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Objective—To assess the influence of age on pulmonary hemodynamics and hemorheo-
logical properties in healthy dogs.

Animals—14 healthy Beagles.

Procedures—Dogs were placed in 2 age groups as follows: young dogs (< 5 years old;
n = 8) and old dogs (> 8 years old; 6). Hematologic characteristics, plasma total protein
and fibrinogen concentrations, and blood viscosity were measured. Systolic time intervals
of pulmonary blood flow were recorded by pulsed-wave Doppler echocardiography. Early
(E’) and late (A) diastolic myocardial velocities, isovolumic contraction velocity, and systolic
myocardial velocity of the free tricuspid annulus were recorded by pulsed-wave tissue Dop-
pler imaging (TDI). Dogs were anesthetized and pulmonary arterial pressures (PAP) and
cardiac output were recorded with a pediatric thermodilution Swan-Ganz catheter.

Results—Hemorheological measurements were not different between the 2 groups. Sys-
tolic, mean, and diastolic PAP were higher in old dogs, compared with values in young
dogs; this difference was attributed to a high pulmonary vascular resistance and low arterial
compliance in old dogs. Systolic time intervals of pulmonary blood flow stayed unchanged.
The A wave of the free tricuspid annulus was increased in old, compared with that young
dogs, and the E":A ratio was decreased. Pulmonary vascular resistance was inversely cor
related with compliance.

Conclusions and Clinical Relevance—The age of dogs should be taken into account when
interpreting pulmonary hemodynamic results and TDI variables of right ventricular diastolic

function. (Am J Vet Res 2010;71:891-897)

In humans, PAP increases with aging,'** and this in-
crease is associated with changes in diastolic myo-
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objectives of the study reported here were to assess the
influence of aging on pulmonary hemodynamics and
hemorheological characteristics by comparing 2 age
groups of healthy Beagles, evaluate the relationship be-
tween systolic time intervals of pulmonary blood flow
measured by conventional Doppler echocardiography
and PAP measurements in both age groups, and evalu-
ate the relationship between systolic and diastolic myo-
cardial velocities of the free tricuspid annulus measured
by TDI and PAP in both age groups.

Materials and Methods

The investigation was approved by the Institu-
tional Animal Care and Use Ethics Committee of the
University of Liege, Belgium, and was conducted in ac-
cordance with the National Institutes of Health Guide
for the Care and Use of Laboratory Animals.

Animals and inclusion criteria—Fourteen healthy
Beagles belonging to the Beagle colony of the Liege Uni-
versity Veterinary Small Animal Teaching Hospital were
included. Dogs were placed in 2 age groups as follows:
young dogs (£ 5 years old; n = 8) and old dogs (= 8
years old; 6). Dogs were housed in small groups of 2
or 3 dogs in the same facility in adjoining rooms (on
shaving litter), with identical feeding, vaccinations, and
handling procedures. Some dogs were siblings. Anthel-
minthic treatments had been administered to all dogs
within 3 months before the onset of the study.

Inclusion criteria included the following: absence
of clinical signs consistent with respiratory or car-
diac disease or any other disease with systemic conse-
quences in the preceding 3 months; normal findings on
physical examination, hematologic analysis, and serum
biochemical analysis; findings on an ECG; a systolic
arterial blood pressure measurement as determined
by Doppler sphygmomanometry* within the refer-
ence range (< 160 mm Hg)'; and absence of any
observable structural or functional abnormality with
hemodynamic consequences on Doppler echocardio-
graphic examination.”

Hemorheological measurements—Blood samples
were obtained from the jugular vein for hematologic
analysis and measurements of plasma total protein con-
centration, plasma fibrinogen concentration, and blood
viscosity and elasticity. Blood viscosity was measured
by a rheometer® at 3 shear rates (2.5, 12.5, and 62.8
seconds™) at room temperature (20 + 1°C).!! Plasma fi-
brinogen concentration was measured according to the
method of Clauss.!?

Doppler echocardiography—Doppler echocar-
diography was performed under continuous ECG mon-
itoring with a 5-MHz electronic probe with the dog in
lateral recumbency and scanning through the depen-
dent chest wall. A right parasternal window was used to
record pulmonary blood flow by spectral pulsed-wave
Doppler. Maximal velocity of pulmonary blood flow,
ET, and AT were measured, and the AT:ET ratio was
calculated. A left apical 4-chamber view was used for
spectral pulsed-wave tissue Doppler recordings of the
tricuspid free annulus longitudinal displacement. Early
and late diastolic myocardial velocity, isovolumic con-

traction velocity, and S’ were measured, and the E:A
ratio was calculated. All images were recorded and then
analyzed off line according to specific guidelines™'* by
2 investigators (EM and KMcE) who were blind to dog
group (ie, young or old). Five consecutive measure-
ments were averaged for each variable, regardless of
respiratory phase. Echocardiographic values from 1 old
dog were discarded because of behavior problems of the
dog that prevented adequate measurement.

Right-sided cardiac catheterization—Anesthesia
was induced and maintained with midazolam (1 mg/kg,
IV, followed by 1 mg/kg/h, IV) and sufentanil (3 pg/kg,
1V, followed by 3 pug/kg/h, IV). Dogs were mechanically
ventilated (fraction of inspired oxygen, 0.4), and care
was taken to maintain end-expiratory CO, between
30 and 35 mm Hg and body temperature at > 36°C.
A 6F introducer! was introduced transcutaneously in
the left jugular vein by the Seldinger technique.’” A 5F
Swan-Ganz thermodilution catheter® was advanced un-
der fluoroscopic guidance and positioned with the tip
in the main pulmonary artery. The sPAP, mPAP, dPAP,
oPAP, and RAP were measured by use of a disposable
extravascular pressure transducer' and a pressure moni-
toring oscilloscope.¢ Cardiac output was determined in
triplicate by the thermodilution technique." Five milli-
liters of iced 5% dextrose solution was used as thermal
indicator and injected manually into the right atrium
via the proximal port of the Swan-Ganz catheter. From
these measurements, stroke volume, PVR, PP, C, and E
were calculated as follows:

SV (mL/beat) = (CO [L/min]/HR [beats/min]) X 1,000

PVR (mm Hg'min/L) = (mPAP [mm Hg| — oPAP [mm Hg])/
CO (L/min)

PP (mm Hg) = sPAP (mm Hg) — dPAP (mm Hg)
C (mL/beat-mm Hg) = SV (mL/beat)/PP (mm Hg)
E (mm Hg-beat/mL) = PP (mm Hg)/SV (mL/beat)

where SV is stroke volume, CO is cardiac output, and
HR is heart rate.

Statistical analysis—Hemorheological and hemo-
dynamic data were tested for normality, and differences
between the 2 groups of dogs were assessed by use of

Table 1—Mean + SEM values of group characteristics of dogs in
2 age groups.

Young old
Variables dogs(n=8) dogs(n=6) Pvalue
Age (y) 2707 121+1.0 < 0.001
Body weight (kg) 16.0 = 1.3 16.1 = 1.2 NS
Heart rate (beats/min) 145+ 4.9 130 = 8.5 NS
Respiratory rate 21 +£0.7 206 = 0.9 NS
(breaths/min)
Systolic arterial blood 1454 = 7.1 157.4 =105 NS

pressure (mm Hg)

NS = Not significant.
Young dogs were those < 5 years of age. 0ld dogs were those
> 8 years of age.
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Table 2—Mean + SEM hematologic values and fibrinogen and total protein concentrations of dogs in

2 age groups.

Variables Young dogs (n = 8) 0ld dogs (n =6) Pvalue
PCV (%) 36.1 =25 39.3 +3.74 NS
Mean corpuscular volume (fL) 67.9 0.7 68.7 = 1.0 NS
Mean corpuscular hemoglobin (pg) 229+04 23.0+04 NS
Mean corpuscular hemoglobin concentration (g/dL) 337+03 337 0.2 NS
Leukocytes
Total (cells/uL) 7,308 = 1,200 9,766 = 1,642 NS
Neutrophils (cells/uL) 5,792 + 487 7,890 + 1,636 NS
Eosinophils (cells/uL) 329 + 88 448 + 147 NS
Lymphocytes (cells/uL) 1,597 + 268 1,094 + 255 NS
Monocytes (cells/uL) 455 + 88 459 = 77 NS
Fibrinogen (g/L) 1.7 0.1 23+0.2 0.003
Total protein (g/L) 55.5 = 3.4 573 =217 NS

See Table 1 for key.

Table 3—Mean + SEM blood viscosity (in millipascal seconds)
measured at 3 shear rates of dogs in 2 age groups.

Shear rates

Young dogs (n =8)

255" 8.150 = 2.105
1255 6.752 = 1.640
62.8s” 5.888 = 1.283

0ld dogs (n =6) Pvalue
7.870 = 1.467 NS
7.256 = 1.216 NS
6.529 + 0.853 NS

See Table 1 for key.

Table 4—Mean + SEM standard Doppler echocardiography and TDI values of dogs in 2 age groups.

Variables

Young dogs (n=8) 0Id dogs* (n=5) Pvalue

Indices of pulmonary blood flow
PFV (m/s)

AT (s)

ET (s)

ATET ratio

TDl indices
A (m/s)
E' (m/s)
E":A ratio
ICV (m/s)
S’ (m/s)

0.864 = 0.042 0.817 £ 0.079 NS
0.093 =+ 0.003 0.097 = 0.003 NS
0.194 = 0.004 0.207 = 0.008 NS
0.478 £ 0.013 0.469 = 0.014 NS
0.109 = 0.009 0.147 £0.003  0.02
0.122 £ 0.011 0.130 £ 0.047 NS

1.13 £ 0.06 0.88 = 0.04 0.01
0.151 £ 0.010 0.180 £ 0.010 NS
0.158 £ 0.020 0.168 = 0.013 NS

*Echocardiographic values from 1 old dog were discarded because behavior problems of the dog pre-

vented adequate measurement

ICV = Isovolumic contraction velocity. NS = Not significant. PFV = Maximal velocity of pulmonary blood flow.

See Table 1 for remainder key.

2-sided unpaired Student t test or a Mann-Whitney
test. Coefficients of determination and associated prob-
abilities were determined to examine the relationship
between invasive and echocardiographic indices. All
values were reported as mean + SEM. Values of P < 0.05
were considered significant.

Results

Group characteristics—Young dogs (n = 8) ranged
from 10 months to 5 years of age (5 males and 3 females;
median age, 3 years old), and old dogs (6) ranged from
8 to 14.5 years of age (4 males and 2 females; median
age, 13 years old). Body weight, heart rate, respiratory
rate, and systolic arterial blood pressure were compa-
rable in the 2 groups (Table 1).

Hemorheological measurements—Hematologic
values and plasma total protein concentration were
similar in the 2 groups, whereas plasma fibrinogen
concentration was higher in old dogs than in young

dogs (Table 2). Blood viscosities were similar in the 2
groups at the 3 shear rates tested (Table 3).

Standard Doppler echocardiography and TDI—
As indices of pulmonary blood flow, there was no differ-
ence between groups in maximal velocity of pulmonary
blood flow, AT, ET, and AT:ET ratio. Compared with
young dogs, old dogs had a higher A’ at the level of
the free tricuspid annulus and a lower E":A’ ratio. Mea-
surements of E', isovolumic contraction velocity, and S’
were comparable in the 2 groups (Table 4).

Right-sided cardiac catheterization—Values of
sPAP, mPAP, dPAP, PVR, PP, and E were higher in old
dogs than in young dogs. Pulmonary arterial com-
pliance was lower in old dogs than in young dogs,
whereas oPAP, heart rate, cardiac output, and stroke
volume were not significantly different between groups
(Table 5).

Correlation between PAP and echocardiographic
indices—Values of PVR and C were inversely related
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Table 5—Mean + SEM values for hemodynamic variables calcu-
lated or measured by cardiac catheterization of dogs in 2 age
groups.

Young old

Mean = SEM dogs(n=8) dogs(n=6) Pvalue
Heart rate (beats/min) 68.4 + 2.3 65.1 +2.0 NS
Cardiac output (L/min) 189 £0.18 1.52+0.12 NS
sPAP (mm Hg) 214 +15 30.6 = 2.1 0.003
dPAP (mm Hg) 95+ 1.1 134+ 14 0.046
mPAP (mm Hg) 137 +1.2 193+ 1.8 0.022
oPAP (mm Hg) 95+ 14 107 = 1.7 NS
RAP (mm Hg) 6.1+ 1.1 80+18 NS
Stroke volume (mL/beat)  28.0 = 0.2 23.0 = 0.1 NS
PVR (mm Hg/L-min~") 23+05 5905 <0.001
PP (mm Hg) 11.9+07 17.2+09 <0.001
C (mL-beat'/mm Hg) 237+020 1.36 =0.12 0.002
E (mm Hg-beat/mL) 0.44 +=0.03 0.76 = 0.07 < 0.001
See Table 1 for key.
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Figure 1—Correlation between PVR and C in 14 healthy Beagles.
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Figure 2—Correlation between A and mPAP in 14 healthy Beagles.
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Figure 3—Correlation between A and sPAP in 14 healthy Beagles.

(Figure 1). Systolic time intervals of pulmonary blood
flow were not correlated with PAP. High mPAP (Figure
2) and sPAP values (Figure 3) were associated with a
high A’ maximal velocity.

Discussion

Results of the present study indicated that in old
healthy Beagles, compared with young healthy Beagles,
PAP and PVR were increased whereas C was decreased,
and the A" wave of the free tricuspid annulus was in-
creased and correlated with PAP. In humans, PAP in-
creases with aging. This finding has been demonstrated
by both cardiac catheterization''® and measurement of
tricuspid regurgitation velocity.>*!*'* Moreover, David-
son and Fee' showed that the increase of PAP with age
in humans was linear. Results of our study indicated
that PAP also increased with age in dogs. In our study,
values of sPAP (30.6 + 2.1 mm Hg), dPAP (13.4 + 1.4
mm Hg), and mPAP (19.3 = 1.8 mm Hg) in old dogs
that were anesthetized were higher than reference range
values for sPAP (15 to 25 mm Hg), dPAP (5 to 10 mm
Hg), and mPAP (10 to 15 mm Hg) in clinically normal
awake dogs at sea level.*® However, if pulmonary arte-
rial hypertension is defined as a sustained increase in
mPAP to > 25 mm Hg at rest,”"* values obtained in our
study were not diagnostic of pulmonary arterial hyper-
tension. In humans, obesity* and systemic arterial pres-
sure’ are other known factors affecting PAP in those
individuals that are otherwise healthy. Because results
for body weight and arterial pressure were similar in
young and old dogs in our study, these 2 variables were
not considered as confounding factors.

An increase in PAP may result from a high pulmo-
nary blood flow, a chronic increase in left atrial pres-
sure, a high PVR, or a low C.? Davidson and Fee'
showed that, in humans, the increase in PAP is attribut-
able to an increase in PVR and that the relation between
these 2 variables is linear. The high PVR in old dogs
of our study is in accordance with findings in humans.
Our study showed that, in dogs, C is a second factor
involved in the increase in PAP that occurs with age.
Moreover, pulmonary blood flow and left atrial pres-
sure (estimated by the oPAP) did not appear to be en-
tailed in this process, which is in accordance with what
has been shown in humans.'

Pulmonary vascular resistance is directly influ-
enced by blood viscosity and inversely correlated with
the fourth power of the vascular radius. Blood viscosity
is determined by PCV, RBC characteristics (including
size, deformability, and aggregation), leukocyte number
and type, and plasma viscosity.** As the relationship be-
tween PCV and blood viscosity is logarithmic, this has
a greater effect on blood viscosity than all other factors
combined.?”” However, its effect decreases when shear
rates (the velocity gradient between flowing layers of
blood) increase.?® Deformability of RBCs is determined
by viscoelastic properties of their membrane; cell ge-
ometry including cell size, shape, and surface area-to-
volume ratio; and cytoplasmic viscosity, primarily de-
termined by hemoglobin concentration.”” Aggregation
can be estimated by RBC sedimentation rate corrected
for PCV.?® Aggregation correlates with fibrinogen con-

894

AJVR, Vol 71, No. 8, August 2010



centration and plasma viscosity. Total plasma protein
concentration is the major determinant of plasma vis-
cosity. However, increases in plasma concentration of
high-molecular-weight proteins, such as fibrinogen
and immunoglobulins, have a relatively greater effect
on plasma viscosity than an increase in concentrations
of proteins with a low molecular weight.*” In our study,
blood viscosities measured at 3 shear rates, as well as
the main components of the blood, were similar in the
2 groups of dogs with the exception of plasma fibrino-
gen concentration, which was higher in old dogs than
young dogs. High fibrinogen concentrations have been
reported for aged humans.?* However, the influence
of age on hemorheological characteristics in healthy
humans remains controversial.>> Some studies***> have
shown an increase in blood viscosity with age, while
others®*?® have not. In our study, an increase in blood
viscosity with age could not explain the increase in PVR
in old dogs, compared with that in young dogs, and
arteriolar narrowing was considered as the main factor
responsible for this increase with age.

Changes in right ventricular afterload are most of-
ten described in terms of changes in PVR. However, the
most complete description of the pulmonary circula-
tion is obtained from pulmonary vascular impedance
that is computed by spectral analysis of pulmonary
pressure and flow waves.** This method requires simul-
taneous recordings of instantaneous pressure and flow
but allows for separation of right ventricular afterload
into the 3 main components of resistance, E, and wave
reflection. A second method to assess right ventricular
afterload is to calculate effective arterial E, which is the
ratio between end-systolic pressure and stroke volume.
Effective arterial E integrates the effects of resistance,
E, and wave reflections into a single number, but this
method requires simultaneous recordings of instanta-
neous ventricular pressure and volume to determine
the end-systolic point.* In our study, distal resistance
was described by PVR, and proximal E was described by
the compliance, computed as the ratio of stroke volume
to PP. This ratio overestimates true compliance, but is
highly correlated with it.* Wave reflection was not in-
vestigated because it requires complex measurements
and adds little information when proximal E is already
taken into account. In humans, changes in both resis-
tance and compliance have been shown to play a prom-
inent role in the development of primary pulmonary
arterial hypertension,* with compliance being a strong
predictor of death in these patients.” In our study, not
only PVR but also C contributed to the increase in PAP
in old dogs, and as already described in healthy humans
and humans with pulmonary hypertension,** these 2
variables were inversely related.

Uehara® reported a negative correlation between
systolic time intervals and PAP as directly measured by
right cardiac catheterization in dogs with heartworm
disease. In a study* on the use of Doppler echocardio-
graphy in West Highland Terriers with interstitial pul-
monary disease, the AT and AT:ET ratio were inversely
correlated with sPAP. In dogs with pulmonary hyper-
tension of various origins, Serres et al*’ found a correla-
tion between AT, AT:ET ratio, and sPAP. On the other
hand, Glaus et al*® demonstrated that AT and AT:ET ra-

tios were shorter in dogs at high altitude but not in dogs
at moderate altitude, living at 2,300 m above sea level
with mean tricuspid peak pressure gradient of 29.5 +
10.4 mm Hg. To our knowledge, no study has evalu-
ated the effect of aging in dogs on systolic time intervals
of pulmonary blood flow. In our study, the AT and AT:
ET ratio were in accordance with reference range values
reported for dogs,**# and no difference was found be-
tween young and old dogs. Therefore, these variables
(AT and AT:ET ratio) were not useful in detecting high
PAPs in old dogs of our study.

Chronic pulmonary hypertension causes altera-
tions in right ventricular systolic and diastolic proper-
ties. Tricuspid annulus motion examined by TDI may
reflect these changes. In humans, pulmonary hyperten-
sion is associated with decreases of tricuspid annulus &'
and E":A’ ratio.”®>° These changes have also been found
in dogs.*” In our study, tricuspid free annular myocar-
dial velocities measured by pulsed-wave TDI were in
accordance with reference range values reported for
dogs.*”" Late diastolic myocardial velocity was in-
creased in old dogs, compared with that in young dogs,
and the E":A’ ratio was low. An inverse relationship be-
tween the E":A’ ratio and age has been reported for the
right”® and left ventricles®® in humans and for the left
ventricle in cats.” This suggests that there is an age-re-
lated limitation in early diastolic myocardial relaxation
that requires an increase in atrial contraction force to
maintain adequate ventricular filling. In our study, A’
was correlated with mPAP and sPAP. Because there is
no direct relationship between the right ventricle and
pulmonary circulation in diastole, the PAP cannot
directly explain the gradual increase in A’. Changes
in the A" and E":A’ ratio may rather be related to in-
trinsic myocardial changes during diastole (remodel-
ling) as they are in normal aging of the left ventricle.
In fact, a progressive decrease of peak early diastolic
velocity in the human left ventricle with aging is be-
lieved to be a consequence of aged-related increases
in cardiac mass and wall thickness® and in extracel-
lular matrix substance.®® Nevertheless, a progressive
increase in PAP might at least partially trigger right
ventricular remodelling.

On the other hand, S’ of the free tricuspid annu-
lus was similar in the 2 groups of dogs in our study,
indicating that right ventricular systolic function was
maintained despite the high PAP in old dogs. The §'
tricuspid wave is known to decrease in pulmonary hy-
pertension,”®° but to stay unchanged in aged clinically
normal humans®*® and in aged cats.®*** Our study con-
firms the lack of influence of age on myocardial systolic
velocity of the tricuspid annulus.

One limitation of the study reported here is the
small number of dogs, limiting the power of the
statistical tests. Although not significant changes,
stroke volume and cardiac output decreased and RAP
and systolic arterial blood pressure increased with
age in the dogs of our study. As the influence of age
on stroke volume, cardiac output, RAP, and systolic
blood pressure has been described,'* we cannot ex-
clude that changes in those variables with age would
have achieved significance had our study included a
greater number of dogs.
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The present study showed that PAP is increased in
old versus young healthy Beagles. This increase was a
result of a decrease in C and an increase in PVR with
age. The increase in resistance with age was a conse-
quence of pulmonary arteriolar narrowing. Systolic
time intervals of pulmonary blood flow measured by
pulsed-wave Doppler echocardiography did not allow
for detection of the increase in PAP, whereas the A’ wave
and the E":A’ ratio measured by pulsed-wave TDI at the
level of the free tricuspid annulus did. Therefore, the
age of dogs should be taken into account when pulmo-
nary hemodynamic results and TDI indices of the right
ventricular diastolic function are being interpreted.
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