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Objective This study aimed to report the adverse drug events and treatment
outcome of systemic linezolid therapy to manage multi-drug resistant orthopaedic
surgical site infection in dogs.

Materials and Methods Retrospective case review of four dogs that received linezolid
to treat surgical site infections after orthopaedic surgery. Reevaluations consisted of a
clinical examination or a telephone interview.

Results Serum drug concentrations varied. All dogs showed a temporary resolution of
clinical signs of surgical site infection. Two dogs that received linezolid at the previously
reported dose developed drug-associated side effects. The side effects were anorexia,
nausea, vomiting and regenerative anaemia. All side effects resolved after the
discontinuation of linezolid. Surgical site infection recurred in two dogs 52 and
177 days after discontinuing linezolid respectively.

Clinical significance Adverse drug events occurred in dogs receiving oral linezolid at the
dosage of 10 to 20 mg/kg. Oral linezolid therapy failed to resolve deep orthopaedic surgical
site infections in two out of four dogs. As a tertiary antimicrobial, linezolid should only be

linezolid

\

Introduction

Linezolid is a synthetic oxazolidinone antimicrobial agent that
inhibits protein synthesis by binding to ribosomal 50S sub-
units, which leads to inhibition of 70S subunit initiation and
messenger ribonucleic acid translation." Linezolid is an effec-
tive antimicrobial against multidrug-resistant Gram-positive
bacteria, including methicillin-resistant Staphylococcus (MRS)
and vancomycin-resistant Enterococcus species.” The use of
linezolid has been reported in dogs for the treatment of MRS
infections such as discospondylitis and deep pyoderma. The
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used in carefully selected cases while monitoring for drug-associated side effects.

reported oral linezolid dosage in dogs ranged from 10 to
20 mg/kg every 8 to 12 hours.># In human patients, systemic
linezolid therapy can cause side effects such as diarrhoea,
vomiting, urticaria, peripheral neuropathy, anaemia, leukope-
nia and thrombocytopenia.” However, information describing
the adverse effects of linezolid in dogs is lacking.* The purpose
of this case series is to report the efficacy and adverse effects
associated with long-term oral linezolid therapy for the treat-
ment of resistant implant associated orthopaedic related
surgical site infections (SSI) in four dogs.

Materials and Methods

This is a retrospective observational case series. Medical
records of dogs that received linezolid for the treatment of
SSI following orthopaedic procedures between June 2017
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and July 2019 at UC Davis William R. Pritchard Veterinary
Medical Teaching Hospital were reviewed. Patient signal-
ment, body weight, orthopaedic procedures preceding SSI,
clinical signs and duration of those clinical signs before
linezolid administration were retrieved. Bacterial culture
and sensitivity, the dosage of oral linezolid administration,
trough serum linezolid levels, side effects of linezolid ad-
ministration, time until remission of clinical signs associated
with SSI and duration of linezolid administration were
recorded. Follow-up included a physical examination or a
telephone interview with the referring veterinarian.

Results

Four dogs that received linezolid for the treatment of ortho-
paedic SSI were identified. Signalment, diagnostic findings,
antimicrobial and surgical procedures prior to linezolid treat-
ment are summarized in =Table 1. All dogs presented with
lameness of the affected limb. Two out of four dogs (No. 1 and
2) had surgical implants present following prior stifle surger-
ies, and septic arthritis was diagnosed based on synovial fluid
cytology. One dog (No. 3) presented after an infected cement-
less total hip replacement. The implants were explanted by the
referring veterinarian. The dog continued to have recurrent
draining tracts despite daily amikacin injection. One dog
(No.4) presented with swelling, redness and drainage after
pancarpal arthrodesis plate removal. Empirical antimicrobials
administered prior to deep culture included clindamycin in
one dog (No. 1) and amoxicillin/clavulanic acid in another (No.
4). The median number of surgeries performed at the surgical
site was three (range: 2-6 surgeries).

Surgery was performed in all dogs to debride unhealthy
tissues and collect a deep tissue sample for bacterial culture
and sensitivity. Of the two dogs that had orthopaedic implants,
implants were removed at the time of surgical debridement in
one dog (No.1)and in the other (No.2), 105 days after the initial
debridement surgery due to a delayed union of the osteotomy
site. Vancomycin impregnated pluronic gel (Vetrigel, Royer
Biomedical, Frederick, Maryland, United States) was implanted
locally in two dogs (No.3 and 4) during the debridement
surgery. Methicillin-resistant Staphylococcus pseudintermedius
(MRSP)was the only bacteriaisolated in three dogs (No. 1,2 and
4). MRSP, Enterococcus faecalis and Proteus mirabilis were

isolated in one dog (No. 3). All cultured MRSP and Enterococcus
faecalis were sensitive to linezolid (~Table 2). At least one
systemic antimicrobial treatment selected based on bacterial
culture and sensitivity reports (Sensititre Companion Animal
Gram Positive COMPGP1G Vet AST plate, ThermoFisher Scien-
tific, Waltham, Massachusetts, United States; Sensititre Gram
Positive MIC Plate, ThermoFisher Scientific, Waltham, Massa-
chusetts, United States) was administered to all dogs before
linezolid therapy (Zyvox, Pfizer, New York, New York, United
States). In two dogs, 4 weeks of amikacin were administered
intramuscularly (No. 2) and subcutaneously (No. 3). One dog
(No. 1) received 4 weeks of trimethoprim-sulfa and subse-
quently 4 weeks of intravenous amikacin injection. One dog
(No. 4) received 4 weeks of trimethoprim-sulfa treatment. The
owner declined amikacin injection due to the dog’s tempera-
ment. The median duration of bacterial infection before line-
zolid therapy was 206 days (range: 65-659 days).

Linezolid was administered at a dose ranging from 8 to
14 mg/kg every 12 hours. For dog No. 3, cefpodoxime was also
given at 5mg/kg every 24 hours to treat Proteus mirabilis.
Serum linezolid trough level was measured 2 weeks after
initiation of therapy using liquid chromatography (TSQ Quan-
tum Triple Quadrupole Mass Spectrometer, Thermo Finnagan,
San Jose, California, United States). In two dogs (No. 1 and 2),
serum trough level was measured again 2 weeks after a dose
adjustment due to systemic side effects (~Table 3).

All dogs showed improved lameness and resolution of
draining tracts after linezolid therapy. The median duration
of linezolid treatment was 63 days (range: 42-119 days).
Adverse drug events associated with antimicrobial treatment
occurred in two dogs (No. 1 and 2). The dogs developed
vomiting, lethargy and anorexia 5 to 7 days after linezolid
therapy. The side effects were refractory to oral omeprazole
and maropitant therapy and resolved once the linezolid dose
was decreased from 14 to 7 mg/kg every 12 hours in one dog
(No. 1) and from 13 to 9 mg/kg every 12 hours in another (No.
2). One dog (No. 1) developed a deep Pseudomonas aeruginosa
pyoderma over the tail base and dorsal lumbar region 4 weeks
after linezolid therapy. The deep pyoderma resolved after
discontinuing underwater treadmill therapy and 6 weeks of
enteral marbofloxacin treatment at 5.5 mg/kg every 24 hours
concomitantly with linezolid therapy. One dog (No. 2) devel-
oped a macrocytic, hypochromic, regenerative anaemia after

Table 1 Patient background of four dogs receiving linezolid to manage a surgical site infection

Number | Signalment Surgery Number of | Duration of Prior antimicrobials
surgeries infection (days)
1 4-year-old FS Mastiff TPLO, meniscectomy 3 322 Clindamycin
Trimethoprim-sulfa
Amikacin
2 3-year-old MI Mastiff TPLO, extracapsular 2 65 Amikacin
stabilization
2-year-old FS St. Bernard | Total hip replacement 659 Amikacin
4 5-year-old Ml German Pancarpal arthrodesis | 2 90 Amoxicillin/clavulanic acid
Shepherd dog Trimethoprim-sulfa

Abbreviations: FS, female spayed; MI, male intact; TPLO, tibial plateau levelling osteotomy.
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Table 3 Invitro minimal inhibitory concentration against cultured
methicillin-resistant Staphylococcus pseudintermedius, dosage and
serum trough level during linezolid therapy in four dogs

Dog MIC Dose Trough level
number (g [mL)® (mg/kg) (ug/mL)

1 1 14 345
7 23.7
2 1 13 16.7
9 10.2
3 1 7.5 2.86
7.5 2.3

4 1 8 5.2

infection

Resolved bacterial

Resolved bacterial
infection

Outcome
Local cellulitis
infection
Recurrence of

Reevaluation

(days)
177
20

52
435

Abbreviations: MIC, minimum inhibitory concentration.
*MIC of linezolid reported from surgical sample culture.

duration (days)

Total linezolid
77

119
49
42

105 days of linezolid therapy. The anaemia resolved 14 days
after discontinuation of linezolid administration.

The median follow-up after discontinuing all antimicrobial
treatment was 127 days (range: 52-435 days). Two dogs (No. 2
and 4) had complete resolution of SSI. Infection recurred in two
dogs. In one dog (No. 1), an acute lameness and marked
swelling of the affected limb developed 177 days after dis-
continuing linezolid administration. A computed tomography
scan of the pelvic limb showed abscessation tracking along the
caudal thigh, stifle and tibia, without evident communication
with the stifle joint. The aerobic and anaerobic bacterial
cultures of the exudate and fasciae tissue yielded no growth.
The lameness and swelling resolved 14 days after treatment
with surgical debridement and local vancomycin-impregnated
pluronic gel administration, placement of a Jackson-Pratt drain
and oral amoxicillin/clavulanic acid administration. At the
time of this writing, the owner reported no recurrence of
limb swelling, and the dog continued to be sound.

In another dog (No. 3), the draining tract recurred 52 days
after discontinuing the linezolid therapy. Ultrasound exami-
nation of the local area showed a small bone fragment
associated with the recurrent draining tract. The draining
material was aspirated and submitted for aerobic culture and
sensitivity tests. No organisms grew on the culture. The
client declined surgical exploration, additional aerobic and
anaerobic culture or amputation. The dog was euthanatized
80 days after discontinuing the linezolid therapy.

Surgical debridement, implant removal,
arthroscopic assisted joint lavage
Implant removal 15 weeks after

linezolid treatment
Removal of avascular bone

Cefpodoxime
Vancomycin pluronic gel
Vancomycin pluronic gel

Concurrent therapy

Cefpodoxime

Linezolid dosage

14 mg/kg q12h,

then 7 mg/kg q12h

13 mg/kg q12 hour,
then 8 mg/kg q12 hour
7.5 mg/kg q12h

8 mg/kg q12h

Discussion

Multimodal therapy of multidrug-resistant orthopaedic MRSP
SSI with long-term oral linezolid was successful in two of the
four dogs. The two dogs that received linezolid at previously-
reported dosages® developed drug-associated side effects. All
MRSP isolated in the present study were multidrug-resistant.
Other medications demonstrated susceptibility based on the
culture and sensitivity report, including trimethoprim-sulfa,
amikacin, daptomycin, rifampin and vancomycin. Trimetho-
prim-sulfa or amikacin was given to all the dogs in the present
report before considering linezolid administration, but

AMK RIF SXT NIT VAN DAP LZD
AMP AMC NIT PEN VAN DAP

AMK RIF NIT VAN DAP LZD
LZD

Susceptible antimicrobials
AMK AMC AMP CPD CAZ
LEX CHL GEN IPM

AMK NIT VAN DAP LZD
TZP SXT

AMK RIF SXT
NIT VAN DAP LIN

Culture
results
MRSP

MRSP

MRSP
Enterococcus
faecalis
Proteus
mirabilis
MRSP

No.
1
2
3
4

Abbreviations: AMK, amikacin; AMP, ampicillin; CAZ, ceftazidime; CHL, chloramphenicol; CPD, cefpodoxime; DAP, daptomycin; GEN, gentamicin; IPM, imipenem; LEX, cephalexin; LZD, linezolid; MRSP, methicillin-

Table 2 Culture results, linezolid dosage, surgical treatment, reevaluations and outcome for four dogs receiving linezolid to manage a surgical site infection
resistant Staphylococcus pseudintermedius; NIT, nitrofurantoin; PEN, penicillin; RIF, rifampin; SXT, trimethoprim-sulfa; TZP, piperacillin-tazobactam; VAN, vancomycin.
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trimethoprim-sulfa and amikacin therapy failed. The use of
rifampin, vancomycin and linezolid has been reported in veter-
inary medicine for the treatment of MRSP infections.>* Line-
zolid was selected because it can be given orally in the long-term
without the need for hospitalization and with a low risk of
potential hepatic and renal side effects. By comparison, vanco-
mycin can only be administered intravenously, and rifampin has
a higher risk of hepatic or renal toxicity.

Treatment was unsuccessful in two patients. One of them
developed abscessation of the previously affected limb approx-
imately 6 months after discontinuing linezolid. Bacterial
cultures from samples obtained before and during surgical
debridement yielded no growth. The ability to detect bacteria
in cultures may have been negatively impacted by the empirical
antimicrobial therapy before sampling. Although the causative
bacteria could not be determined, a recurrence of SSI was likely
considering the proximity of the abscess to the previously
infected surgical site. The other dog with recurrence had several
avascular bone fragments removed for bacterial culture during
surgical debridement. When the infection recurred, an addi-
tional small bone fragment was identified by ultrasound. This
small bone fragment possibly was a continued nidus of infec-
tion. The dog also received the lowest linezolid concentration of
all four patients. Although the trough serum drug level was
twice the bacterial minimally inhibitory concentration (MIC), it
is possible that the 24-hour area under curve time:MIC ratio or
the local tissue concentration was inadequate for achieving
bactericidal effect, leading to a treatment failure.’

Serum linezolid was tested in all dogs to ensure adequate
therapeutic levels were achieved during therapy. Serum drug
levels varied widely among the four dogs. The minimal serum
concentrations measured in the present case series were
higher than previously reported.® Concurrent medication,
dosage and formulation of linezolid, preexisting subclinical
liver and kidney disease and differences in sample measure-
ment methods could have contributed to the variability in
serum drug concentration levels. The relatively wide range in
serum levels observed in the present series would warrant
further pharmacokinetic studies to help determine optimal
linezolid dosage, dosing sequence, administration route and
local tissue concentration.

The short-term adverse drug events observed following
oral linezolid treatment in the presented case series included
vomiting, nausea and anorexia. These events were not pre-
viously reported in veterinary patients but have frequently
been reported in humans.* Nausea or vomiting occurred in
up to 23% of human patients receiving systemic linezolid.®°
The mechanism of gastrointestinal adverse events is not fully
known. Alteration of the microbiome in the gastrointestinal
tract has been proposed as a potential cause.’ Human
patients receiving an injectable form of linezolid were less
likely to experience nausea or vomiting compared with an
oral form of linezolid in one report.® Additionally, hospitali-
zation with intravenous linezolid administration would have
also allowed a more frequent drug level measurement and
adjustment of drug dosage. We did not attempt to use
injectable linezolid due to the need for long-term hospitali-
zation, intravenous catheter placement, the increased risk of

intravenous catheter-associated infection and cost. Nonethe-
less, hospitalization with intravenous linezolid may be con-
sidered in cases that developed severe gastrointestinal
symptoms following oral linezolid.

The median duration of linezolid administration in the
present report is longer than the 10 to 28 days recommended
in human medicine.'? For the treatment of osteomyelitis and
orthopaedic implant infections, a prolonged period of anti-
microbial therapy is often necessary. In human studies, the
median duration of linezolid for the treatment of orthopae-
dic implant infections ranged from 47 to 84 days,”’12 a
duration similar to that of the present study. The dosage
used in the current study ranged from 7 to 14 mg/kg. The
initial dosage was extrapolated from the previous veterinary
reports.>* However, an adjustment to a lower dose was
necessary in two of the four cases. A second trough level
was performed to ensure adequate serum level was achieved.
A more frequent serum drug level testing such as hospitali-
zation with intravenous administration and daily serum
level testing would have been beneficial, especially when
handling a tertiary antimicrobial.

Regenerative anaemia was reported in one of the four
dogs after receiving linezolid for 15 weeks. Anaemia was
likely due to increased oxidative damage to erythrocytes.13
Anaemia and thrombocytopenia have been reported in 20%
of human patients receiving long-term linezolid treatment,
and routine haematological screening is recommended in
human patients receiving long-term linezolid therapy.9 Deep
pyoderma with P. aeruginosa infection occurred in one dog.
This dermatological infection was likely multifactorial. The
dog underwent hydrotherapy in an underwater treadmill.
Although the incidence of pyoderma after aquatic therapy in
dogs is not known, more than 30% of hydrotherapy pools
used in human medicine are reportedly contaminated with P.
aeruginosa.14 In one report, P. aeruginosa was the most
commonly identified bacteria that led to dorsal skin furun-
culosis after water immersion in dogs.'® Also, linezolid
targets Gram-positive bacteria, which can disrupt the nor-
mal skin microbiome, subsequently increasing the risk of
Gram-negative bacterial infection such as infections caused
by Pseudomonas spp. Routine skin monitoring for infections
of patients receiving linezolid is advised, especially in im-
mune-compromised patients and patients with a history of
Gram-negative bacterial skin infection.

Local vancomycin-impregnated pluronic gel was placed in
two dogs at the time of surgical debridement. Local antimi-
crobial delivery implant is an adjunct therapy for the treat-
ment of SSIs and provides a high concentration of an effective
antimicrobial agent that would allow eradication of local
bacteria.'® The cumulative elution concentration of vanco-
mycin-impregnated pluronic gel is 6,336 ug/mL over 10
days,'”” which can be toxic to osteoblasts and chondro-
cytes.m’19 Additional research to evaluate the associated
risks and therapeutic benefits of antimicrobial impregnated
pluronic gel is warranted.

This report has limitations. It was a retrospective study, the
number of patients was small and the cases were heteroge-
neous. A larger case series would have been preferable for
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assessment of treatment efficacy but would be challenging
since most SSI can be successfully treated with other anti-
microbials without the need to administer linezolid.

This report provides insights for the clinical application, drug
dosage and side effects of enteral linezolid therapy for the
treatment of orthopaedic SSI. Although all dogs showed initial
improvement of clinical signs, adverse drug events and treat-
ment failure occurred in two out of four patients. As a tertiary
antimicrobial, the use of linezolid for the treatment of SSI
should be limited. If linezolid therapy is indicated by the culture
and sensitivity report for the treatment of multidrug-resistant
SSI after orthopaedic surgery, a multimodal approach is recom-
mended that includes thorough debridement of necrotic tissue,
removal of all infected implants and bacterial biofilm, careful
extrapolation of doses based on serum trough levels and close
monitoring of haematological parameters to prevent or mini-
mize possible drug-related side effects and bacterial resistance.
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