters was studied using linear,
nonlinear, and curvilinear regression analysis. Because analyzed
nonlinear and curvilinear models did not fit the data better than linear
regression analysis, results for linear regression analysis were
reported. Separate multivariable linear regression models were cre-
ated for each red blood cell parameter as dependent variable and pul-
monary function and demographic covariates as independent
variables. For the linear regression models, results were presented as
unstandardized partial regression coefficients (B) with 95% confidence
intervals (Cl). Data were analyzed using commercially available soft-
ware SPSS System, version 26 (SPSS Inc, Chicago, lllinois).
Figures were created using GraphPad Prism, version 9 (GraphPad

Software, San Diego, California). Values of P <.05 were considered

significant.
3 | RESULTS
3.1 | Dogs

Fifty-one dogs with chronic hypoxemia caused by pulmonary disease
were identified from patient records. Four dogs were excluded:
1 because of documented dehydration on physical examination,
1 because of increased serum creatinine concentration, and 2 because
of reported erythrocyte loss, leaving 47 dogs with chronic hypoxemia
that were included in the study. The demographic factors of included
dogs are presented in Table 1. Median duration of hypoxemia was 6
months (IQR, 3-17 months; range, 1-77 months). The group consisted
of 22 WHWTSs with CIPF (19 confirmed either by CT or histopathol-
ogy or both and 3 suspected based on clinical examination, repeated
thoracic radiograph findings and severity of hypoxemia) and 25 dogs
of other breeds with the following lung diseases: chronic bronchitis
(n = 13), unspecified interstitial lung disease (n = 3), and eosinophilic
bronchopneumopathy (n = 2). In 7 dogs with chronic respiratory signs

TABLE 1 Demographic information

Healthy control dogs . . . X
of dogs with chronic hypoxemic (partial

60 pressure of arterial oxygen [PaO,] < 80

32 (53%) mm Hg) and chronic nonhypoxemic

28 (47%) (PaO, = 90 mm Hg) pulmonary disease
and healthy control dogs

36.3 (30.1-45.4)°

4.7 (3.0-7.0)

Note: The data for weight and age are presented as median and interquartile range.

Statistically significant difference (P < .05) compared to other groups.
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(cough, tachypnea or both) and chronic diffuse radiographic lung
changes, a final diagnosis was not established because of lack of
advanced examinations in these dogs.

Twenty-seven dogs with nonhypoxemic chronic pulmonary disease
(chronic bronchitis, 13/27; eosinophilic bronchopneumopathy, 7/27;
mixed bronchial inflammation, 7/27) were included in the diseased com-
parison group. Median duration of clinical signs was 13 months (IQR,
7-24 months; range, 1-79 months). A control group of 60 healthy dogs
consisted of 10 WHWTSs and 50 dogs of other breeds. Breed informa-
tion for all dogs is presented in Table S1, Supporting Information.

3.2 | Clinical examinations

The following respiratory diagnostic tests were performed in patients
with hypoxemic pulmonary disease: thoracic radiographs (n = 47/47),
bronchoscopy and BAL (n = 31/47), thoracic CT (n = 23/47), lung his-
topathology (n = 21/47), echocardiography (n = 18/47), and fecal
parasitology (n = 40/47). Detailed information on diagnostic examina-
tions is presented in Table S2. The results of the clinical and respira-

tory examinations are presented in Tables S3 and S4.

Vot Gt

Hypoxemia was classified as mild (PaO, 70-79 mm Hg) in 10 dogs
(21.3%), moderate (PaO, 60-69 mmHg) in 19 dogs (40.4%), and
severe (PaO, < 60 mm Hg) in 18 dogs (38.3%). Arterial blood gas mea-
surements at the end of the hypoxemic period (the last visit at which
arterial blood gas analysis was performed) for dogs diagnosed with
CIPF and other chronic pulmonary diseases as well as arterial blood
gas measurements for nonhypoxemic dogs with chronic pulmonary
disease and for healthy WHWTs are presented in Table 2.

3.3 | Hematology analysis

Red blood cell parameters measured at the end of the hypoxemia
period were within the laboratory reference range for the majority of
dogs: Hct was increased in 4/47 (8.5%; 95%Cl, 0-17) dogs, Erytr was
increased in 12/47 (26%; 95%Cl, 13-38) dogs and Hb was increased
in 3/47 (6.4%; 95%Cl, 0-14) dogs. No marked polycythemia (Hct
265%) was noted in any of the dogs. Hematology parameters did not
differ significantly between hypoxemic and nonhypoxemic patients
(Erytr, P = .08; Hb, P = .24; Hct, P = .44). Red blood cell parameters

and laboratory reference ranges are presented in Table 3.

TABLE 2 Arterial blood gas measurements in dogs with chronic hypoxemic (PaO, < 80 mm Hg) pulmonary diseases (canine idiopathic
pulmonary fibrosis [CIPF] and other chronic pulmonary diseases) and in chronic nonhypoxemic (PaO, = 90 mm Hg) pulmonary diseases and in

healthy control dogs

n
Hypoxemic dogs with CIPF 22
Hypoxemic dogs with other pulmonary diseases 25
Nonhypoxemic dogs with chronic pulmonary disease 27
Healthy control dogs 10

PaO, (mm Hg) A-aDO, (mm Hg) PaCO, (mm Hg)
57.2+8.3° 60.6 +13.6° 29.3+6.5
67.6+8.3° 418+10.2° 33.3+3.8
95.7+4.8 19.0+£5.2 29.5+3.3
98.8+7.0 158+54 29.6+4.3

Note: Measurements were recorded in chronically hypoxemic dogs at the end of the follow up period (mean + SD) and in nonhypoxemic and healthy dogs
at presentation. Arterial blood was sampled at the room air with 21% fraction of inspired oxygen (FiO,). The data are presented as mean + SD.
Abbreviations: A-aDO,, alveolar-arterial oxygen gradient; PaO,, partial pressure of arterial oxygen; PaCO,, partial pressure of arterial carbon dioxide.
Significantly different compared to hypoxemic dogs with other pulmonary diseases and to nonhypoxemic groups (P <.01).

bSignificantly different compared to hypoxemic dogs with CIPF and to nonhypoxemic groups (P < .01).

TABLE 3

Red blood cell parameters presented as mean + SD in dogs with chronic hypoxemic (partial pressure of arterial oxygen PaO, < 80

mm Hg) pulmonary diseases, in dogs with chronic nonhypoxemic (PaO, > 90 mm Hg) pulmonary diseases and in healthy control dogs

Laboratory

reference
Red blood cell parameter Unit range
Erythrocyte count (Erytr) 10'?/L  5.3-8.0
Hemoglobin concentration (Hb) g/L 140-203
Hematocrit (Hct) % 38-57
Mean corpuscular volume (MCV) fL 67-77
Mean corpuscular hemoglobin (MCH) pg 22-26
Mean corpuscular hemoglobin concentration g/L 318-347

(MCHCQ)

Statistically significant difference (P < .05) compared to other groups.

Hypoxemic dogs Nonhypoxemic dogs

with with chronic Healthy
chronic pulmonary pulmonary controls
diseases (n = 47) diseases (n = 27) (n = 60)
75+.7 74+9 72+7
174 +17 169 +20 169 +15
51.3+55 499+6.1 50.4+4.6
68.5+3.3 67.7+3.4 70.2+3.57
232+14 229+12 2359
340+ 15 339+8.9 335+13
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In dogs with chronic hypoxemic pulmonary disease, red blood cell
parameters were not correlated with the severity of hypoxemia (cor-
relation to PaO,: Erytr, r = —.14, P = .36; Hb, r = —.21, P = .15; Hct,

r = —.14, P = .35; Figure 1). No significant difference was found in
red blood cell parameters between CIPF and other chronically hypoxic
dogs (Erytr, P = .87; Hb, P = .44; Hct, P = .50; Figure 2). Duration of
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FIGURE 2 Box plots comparing erythrocyte count (A), hemoglobin (B), and hematocrit (C) in dogs with canine idiopathic pulmonary fibrosis
(CIPF, n = 22) and in dogs with other chronic pulmonary diseases (n = 25). Vertical boxes represent 25th and 75th percentiles of measured
variables, horizontal lines represent median values, and error bars represent 95% confidence interval
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FIGURE 3 A 2D-diagram plotting erythrocyte count (A), hemoglobin (B) and hematocrit (C) in terms of the severity of hypoxemia in dogs with
chronic pulmonary disease (n = 74). The dogs with no hypoxemia had partial pressure of arterial oxygen (PaO,) = 90 mm Hg. Hypoxemia was
graded as mild with values PaO, 70-79 mm Hg, moderate with values PaO, 60-69 mm Hg and severe with values PaO, < 60 mm Hg. The
horizontal bar represents mean, the error bars represent SD, and dots represent individual values. There were no significant differences in red
blood cell parameters between different severity groups of hypoxemia (P >.05)

the hypoxia was not associated with red blood cell parameters (Erytr
B =.001 [95%Cl, —.014 to .017], P = .87; Hb B = .005 [95%Cl, —.36
to .37], P =.98; Hct B = —.004 [95%Cl, —.11 to .10], P = .94). No sig-
nificant difference was found between red blood cell parameters in
the severity groups of hypoxemia in all pulmonary patients (Erytr,
P =.29; Hb, P = .19; Hct, P = .23; Figure 3). In the multivariable linear
regression model in dogs with arterial blood gas analysis available
(n = 84), no association was found in PaO, to red blood cell parame-
ters (Erytr B = —.008 [95%Cl, —.021 to .005], Hb B = —.21 [95%ClI,
—.50 to .090], Hct B = —.036 [95%Cl, —.13 to .053]; Table S5A). Fur-
thermore, the multivariable linear regression model including all dogs
yielded similar results: none of the variables tested was associated

with red blood cell parameters (all P-values >.05; Table S5B).

4 | DISCUSSION

In our study, adaptive erythrocytosis was uncommon in dogs with
prolonged hypoxemia caused by a chronic pulmonary disease.
Erythrocytosis was not associated with the severity or duration of
hypoxemia and at most only mild increases in red blood cell parame-
ters were noted. Decreased tissue oxygenation caused by chronic pul-
monary disease is mentioned commonly in the veterinary literature as
an important mechanism in the development of secondary polycythe-
mia in dogs,»? but our results are contradictory and suggest that
chronic pulmonary disease is an unlikely differential diagnosis for dogs
presented with severe polycythemia.

Our results support the findings of previous preliminary reports,
where no polycythemia was noted in dogs with chronic lung disease.
In a cohort of 12 WHWTSs with CIPF, no dogs presented with marked
polycythemia.®® Moreover, Hct was normal in 8 dogs with chronic
bronchitis and PaO, < 80 mm Hg,° and in a study of dogs with eosin-
ophilic bronchopneumopathy, no polycythemia was detected in hyp-
oxemic dogs.2* Herein, we studied the hematology of the hypoxemic
dogs with CIPF and other pulmonary diagnoses in a larger cohort with

chronic hypoxemia verified by consecutive arterial blood gas analyses.

Our study agreed with previous reports in that red blood cell parame-
ters were not significantly increased, despite documented chronic
hypoxemia. The observation that erythrocytosis rarely ensues, even
from severe hypoxemia in chronically hypoxic pulmonary patients, is
in sharp contrast to dogs with cardiac right-to-left shunting, where
because of tissue

marked secondary polycythemia

12,25

occurs
hypoxemia, implying that the underlying mechanisms affecting
adaptation and development of erythrocytosis likely are different.

Hypobaric hypoxia at high altitudes is a setting for which both
experimental and clinical studies are available in dogs. Acclimatization
with compensatory hematopoietic response has been observed in
dogs in some studies.?® However, in more recent studies, exposure to
hypoxia occurring at moderately to markedly high altitude resulted in
adaptive cardiovascular changes, such as increased heart rate,
increased systemic and pulmonary artery pressure, and changes in
cardiac function, but not changes in Hct despite mild increases in EPO
concentrations.'#27:28

In our study, the lack of erythrocytosis in hypoxemic pulmonary
disease was similar regardless of the underlying disease process. No
statistically significant differences in Hct, Hb, or Eryt were found
between dogs with CIPF and those with other chronic lung diseases,
even though CIPF dogs were significantly more hypoxemic than dogs
with other chronic hypoxic pulmonary diseases. In studies of humans,
the type of disease process affects the erythropoietic response to
hypoxemia. In human patients, blood Hb and EPO concentrations
were lower in IPF when compared to chronic obstructive pulmonary
disease (COPD) suggesting a more defective erythropoietic response
to hypoxemia in IPF.2*?° However, although some patients with
COPD presented with marked polycythemia, other COPD patients
had no or only a mild concurrent increase in red blood cell parame-
ters.2%31 In our study, because CIPF dogs all were WHWTs, it is
impossible to differentiate whether the lack of erythrocytosis was
associated with the disease process itself or a breed-related genetic
response to hypoxemia.

The cause for the lack of adaptive polycythemia in hypoxic pul-

monary patients, both human and canine, remains to be clarified. Lack
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of sufficient EPO production could be a possible cause, but in a study
of humans with COPD, no significant difference was found in serum
EPO between polycythemic and nonpolycythemic groups.*° This
observation could be explained by compensatory suppression of EPO
production by increased red blood cell mass in polycythemic
patients.3%3233 Alternatively, erythropoiesis inhibitors may explain
this finding, because several inflammatory cytokines including
interleukin-1 (IL-1), IL-2, tumor necrosis factor, interferon-y, and
transforming growth factor-f have been reported to retard the pro-
duction of erythrocytes.2>3%37 |n humans, defective EPO production
and inhibitory effects exerted by pro-inflammatory cytokines have
been suspected in IPF.2? Anemia of chronic disease, as a result of
chronic inflammation, is a possible cause, and has been well-
characterized in human patients with COPD.®8 In addition, inflamma-
tion causing the chronic lung disease also may act to suppress eryth-
ropoiesis via impaired iron homeostasis and may shorten erythrocyte
survival because of alterations in the erythrocyte membrane.*’ In dogs
exposed to hypobaric hypoxia, red blood cells were reported to
become less resistant to induced peroxidation, and hemolysis time
was significantly decreased.*® Moreover, other adaptive mechanisms
to hypoxia apart from erythropoiesis, such as increases in
2,3-diphosphoglycerate in erythrocytes or genetic changes leading to
enhanced Hb-O, affinity, as reported to occur in the Tibetan mastiff,
may explain the lack of polycythemia.****® Additionally, variation in
individual or breed-related genetic responses to hypoxemia may occur
in dogs, as differences among human ethnic groups have been
reported in the erythropoietic response to EPO treatment or high-
altitude exposure.***> Also, because all hypoxemic dogs in our study
were relatively old, it cannot be ruled out that old age contributes to
the lack of erythropoietic response in these dogs. In order to better
understand the pathophysiology behind the lack of compensatory
erythropoietic response in dogs with chronic hypoxic pulmonary dis-
eases, additional studies are warranted.

The main limitations of our study included its retrospective design
and significant differences in the hypoxemic dogs compared to control
dogs (ie, hypoxemic dogs were significantly older than control dogs).
Advanced age has been associated with decreases in Hb and red
blood cell counts in humans, but it has been concluded that age-
specific reference ranges are not needed.***” The effect of advanced
age has not been as well established in dogs. A previous study evalu-
ated red blood cell parameters between young and old dogs in a small
cohort (n = 28) and did not detect significant differences.*® Similarly,
in our study age was not significantly associated with red blood cell
parameters. Because of a relatively small sample size, however, our
study could have been underpowered to detect subtle differences.
However, because red blood cell parameters were not associated with
age and did not differ significantly between groups, it is unlikely that
the older age of hypoxemic dogs introduced clinically relevant bias in
our study. As additional limitations, a final diagnosis was not reached
in all dogs and although chronic hypoxemia was confirmed by at least
2 arterial blood gas measurements and the dogs had a documented
chronic pulmonary disease process, there was no documentation of

persistent hypoxia between the examinations. Therefore, there could

have been some variation in the level of hypoxemia between visits.
The cohort size was relatively small, which also could have
affected the results. For example, in larger cohorts dogs with more
severe polycythemia than detected in our study could be encoun-
tered. The duration of documented hypoxemia was considered ade-
quate, because in previous studies the erythropoietic response to
hypoxemia was detected within 30 days in dogs and after 2 weeks in
humans.264?

Overall, in our study we observed that persistent systemic hyp-
oxia caused by chronic lung disease does not commonly result in sec-
ondary erythrocytosis in dogs and other mechanisms to accommodate
decreased tissue oxygenation are likely. In our study, none of the dogs
with chronic hypoxia caused by pulmonary disease had marked
erythrocytosis. Thus, lack of adaptive polycythemia is frequent in

dogs, even with severe hypoxemia.

5 | CONCLUSION
Our results indicate that polycythemia is uncommonly encountered in
dogs with chronic hypoxic pulmonary disease and, when encountered,

increases in red blood cell parameters usually are mild.
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