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Abstract

Background: Atrial fibrillation (AF) is the most common arrhythmia in dogs, most frequently diagnosed as chronic
AF associated with a structural heart disease. The therapeutic strategy, in these cases, is based on the heart rate control
and digoxin is one of the most used drugs.

Aim: The aim of this work was to study the serum digoxin concentration changes in dogs with AF under long-term
treatment with digoxin. Furthermore, the remission of clinical signs and the correlation between digoxinemia and other
clinical and laboratory variables were retrospectively evaluated.

Methods: The prospective study was conducted on seven large breed dogs from the time of reaching the definitive
digoxin dosage. Digoxinemia was determined at month: 1, 3, 6, 9, 12, then twice a year. A post hoc statistical analysis
investigated the influence of selected clinical and laboratory variables on the risk to develop spikes in digoxinemia.
Clinical data, heartrate, digoxin dosage (mg/m?), and digoxinemia (ng/ml) atall available follow-ups were retrospectively
evaluated from the medical records of 17 further dogs and a linear regression analysis was performed on the whole data
set. The relation between the time of remission of AF clinical signs and variables was also investigated.

Results: An unexpected increase in digoxin serum concentration was recorded in three dogs after one year monitoring,
in absence of digoxin dosage changes. No statistical significance of all the studied variables on the risk to develop
spikes of digoxinemia was registered. Two dogs, reaching digoxinemia 4.46 and 5.24 ng/ml, showed symptoms that
reversed after digoxin withdrawal. From retrospective data, 88% of dogs reached complete reverse of AF clinical signs
in 2.1 months from digoxin treatment starting, regardless of digoxin initial dosage, digoxinemia, and heart rate.
Conclusion: Digoxin in monotherapy remain a good option to treat AF in dogs, anyway digoxin toxicity could emerge
during long-term therapy, similarly to what happen in human medicine. Life-threatening spikes of digoxinemia could
occur, especially after 1-year treatment with digoxin. It is very important that practitioners be aware of this possibility
and encourage the owners to monitor digoxinemia during long-term treatment to avoid dangerous and toxic effects.
Keywords: Atrial fibrillation, Digoxin, Digoxin serum concentration, Dogs.

Introduction

Atrial fibrillation (AF) is the most common arrhythmia
in dogs with a recently reported incidence of 33.7%
of all arrhythmias found on electrocardiographic
examination (ECG) (Noszczyk-Nowak et al., 2017).
It is related to a high mortality rate if left untreated
(Bonagura, 1986; Stokhof and van den Brom, 1990;
Jung et al., 2016; Pedro et al., 2018). This arrhythmia is
characterized by a rapid, chaotic and disorganized atrial
electrical activity, which results in the loss of an effective
contraction of the atria, functional to ventricular
diastolic filling, and high ventricular rate (Pedro et al.,
2020a). The main hemodynamic consequences are a
reduction in cardiac output and increased atrial filling
pressures with the development or worsening of clinical
signs of congestive heart failure (CHF) (Saunders et al.,
2009). AF is most frequently diagnosed in association

with underlying structural heart diseases, and it is
often associated with CHF (Pariaut, 2017; Ward et
al., 2019). Atrial enlargement, fibrous remodeling,
elevated adrenergic tone, and activation of the renin—
angiotensin—aldosterone system represent irreversible
changes that promote the onset and maintenance of AF
(Pariaut, 2017). Once established, AF contributes to
further deterioration of cardiac function mainly due to
the rapid and irregular ventricular response rate (VRR)
which is the result of high adrenergic tone associated
with a reduced ability of the atrioventricular node to
block atrial impulses (Pariaut, 2017).

In canine clinical practice, AF is a well-known and
frequent arrhythmia. Scientific papers on dogs have
been recently published documenting and discussing
the association between AF and clinical signs of right
CHF, the association between a post-treatment low
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heart rate (HR) and a longer survival time (Pedro et al.,
2018; Ward et al., 2019). The role of AF as a prognostic
factor in dogs with myxomatous mitral valve disease
(MMVD) and dilated cardiomyopathy (DCM) in
Dobermans has been investigated (Friederich et al.,
2020; Guglielmini et al., 2020).

Up until now, the primary therapeutic aim to treat AF
in veterinary medicine is the maximization of cardiac
output through two treatment strategies: the HR control
or the conversion of AF to sinus rhythm (Saunders
et al., 2009; Pariaut, 2017; Pedro et al., 2020a,b).
The latter is reserved for a few cases (i.c., idiopathic
AF), while in most cases (chronic AF associated with
structural heart disease) the treatment strategy involves
the use of drugs aimed to decrease VRR. Digoxin alone
or in combination with other medications is one of the
most commonly used drug to treat AF in dogs (Pariaut,
2017). However, prospective clinical trials including
long-term safety of digoxin are missing as reported in
a recent review from Pedro and collaborators (2020b).
It is known from human medicine that digoxin toxicity
emerges mostly during long-term therapy and that
clinical features of toxicity are often nonspecific with
lethargy, gastrointestinal signs, neurological symptoms,
or arrhythmias that could be fatal (Tatlisu et al., 2015;
Pincus, 2016).

The purpose of the present work was to study the
changes of serum digoxin concentration in dogs with
DCM and AF under long-term treatment with digoxin.
Furthermore, data from other dogs under digoxin
treatment were retrospectively studied to evaluate
the reversal of clinical signs and the correlations of
digoxinemia with clinical, laboratory and instrumental
variables.

Materials and Methods

Prospective study

In dogs with a diagnosis of chronic AF, having the
owners’ availability for serial and constant follow-
ups, a prospective long-term serial monitoring
was performed with attention to clinical and ECGs
evaluation and serum digoxin concentration values.
Seven dogs were included in the study (2 mixed breed,
1 German Shepherd, 1 Newfoundland, 1 Dogue de
Bordeaux, 1 Italian Mastiff, 1 American Staffordshire)
aging from 3 to 9 years (mean 6.5 years) with diagnosis
of AF and a DCM phenotype at echocardiography and
monitored under treatment with digoxin as the sole
antiarrhythmic agent. Informed consent was obtained
from the dog owners and contemporary standard of
care was provided to each animal.

The starting point for serial monitoring (MO0) was
considered the time at which the digoxin dose was fixed
for each single dog after required adjustments.
Monitoring was performed as follow: at 1 month (M =
1), then each three months till 1 year (M2, M3, M4, and
M5) and then each 6 months (M6 and over) till the end
of the study corresponding to the patient’s death.

At each follow-up, the animals underwent a complete
clinical examination, including clinical evaluation of
HR, blood sampling for haemato-biochemical exams,
and digoxin serum concentration value and an ECG.

A post hoc statistical analysis was performed to
investigate the influence of the trend of clinical and
laboratory variables during the first-year of follow
up (clinical HR, ECG obtained and calculated HR,
digoxinemia ng/ml, digoxin dosage mg/m?, weight kg,
number of premature ventricular complexes (PVCs) in
3’, hemoglobin g/dl, hematocrit %, white blood cells
x1,000/ul, platelets 1,000/ul, urea mg/dl, creatinine
mg/dl, phosphorus mg/dl, potassium mEq/l, albumins
g/dl, total proteins g/dl) on the risk to develop spikes
in digoxinemia after the first year. Two groups were
created based on dogs showing spikes compared to
dogs having no spikes. The comparison between
the variables and the two groups was performed
using linear mixed models fit by restricted maximum
likelihood (REML). All analyses were performed using
the R Package (version 1.2.1093), and a p-value <0.05
was considered to be statistically significant.
Retrospective study

The medical records of dogs affected by AF and treated
with digoxin in monotherapy were revised. Dogs > 10
kg with a complete medical record, an ECG and an
echocardiographic examination at the time of diagnosis
(D0), and who had at least two further follow-ups were
included in the study. The study period started from DO,
included the follow ups for digoxin dose adjustment
and continued till the last available follow up for each
dog over time.

Clinical signs at presentation and the time of remission
after treatment starting were reported for each dog.
Ascites with or without other cavitary effusions and
weakness were considered AF clinical signs. Remission
of AF clinical signs was considered if all effusions
resolves (quantified by repeated ultrasound scans) and
weakness clearly improve (increased activity reported
by the owner).

Data available at all follow ups for each dog were
registered including clinical HR, ECG HRs (obtained
and calculated HR), digoxin dosage (mg/m?), and
digoxinemia (ng/ml). A linear regression analysis was
performed to determine correlations between variables
considering the whole data set (data of all available
follow ups of all dogs) using the Bravais—Pearson test
(data reported as r coefficient and confidence intervals).
Furthermore, a Cox regression analysis was performed
to investigate the relation between study variables (i.e.,
HR at DO, ECG HR at DO, digoxin dosage at DO and
after adjustment, and digoxinemia at the first control
1 or 2 weeks after therapy starting) and the time of
remission: data are expressed as coefficient, 95%
confidence interval and p-value.

Electrocardiographic examination

The ECG was performed in standard right decubitus
for at least 5 minutes monitoring by applying the four
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main electrodes to the four limbs, precisely at the level
of elbows and knees after application of alcohol or
gel. An Esaote electrocardiograph (Biosound Esaote
P8000) was used. A printed ECG was also registered
at each follow up in each dog. Dogs were not sedated,
gently handled and kept in a darkened room to reduce
the effects of stress. The ECG was evaluated to confirm
the AF status, assess the presence of any concomitant
rhythm disturbances and assess the VRR. To derive the
VRR from the ECG two different methods were used
based on the value determined by the instrument or
applying the 10-20 method and defined respectively as
“obtained HR” and “calculated HR.”

For the determination of the obtained HR, the average
HR determined by the instrument and reported on
printed paper was considered. In particular, three HR
values reported by the electrocardiograph on 70 cm
of printer paper at a speed of 50 mm/s (14 sececonds)
were chosen (the highest HR value, the lowest HR
value, and the intermediate value), and the arithmetic
mean calculated. To obtain calculated HR, the 10 or
20 method was used. In brief, the number of QRS
complexes were counted in 15 cm of printed ECG
corresponding to 3 seconds when registered at 50 mm/
sec or 6 seconds when registered at 25 mm/sec and,
respectively, multiplied by 20 or by 10.

Serum digoxin concentration

A blood sample was taken between 8 and 10 hours
after the drug administration. The serum was sent to
the laboratory for the determination of serum digoxin
concentration values.

After therapy starting and in case of dose adjustment, a
blood sample was taken after 1 or 2 weeks to determine
serum digoxin concentration values.

Other drugs

The administration of other antiarrhythmic drugs was
considered an exclusion criterion.

In the prospective study, all dogs were also treated with
pimobendan (0.25 mg/kg/q12h), benazepril (0.25 mg/
kg/q12h), and furosemide (0.5 mg/kg/ q12h). Variations
in dosages if needed had to be approved and recorded.

In the retrospective study, other drugs besides digoxin
were administered to all animals based on the underlying
cardiac disease and clinical status in a different
combination and dosages for each dog (furosemide,
pimobendan, benazepril, and spironolactone).

Ethical approval

The Research Ethics Committee of the Department of
Emergency and Organs Transplantation, University of
Bari, Italy, has approved the study (n. 227 I11I/13 on 07
February 2018).

Results

Prospective study

Table 1 reports the HRs and the digoxinemia values
from the moment of digoxin dose final adjustment MO
(obtained at least in 2 months in all dogs) until the end
of monitoring. At MO the digoxin dose ranged from

0.15 to 0.22 mg/m?* (with an average of 0.18 mg/m?)
and the digoxinemia ranged from 0.84 to 2.8 ng/ml
(with an average of 1.98 ng/ml). Original clinical signs
of presentation (i.e., ascites, weakness) were reverted at
this time. Mild digoxinemia fluctuations were recorded
in the serial follow-ups in the first year of monitoring
in all dogs, the clinical conditions were judged good
and stable with neither relapse of AF clinical signs nor
signs referable to digoxin intoxication. Three dogs died
before M5 (1 year), the others were monitored for at
least 2 years. In three out of the four dogs with longer
follow-ups an unexpected increase in digoxinemia,
exceeding 3 ng/ml, was documented in at least one of
the monitoring times after M5. In particular, in two
dogs (C2 and C4) serum digoxin concentration values
had a sudden abnormal increase (reaching 4.46 and
5.24 ng/ml at M8 and M6, respectively) associated
with signs of systemic disease (dysorexia, depression,
and weakness) and severe bradyarrhythmia, which
were attributed to digoxin-induced intoxication, also
considering the reversibility of these signs after therapy
withdrawal and reduction. No hemato-biochemical
alterations were registered in these dogs.

No statistical significance of all the studied variables
trend (including the clinical and hemato-biochemical
tests) in the first year of follow up on the risk to develop
spikes in digoxinemia were reported using linear mixed
models, with the exception for “obtained” HR (estimate
coefficient —26.8, 95% CI: —41.06 to —12.46, p = 0.01)
and “calculated” HR (estimate coefficient —24.6, 95%
CI: =39.7 to =9.16, p = 0.02) (Fig. 1). In brief, dogs
showing an HR reduction trend during the first year
of monitoring had a reduced risk to develop spikes in
digoxinemia in the further monitoring.

Retrospective study

Seventeen dogs with AF were included in the
retrospective study. Of these dogs, 14 were males and 3
were females, aged between 2 and 13 years (an average
of 7.4 years).

Clinical information regarding the signaling, the clinical
signs at DO, the diagnosis of underlying heart disease
obtained through echocardiographic examination and
collateral examinations, the presence of signs referable
to concomitant left CHF are reported in Table 2. All
dogs, except for one (C9), showed clinical signs
referable to AF at DO, with ascites as a constant finding.
All dogs had general improvement (increased activity
referred by the owner, reduction of effusion quantified
by body weight) 2 weeks after therapy starting,
regardless the digoxin starting dosage. All dogs, except
for two, reached complete remission of clinical signs
within 4 months from D0 and precisely between 0.5 and
4 months with an average of 2.1 months (Fig. 2). Only
two dogs (C6 and C17) reached clinical improvement
but not complete remission of clinical signs. The
remission of clinical signs was apparently independent
from HR at time of remission, which ranged between
90 and 213 bpm. At the Cox regression analysis, no
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Table 1. Long-term follow-up of dogs included in the prospective study (n = 7). ECG HR, digoxinemia values and digoxin
dosages for each follow up are reported.

MO M1 M2
c1 60 kg 60 ke 60 kg M3 M4 M5 M6 M7 M8
HR obtained 163 bpm 112bpm 135 bpm
HR calculated 160 bpm 120bpm 130 bpm
Digoxinemia 0.84 123 139
(ng/ml)
Digoxin dose
a 0.15BID 0.15BID 0.15BID
(mg/m?)
2 Mo M1 M2 M3 M4 MS Mé M7 M8
80 kg 80 kg 80 kg 79 kg 78.5 kg 83 kg 83.5 kg 84 kg
HR obtained 105 bpm 99 bpm 100bpm  99bpm 122bpm 136bpm 127bpm 105 bpm /
HR calcutated 110 bpm 100bpm 100 bpm 100 bpm 110bpm 130bpm 120bpm 110 bpm /
Digoxinemia 134 238 / 1.73 2.09 2.20 1.89 / 4.46°
(ng/ml)
Digoxin dose 0.17 0.17
(mg/m?) 0.17BID  0.17BID 0.17BID 0.17 BID BID 0.17BID 0.17 BID 0.17 BID BID
Mo M1 M2 M3
e 328kg  32.6kg 32 kg 30 kg M4 MS M6 M7 M3
HR obtained 132 bpm 147bpm  175bpm 144 bpm
HR calculated 130bpm 140 bpm 160 bpm 130 bpm
Digoxinemia
) 1.8 1.68 / 1.87
Digoxindose 5o gy 020BID  0.20BID 020 BID
(mg/m?)
MO M2 M3 MS Meé
C4 53 kg Ml 60 kg 61.7 kg M4 63 kg 60 kg M7 M8
HR obtained / 109 bpm 126 bpm 96 bpm 65 bpm 132 bpm
HR calculated / 120 bpm 120 bpm 100 bpm 60 bpm 130 bpm
Digoxinemia 2.8 / 241 1.53 5.240 1.30
(ng/ml)
Digoxindose ¢ gy 0.16 BID 0.16 BID 0.16BID 0.16BID  0.12
(mg/m?)
cs Mo M1 M2 M3 M4 M5 Meé M7 M8
52.5 kg 52.3 kg 56 kg 51 kg 55 kg 56 kg 54 kg 52 kg
HR obtained / 90 bpm 116 bpm 105bpm 139bpm 114bpm 115 bpm 98 bpm
HR calculated / 90bpm 120bpm  110bpm 130 bpm 120bpm 120 bpm 100 bpm
Digoxinemia 2.73 / / 2.05 1.29 1.55 1.33 3.07
(ng/ml)
Digoxin dose 0.18
; 0.18BID 0.18 BID 0.18 BID 0.18 BID 0.18 BID 0.18BID 0.18 BID
(mg/m?) BID
Mo M1 M2 M3 M4
6 43.5kg 41 kg 40 kg 39 kg 38 kg MS M6 M7 M8
HR obtained 130 bpm 126 bpm  129bpm  125bpm 100 bpm
HR calculated 130 bpm 130bpm 130 bpm 120 bpm 100 bpm
Digoxinemia 2.6 / 2.90 2.83 /
(ng/ml)
Dogoxin dose 0.20
(mg/m?) 0.20 BID 0.20BID 0.20 BID 0.20 BID BID
Contiuned
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7 MO M1 M2 M4 M5 M6 M7 MS
27.6 kg 27 kg 295kg 285kg 292 kg 27 kg 28.2 kg 27 kg

HR obtained 124 bpm / 178bpm 160 bpm 146 bpm 107bpm 149 bpm 130 bpm

HR calculated 150 bpm / 180 bpm 160 bpm 140 bpm 120bpm 150 bpm 140 bpm

Digoxinemia 1.8 2.41 1.45 2.50 125 1.70

(ng/ml)

Digoxindose o pip  020BID 020BID 020BD 2% 020BID 020BID 020BID

(mg/m?*) BID

The first column (MO) reports the data at the time of digoxin dose definition for each dog (starting monitoring). (M1): 1-month; (M2): 3 months;
(M3): 6 months; (M4): 9 months; (M5): 12 months; (M6): 18 months; (M7): 24 months

“Unexpected spikes in digoxinemia exceeding 3 ng/ml.

100 120 140 160 180 100 120 140 160 180
| L L 1 1 1 1 | | | | | L
NO Sl NO Sl
15 * . 15 . .
T4 . . T4 . .
'E &1 . . E T3 . .
g g
£ T2 . . E T2 . .
- -
T . . TA . .
T0 . . T0 . .
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100 120 140 160 180 100 120 140 160 180
HR_CALCULATED HR_OBTAINED

Fig. 1. Post hoc analysis. Linear mixed model fit by REML showing that in dogs of group NO, obtained and calculated HR tend to
decrease during the first-year monitoring (p = 0.01 and 0.02, respectively), while they tend to increase in the SI group. NO = group
of dogs that do not show spikes in digoxinemia, SI = group of dogs showing spikes.

and AF showed clinical remission. It is known that
the suggested starting dosage of digoxin is 0.22 mg/
m? or 0.005 mg/kg/BID, depending on dog’s size, but
due to the different individual pharmacokinetics and
the reduced safety margin, it may require adjustments
based on the serum digoxin concentration. A target

associations between the clinical remission and the
studied variables (digoxin dosage, digoxinemia, and
HR) were revealed.

The linear regression analysis on the whole data set
(from 91 follow up on 17 dogs), documents a mild

positive correlation between digoxinemia and digoxin
dose (n=46,r=0.33,95% CI: —0.670, —0.166, p-value
= 0.023) and a discrete negative correlation between
digoxinemia and ECG obtained HR (n = 40, » = —0.45,
95% CI: —0.559, —0.020, p-value = 0.003) (Fig. 3).

Discussion

In the prospective study, all included dogs were large
breed dogs with a DCM phenotype. Two purebred
dogs had a documented familial predisposition for
DCM (Newfoundland and German Shepherd), in
the other cases the dilated hypokinetic picture may
be the consequence of the arrhythmia rather than the
predisposing factor, as suggested from experimental
pacing models (Armstrong et al., 1986; Wilson et al.,
1987). All dogs had shown AF clinical signs before
treatment starting, with ascites as a constant finding.

Serial monitoring began from the time the final digoxin
dosage was reached after the required adjustments

steady-state plasma concentration (8 hours post pill)
of 0.8-1.5 ng/ml and 0.6—1.0 ng/ml has been recently
suggested (Keene et al., 2019; Pedro et al., 2020b),
in particular to avoid the pro-arrhythmic effect due to
the increase in intracellular calcium levels. It has been
further suggested that digoxin dosing should be tailored
to a tolerable serum level (without signs of toxicity),
not by effect on HR (Keene et al., 2019; Pedro et al.,
2020b). In the past higher values till 2.5 ng/ml were
reported as reference range (Pedersoli, 1978; Fox
et al., 1999; Couto and Nelson, 2015). Anyway, on
authors’ knowledge, no scientific data are available in
the literature to define a univocal reference range for
digoxinemia in dogs, in particular during long term
monitoring.

Once defined, the digoxin dose was no more changed
until the end of the study. In all dogs and in all follow-
ups, HRs remained consistently below 150 bpm in the
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Table 2. Signaling, underlying cardiac disease, clinical signs and electrocardiographic diagnosis at DO in the 17 dogs included in
the retrospective study.

. .ECG . HR at Time of
Dog . q Underlying - q diagnosis e e
Signaling . . Clinical signs at d0 remission of  remission of
number cardiac disease and hr clinical siens  clinical sions
(bpm) at dO g g
Dogue de Bordeaux DCM (+ right .
C1 8y M 60 kg i) Weakness, ascites ~ AF 163 bpm 163 bpm 3 months
X Leonberger Mitral valve Ascites, thoracic
2 3y M 60 kg dysplasia effusion, depression L8 S0 Ljpid elen S
AF 158 bpm
C3 Lkt DCM ascites + sporadic 158 bpm 3 months
7yM32kg
PVC
. . weakness, decreased
C4 ltalian Mastiff DCM appetite, intolerance ~ AF 179 bpm n.k. 1 month
3yM63 kg . .
to exercise, ascites
: : o weakness, ascites,
cs Italian Mastiff DCM.( right AF 164 bpm 90 bpm 1 month
7.5y M 53 kg side) poor nutrition status
Clinical
c6 German shepherd DCM (+ right Ascites, nk / improvement
9yM45.7 kg side) breathlessness o (not remission
reached)
Mixed breed .
Cc7 8y M 27.6 kg DCM Weakness, ascites ~ AF 124 bpm 124 bpm 4 months
Beagle DMVD stage D Lethargy, anorexia,
cs8 & . & ascites, left CHF ~ AF 163bpm 174 bpm 0.5 months
10y F 18.7 kg in treatment .
signs
c9 Maremma sheepdog DCM asymptomatic AF 153 bpm / Asymptomatic
6y M 54.8 kg ymp P yiop
Atrioventricular .
Golden Retriever bivalvular intolerance to
C10 . exercise, pale mucous AF 172 bpm n.k. 3 months
2yF253ke dysplasia membranes ascites
(+ right side)
lethargy, lateral
C11 German Shepherd DCM decubitus, ascites,  AF 213 bpm 213 bpm 2 months
7.5y M 62 kg . .
thoracic effusion
. AF 172 bpm
+
C12 B ety it DCM.( right Ascites, weakness + sporadic 120 bpm 4 months
7.5y M 54.6 kg side)
PVC
Mongtel-spitz MMVD stage D Ascites, left CHF
Sk 13yM 10.2 kg in treatment signs nk. nk. 0.5 months
German Shepherd Ssl'[l:r?(()):i[;c Ascites, thoracic
C14 P . effusion, left CHF ~ AF 214 bpm 169 bpm 2 months
6y M 28 kg with severe T
remodeling & ghme
poor nutrition status,
pericardial and
Mongrel thoracic effusion,
C15 11y M 10kg MMVD stage C ascites, left CHF AF 193 bpm n.k. 1 month
signs with pulmonary
edema,
Contiuned
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Lethargy, ascites,

Mongrel DCM (+ right poor nutritional
C16 11y F 30 ke ) B — AF 254 bpm 130 bpm 0.5 months
membranes
anorexia, ascites, Clinical
Mongrel left CHF signs with AF 176 bI.) m improvement
C17 DCM + sporadic / ..
7yM28.5kg pulmonary edema (not remission
PVC
and dyspnea reached)

(y): years; (M): male; (F): female; (DCM): dilated cardiomyopathy (including familiar and tachycardia induced dilated phenotype); (MMVD):
myxomatous mitral valve disease; (+ right involvement): right chambers enlargement revealed at ultrasound examination; (AF): atrial fibrillation;

(PVC): premature ventricular complex.

Cumulative Hazard of Clinical Remission

25

1.5

Cumulative risk
1.0

0.5

0.0

T T |
400 600 800

days

Fig. 2. Cumulative Hazard Curve showing that clinical remission was reached in all dogs at the
beginning of monitoring (maximum 120 days) and was maintained throughout the study.

evaluation obtained from the ECGs and no clinical
relapses where registered. It has been reported that
an HR lower than 140 bpm for 60% of the daytime in
Holter monitoring or an average HR of 150 bpm on the
ECG are considered indicators of AF adequate control
(Pariaut, 2017). No posology changes in the other
scheduled treatments were required.

Digoxinemia serial monitoring showed only slight
fluctuations in the first-year monitoring. Differently,
unexpected spikes in digoxinemia were recorded in
three dogs (C2, C4, and C5) after 1 year monitoring
despite treatment posology remained constant. Since
only mild weight variations were registered in dogs
during the monitoring, it is difficult to attribute
the increase of digoxinemia to weight changes.
Furthermore, the haemato-biochemical parameters
did not show significative alterations to consider the
altered metabolism of digoxin due to organ failure as
the cause of the abnormal increase in serum digoxin.
In fact, the elimination of digoxin is mainly by renal

clearance, transport by P-glycoprotein also contributes
to elimination. Consequently, a higher serum digoxin
concentration for a given dose occurs in patients
with renal impairment, weight loss and in those
taking drugs (amiodarone, verapamil, macrolides,
azole antifungals, and cyclosporin), which inhibit
P-glycoprotein transport, which is not the case of
our dogs. Other conditions could increase sensitivity
to digoxin including electrolytic and acid-base
disturbances, myocardial ischemia and hypoxemia
(Pincus, 2016). The spikes in digoxinemia registered in
dogs in this study were apparently unwarranted. The
reasons inducing the spikes remain unknown and need
further investigation. In fact, the post hoc statistical
analysis results showed no influence of all the studied
clinical and haemato-biochemical variables on the risk
to develop spikes in digoxinemia during a long-term
follow up, except for the ECG HR. It could be argued
that dogs having a stronger HR reduction trend in the
first-year monitoring had a less severe progression of
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Fig. 3. Linear regression correlation curve showing the mild positive correlation between
digoxin dose and digoxinemia (r = 0.33) and the negative correlation between the ECG
HR and digoxinemia (= —0.45) on the whole data collected throughout the study. Curves
using obtained and calculated ECG HR were overlapping.

the underling structural disease influencing the HR
response and reducing hypoxemia. Further studies need
to address the point.

In two dogs (C2 and C4), spikes of digoxinemia (>4 ng/
ml) were associated with bradyarrhythmia (HR 40 bpm
in C2 and 65 bpm in C4) and with signs of systemic
disease (weakness, depression and dysorexia). These
signs and HR reverse to normal with the temporary
suspension of therapy and following dose reduction.
It is known that the mean elimination half-life in dogs
is 73 hours; therefore, if digoxin toxicity is suspected,
digoxin should be discontinued for several days, and
then restarted at a lower dose (Kuhlmann et al., 1979).
In our study, after the first year of treatment we scheduled
follow ups twice a year. Based on our data, it could
be suggested that monitoring of digoxinemia need to
be scheduled more frequently to prevent intoxication.
Signs of intoxication could be underestimated by
the owner because often vague, non-specific and
misinterpreted as a progression of underlying cardiac
disease.

In the retrospective study, all dogs diagnosed with
AF had underlying heart disease with a prevalence of
64% of subjects affected by DCM, 18% by MMVD,
and 18% by congenital pathologies, accordingly to the

prevalence previously reported (Pedro et al., 2018;
Ward et al., 2019). DCM and MMVD are known to be
the most frequently structural disease associated with
AF (Bonagura, 1986; Guglielmini ef al., 2000; Van
den Berg et al., 2002; Menaut et al., 2005; Pedro et al.,
2018; Guglielmini et al., 2020).

All dogs, except for one, were symptomatic due to AF
at the time of diagnosis. Ascites was a constant clinical
sign, sometimes associated with other cavity effusions
and weakness. The development of signs of right CHF
in dogs with AF and left-sided structural heart diseases
(MMVD and DCM) is explained by the fact that AF
causes an acute increase in pressure in the right atrium
that is hemodynamically more significant than the
increase in pressure in an already dilated left atrium
(Ward et al., 2019). It is interesting to note that only six
dogs out of 16 with ascites had right side remodeling
at echocardiography (i.e., eccentric hypertrophy, right
atrium dilation).

The reversal of AF clinical signs occurred in 88.2%
of dogs (15/17) and was achieved within a maximum
of 4 months from therapy starting (with an average of
about 2 months), regardless the initial digoxin dosage,
digoxinemia and HR. The remission of clinical signs
resulted independent from HR registered at ECG at
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time of remission. Anyway, it could be possible that HR
was influenced by the emotional status of the dog in
an ambulatory setting, or the chosen statistical method
may not have enough power to capture the correlation
of HR to clinical remission (Gelzer et al., 2015;
Pariaut, 2017).

The possible effect of concurrent treatments on HR
reduction and clinical improvement needs also to
be considered in this study, particularly in dogs with
AF secondary to decompensated cardiac diseases. In
fact, drugs employed for treatment of CHF can have a
positive effect in reducing high ventricular rate in dogs
with concurrent AF.

In general, from the evaluation of HRs data throughout
the study, clinical HRs differ from ECG HR values;
while ECG calculated and obtained HR values were
quite overlapping. Cardiac auscultation is recognized
inaccurate for HR estimation in dogs with AF (Glaus et
al.,2003). The method of evaluation through the 1-to-5-
minute ECG in clinical practice is a reliable method but
tends to overestimate the HR for increased sympathetic
stimulus. Holter remains the recommended method, but
it is not always practicable and can be expensive.
From the whole data set analysis, digoxin serum
concentration resulted only mildly correlated to the
digoxin dosage probably because of the individual
response as already known and negatively correlated
with ECG HR, indicating that the negative chronotropic
effect of the digoxin drug is influenced by the serum
concentration (Teske et al., 1976; Nagashima et al.,
2001).

Although the superiority of the association of digoxin
with diltiazem has been suggested to more effectively
slow HR even during exercise, excitement, and stress, in
the prospective study, digoxin monotherapy was chosen
under the owner authorization to avoid the influence of
other variables on digoxinemia (Gelzer et al., 2009;
Jung et al., 2016; Pariaut, 2017). In the retrospective
study dogs have been treated in monotherapy mostly
under owner concerns to give further drugs. Results of
this study show that AF signs can be controlled with
digoxin alone. When owner compliance is improved by
limiting the number of cardiac medications prescribed
to his pet, AF treatment in monotherapy is a good
option to suggest.

Limitations of this study include, among the others,
the small dog population both in the retrospective and
in the prospective study (particularly for a post hoc
analysis), the HR evaluation by ECG and not by Holter
which represent the gold standard, the concomitant
administration of other cardiologic drugs to control
the underlying disease that could have influenced
some data.

Conclusion

Results of this study suggest that digoxin in
monotherapy still remain a good option to treat AF in
dogs since signs associated with AF can be controlled

and reversed. Anyway, due to its narrow therapeutic
index and toxicity, digoxin should be used carefully. In
this study, the importance of long-term monitoring is
emphasized since digoxin toxicity could emerge during
long-term therapy similarly to what happen in human
medicine.

Long-term monitoring of digoxin serum concentration
can reveal increases that require suspension or
reduction of dosage to avoid dangerous and toxic
effects, especially after one year treatment. It should be
scheduled not only in patients in which weight changes,
organs failure (azotemia, renal failure) or concomitant
diseases occur, but in all patients under treatment. In
fact, spikes in digoxinemia could occur independently
from clinical and biochemical changes. In clinical
practice, owners of dogs with good clinical control of
AF mostly continue treatment at the same dose life-
long; furthermore, clinical features of toxicity in dogs
are often not-specific and misinterpreted from the
owner as a progression of underlying cardiac disease.
Thus, it is very important that practitioners are aware
of this possibility and encourage the owners to serial
monitoring of digoxinemia to avoid intoxication that
could be fatal.
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