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Abstract: Implant-associated infections are the most costly problem in modern orthopedics due
to the continued increase in the occurrence of antibiotic-resistant bacterial strains that requires the
development of new effective antimicrobials. A non-randomized, prospective, open-label, with
historical control study on the use of combined phage/antibiotic therapy of periprosthetic joint
infection (PJI) was carried out. Forty-five adult patients with deep PJI of the hip joint were involved
in the study, with a 12-month follow-up after one-stage revision surgery. Patients from a prospective
study group (SG, n = 23) were treated with specific phage preparation and etiotropic antibiotics,
whereas patients from a retrospective comparator group (CG, n = 22) received antibiotics only.
The rate of PJI relapses in the SG was eight times less than that in the CG: one case (4.5%) versus
eight cases (36.4%), p = 0.021. The response rate to treatment was 95.5% (95% confidence interval
(CI) = 0.7511–0.9976) in the SG and only 63.6% (95% CI = 0.4083–0.8198) in the CG. The odds ratio
for PJI relapse in patients of the SG was 0.083 (95% CI = 0.009–0.742), which was almost 12 times
lower than that in the CG. The obtained results support the efficacy of the combined phage-antibiotic
treatment of PJI.

Keywords: phage therapy; antibiotics; hip joint infection; orthopedics; periprosthetic; PJI; surgery

1. Introduction

Implant-associated infections are the most costly problem in modern orthopedics, with
socially significant losses being their most pronounced aspect. Diagnosis and identification
of the pathogen, as well as the choice of a rational surgical approach and effective antibac-
terial therapy, are the key points that determine the outcome of treatment of periprosthetic
joint infection (PJI).

Currently, an increase in the occurrence of antibiotic-resistant strains, such as methicillin-
resistant Staphylococcus aureus (MRSA), methicillin-resistant Staphylococcus epidermidis (MRSE),
and vancomycin-resistant Enterococci (VRE) [1–3], exacerbates the PJI problem and is
associated with the worsening of treatment outcomes [4–6]. The ability of staphylococci and
their methicillin-resistant strains to produce lipopolysaccharide biofilms at their adhesion
sites, decreases the delivery of antibacterial therapeutic agents to the inflammatory site
due to the barrier properties of the bacterial biofilm, thus requiring a significant increase in
the minimum inhibitory concentration of antibiotics [7–9]. In addition, biofilms can be one
of the factors that locally decrease the antibiotic concentration below the effective levels;
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prolonged exposure to low antibiotic concentrations results in genetic pressure on the
bacterial population and accelerated selection of antibiotic-resistant strains, which greatly
complicates treatment of infection and often leads to recurrent infections [8,10].

It has been previously shown that if acute PJI caused by antibiotic-resistant strains is
treated without implant removal, the rate of successful outcomes is low, approximately
18% [11,12], and two-stage revision, which is the gold standard in most countries, does not
completely eradicate the infection [13,14]. The rate of successful outcomes of two-stage
treatment for PJI using a daptomycin-loaded spacer and parenteral daptomycin varies from
87.5 to 100% in the case of methicillin-resistant staphylococci [15,16].

One of the promising alternatives is the use of bacteriophages, that are natural viruses
capable of infecting and lysing bacteria [17–19]. Due to their enzymes, bacteriophages are
able to overcome the exopolymeric substrate of biofilms, causing significant changes in
the biofilms themselves [20–24] and destroying bacteria inside the biofilm. Experimental
studies on the use of bacteriophages as mono- and polyphages in models of PJI, caused
by major pathogens, have demonstrated very encouraging results of their application in
terms of affecting biofilms and preventing implant colonization [25]. So, bacteriophages
are highly sought after as a treatment option in cases of ineffective treatment of PJI, when
there is a threat of extremity amputation due to the development of sepsis. A number
of clinical cases and pilot studies on the use of phage therapy for the treatment of PJI
have been described and reviewed [26–32]. In these studies, phages were applied during
surgery and/or via catheter after surgery. Successful use of phages, both as a last resort
monotherapy and as a combination therapy with antibiotics, demonstrated the reasonable
possibilities of their application in the treatment of PJI.

Previously, a non-randomized pilot study on the use of combined phage/antibiotic
treatment of PJI in patients after hip joint arthroplasty has been carried out in Novosibirsk
Research Institute of Traumatology and Orthopedics, Russia [30,33]. The obtained positive
results encouraged us to evaluate the efficacy of the studied method of PJI treatment on
a relatively large group of patients. Here, a non-randomized, prospective, open-label,
with historical control study on the use of combined phage/antibiotic therapy for PJI is
described. The original protocol of phage-antibiotic combination therapy was applied in
the study group (SG), whereas the approved antibiotic therapy for PJI, according to the
current PJI management guidelines, was used in the comparator group (CG). The rate of
PJI relapse within 12 months after surgery, and changes in levels of acute inflammatory
markers in the early post-operative period after one-stage treatment of PJI, were compared
in the two patient groups.

2. Materials and Methods
2.1. Study Design

The study was designed as non-randomized, prospective, open-label, with historical
control in patients with deep periprosthetic hip joint infection. The study was based on
comparing the outcomes of two PJI treatment variants: using etiotropic systemic and
local antibiotic therapy (CG; historical control), and systemic antibiotic and local phage
combination therapy (SG; prospectively recruited), with a commercial staphylococcal
bacteriophage preparation pre-selected according to the pathogen susceptibility.

2.2. Patients

The study was based on analysis of outcomes in 45 patients with deep PJI of the
hip joint, treated at the Novosibirsk Research Institute of Traumatology and Orthopedics
between 2012 and 2018. Informed consent was obtained from all subjects involved in the
study. The study design, and patient disposition within intent to treat (ITT) and per protocol
populations (PP), are shown in Figure 1. The study was conducted in accordance with the
Declaration of Helsinki, and approved by the Ethics Committee of Novosibirsk Research
Institute of Traumatology and Orthopedics (protocol 014/17-2 from 25 November 2011).
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Figure 1. Study design and patient disposition.

The inclusion criteria for patients in the study were as follows:

(1) Informed consent for surgical treatment.
(2) Patients of any gender aged from 18 to 70 years.
(3) Clinically and laboratory confirmed signs of early post-operative, late chronic, or

acute hematogenous PJI, according to previously published classification [34], with
the main signs of PJI according to the MSIS criteria [35]: a fistula communicating with
the prosthesis; an identified pathogen (in this study, Staphylococcaceae) isolated by
culture from two or more separate pre-operative punctures or intraoperative biopsies
of periprosthetic tissues; and auxiliary criteria such as acute inflammation markers:
an increased erythrocyte sedimentation rate (ESR) and an elevated serum C-reactive
protein (CRP) concentration.
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(4) Anatomical conditions for cemented endoprosthesis implantation (the possibility of
cement pressurization): anatomical bone defects of the proximal femur type I or
II according to the Paprosky classification [36] and anatomical bone defects of the
acetabulum type I, II, or IIA according to [37].

(5) General somatic condition of the patient being suitable for elective surgery in the form
of a one-stage treatment of deep PJI according to the clinical guidelines of 2013 [38]
and 2016 [39], including etiotropic antibiotic therapy for up to 12 weeks.

(6) In vitro determined susceptibility of the isolated staphylococcus bacteria to a staphy-
lococcal phage preparation with a titer of at least 104 plaque forming units/mL
(PFU/mL).

(7) Eligibility of the patient for the phage therapy protocol within the first ten days after
revision surgery.

The criteria for excluding patients from the study were as follows:

(1) Patients under the age of 18 and over 70 years.
(2) The absence of the main signs of PJI in the patient according to the MSIS criteria [35].
(3) A lack of anatomical conditions for cemented endoprosthesis implantation (the possi-

bility of cement pressurization): pronounced anatomical bone defects of the proximal
femur type IIIA, IIIB, or IV according to Paprosky [36] and anatomical bone defects of
the acetabulum type IIB, IIC, III, IIIA, or IIIB [37].

(4) PJI of non-staphylococcal etiology.
(5) Life-threatening conditions requiring urgent surgery before revision arthroplasty.
(6) Lack of sensitivity of isolated Staphylococcus spp. to a staphylococcal phage preparation,

defined as a bacteriophage titer of less than 104 PFU/mL, before revision arthroplasty.

The criteria for early withdrawal of patients from the study:

(1) Life-threatening conditions requiring urgent surgery within 12 ± 2 days after com-
pleted revision arthroplasty;

(2) Lack of sensitivity of isolated staphylococcus bacteria to a staphylococcal phage
preparation, defined as a bacteriophage titer less than 104 PFU/mL, after completed
revision arthroplasty.

2.3. Surgical Treatment and Antibiotic Therapy Protocols

Surgical treatment of PJI in patients of both groups was performed in one stage, with
implantation of a cemented endoprosthesis.

In the CG, antibiotic (vancomycin) was mixed with bone cement, without vacuum,
during implantation of each endoprosthesis component, followed by etiotropic intravenous
systemic antibacterial therapy (daptomycin, vancomycin, cefazolin, ciprofloxacin), which
was individual for each patient and based on the organism and allergy profile, antibiogram
and renal function, according to clinical guidelines for the treatment of periprosthetic
infection [39]; a drainage was placed in the postoperative wound for one day.

In the hospital, antibiotic therapy in the CG was prescribed based on the sensitivity of
microorganisms to drugs according to the following regimens:

1 Cefazolin at a dose of 2.0 g, three times a day for up to two weeks;
2 Vancomycin at a dose of 1.0 g, twice a day for up to four weeks + daptomycin at a

dose of 0.5 g, once a day for up to 3 weeks;
3 Ciprofloxacin at a dose of 0.4 g, twice a day for up to four weeks;
4 Cefazolin at a dose of 2.0 g, three times a day + daptomycin at a dose of 0.5 g, once a

day for up to two weeks;
5 Vancomycin at a dose of 1.0 g, twice a day for up to one week + cefazolin at a dose of

2.0 g, three times a day for up to three weeks;
6 Vancomycin at a dose of 1.0 g, twice a day + rifampicin at a dose of 0.6 g, once a day

for up to two weeks.
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After discharge, patients in this group were prescribed with oral antibiotics adminis-
tration: ciprofloxacin, at a dose of 0.5 g, twice a day for three to five weeks; or rifampicin,
at a dose of 0.3 g, once a day for three months.

2.4. Phage Preparations

Three commercial preparations of phage cocktails, produced by Microgen, Russia,
were screened: Purified polyvalent pyobacteriophage, Sextaphage® polyvalent pyobacterio-
phage, and “Staphylococcal bacteriophage”. Before treatment, the PJI pathogen was isolated
from two or more separate pre-operative punctures or intra-operative biopsies of peripros-
thetic tissues and identified by a “VITEK 2 Compact” automatic analyzer (Biomerieux,
Craponne, France) or API® strips (Biomerieux, Craponne, France). The susceptibility of the
isolated Staphylococcus spp. to the above phage preparations was tested using a spot-assay
method [40]. In each case, only the “Staphylococcal bacteriophage” was found to be active
against the isolated Staphylococcus spp. So, next, phage batches were used: H143 and
H178 produced by the Perm branch of Microgen (Perm Biomed, Perm, Russia), as well as
batches H182 and H184 produced by the Nizhny Novgorod branch of Microgen (IMBIO,
Nizhny Novgorod, Russia).

2.5. Original Protocol of Phage-Antibiotic Combination Therapy

In the SG, 6.0 mL of a staphylococcal bacteriophage solution was added during mixing
bone cement, without vacuum, before placement of the endoprosthesis components. Such
an application of phages has been previously developed by in vitro deposition of phage
particles in surface cavities of polymethyl methacrylate implants prepared ex tempore [41].
After surgery completion, 20.0 mL of a commercial staphylococcal bacteriophage, whose
activity against the pathogen was confirmed in vitro before surgery, was injected into the
periprosthetic area daily for ten days through a drainage that was left in the post-operative
wound. Simultaneously, etiotropic systemic antibiotic therapy was performed according
to the clinical guidelines for the treatment of periprosthetic infection [39]. The placed
drainage remained in the post-operative wound for up to ten days for phage therapy.
The concentration of bacteriophage administered daily to patients through drains was
therapeutic, and amounted to at least 105 PFU/mL. In the case of leakage, the drainage
system was removed, and the staphylococcal bacteriophage was administered by puncture.

In the SG patients, from 5 mL to 10 mL of wound fluid was sampled from a drainage
tube on day 4 ± 1 of the postoperative period to monitor the efficacy of phage therapy
under hospital conditions. All subsequent wound fluid samples, after day 4 ± 1, were
taken on demand. Samples were microbiologically examined and interpreted according to
our patented method [42]. A spot-assay method [40] was used to determine the phage titer
in the wound fluid. In the case of a negative microbiological test result for a PJI pathogen,
the phage titer was determined in vitro in wound fluid using the Appelman method [43].
Detection of a phage titer close to, or higher than, that of a commercial phage in wound
fluid indicated a good efficacy of the phage therapy. If the microbiological test of wound
fluid from a drainage tube on day 4 ± 1 showed PJI pathogen growth, the phage therapy
was considered ineffective. Then, drainage was removed and etiotropic systemic antibiotic
therapy alone was used in accordance with the relevant clinical guidelines. The proposed
diagnostic and treatment protocol for phage-antibiotic combination therapy is presented
in Figure 2.

Because phage therapy was used in the SG in combination with antibiotics (not as
monotherapy ), all patients of this group were additionally prescribed etiotropic antibi-
otic therapy after surgical treatment, for up to twelve weeks, according to the regimens
described below. Under hospital conditions (first two weeks), depending on the pathogen,
vancomycin was administered as an intravenous drip infusion, at a dose of 1.0 g twice a
day, or cefazolin as an intravenous drip infusion at a dose of 2.0 g three times a day, [44].
After discharge, during outpatient treatment, patients were prescribed with oral antibiotics,
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based on the organism and allergy profile, antibiogram and renal function, according to the
following regimens:

1 Ciprofloxacin at a dose of 0.5 g, twice a day for twenty-one days; and rifampicin at a
dose of 450 mg, twice a day for ten weeks;

2 Trimethoprim/sulfamethoxazole at a dose of 480 mg, twice a day for one month; then
doxycycline at a dose of 100 mg, twice a day for eight weeks.
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2.6. Evaluation of the Treatment Efficacy

The evaluation was performed simultaneously in two ways, depending on the time
since surgery (repeated replacement): evaluation of laboratory and microbiological param-
eters (ESR, CRP, presence and titers of the PJI pathogen and bacteriophage) in the early
post-operative period and the rate of PJI relapse within 12 months after surgery:

• Bacteriological tests: detection and identification of the pathogen was carried out using
bacteriological culture. As a study object, we used punctates (in the pre-operative
period), biopsies from the inflammation site (open intra-operative biopsy), and wound
fluid from drains (in the post-operative period). Microorganisms were identified using
a “VITEK 2 Compact” automatic analyzer (Biomerieux, Craponne, France) or API®

strips (Biomerieux, Craponne, France).
• Laboratory tests: all patients participating in the study underwent C-reactive protein

(CRP) and erythrocyte sedimentation rate (ESR) tests, for laboratory monitoring of an
infectious inflammatory process, on days 3 ± 1, 7 ± 1, and 12 ± 2 after surgery. CRP
was evaluated with an immunoturbidimetric assay on an Integra Cobas 400 (Roche
Diagnostics, Rotkreuz, Switzerland), ESR was evaluated by the Westergren method
using an SRS/100II (Greiner Bio-One, Kremsmünster, Austria) automatic analyzer.

• Patient follow-up for PJI relapse: the treatment outcome of PJI was followed up for
12 months after surgery, and the discharge of patients from the hospital using physical
examinations and phone interviews recorded as in-person and remote consultations.
During surveying patients, their disease history was collected, with focus being placed
on pain in the operated hip joint, temperature rises, edema, hyperemia of the post-
operative scar or operated hip, possible prescription of antibiotic therapy to the patient,
and revision surgery. The treatment efficacy was evaluated based on the rate of PJI
relapse according to the criteria of surgical site infection: recovery from PJI considered
as no PJI relapse within 12 months; no recovery from PJI considered as PJI relapse
within 12 months.

2.7. Statistics

All the parameters collected during the study were described using descriptive statis-
tics. The mean (with a 95% confidence interval, CI), standard deviation, minimum and
maximum values, median, mode, and quartiles were calculated for interval variables. The
category frequencies, percentages, and confidence intervals for frequencies (95% confidence
intervals according to the Wilson E.B. method, with continuity correction [45,46]) were
calculated for the nominal variables.

Due to the small size of the study population sample, nonparametric descriptive statis-
tics were used to present the results in the article: the median and quartiles (Me [Q1; Q3]).
The statistical analysis was performed using the IBM SPSS 25 and R v.4.0.1 software.

Study endpoints
Primary endpoint: The rate of periprosthetic infection relapses within 12 months after

surgery with a one-stage treatment of PJI.
The analysis results were the rates and percentage of patients with successful and

unsuccessful treatment outcomes of PJI in the groups within 12 months. The Fisher’s exact
test was used to compare the groups. All p-values were calculated as exact p-values (not
approximated). A 95% CI was calculated using the Wilson E.B. method, with continuity
correction [45,46].

Secondary endpoints:

(1) The odds ratio for the risk of PJI relapse within 12 months after surgery with one-stage
treatment of PJI.

The odds ratio was calculated in addition to the primary study endpoint. For the
estimated value, relative and absolute risk estimates were given with a 95% confidence
interval, and the effect size was calculated as Phi and Cramer’s V values. All p-values were
calculated as exact p-values (not approximated).
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(2) The contents of laboratory markers of the infectious and inflammatory processes (C-
reactive protein and erythrocyte sedimentation rate) initially, and on days 3 ± 1, 7 ± 1,
and 12 ± 2 after surgery.

Comparisons were performed using the nonparametric Mann–Whitney rank test (for
intergroup comparison) and nonparametric Wilcoxon rank test (for intragroup analysis)
with Bonferroni correction for multiple comparisons (alpha = 0.1/4 = 0.025). All p-values
were calculated as exact p-values (not approximated for normal distribution).

Sample size calculation
In this study, we planned to test the hypothesis of equality of the study method of

phage-antibiotic combination therapy in comparison to the comparator method (antibiotic
therapy alone):

Null hypothesis, H0: p1 − p0 = 0
Alternative hypothesis, Ha: p1 − p0 6= 0,

where p0 and p1 are the response rates to treatment, which is defined as the rate of relapse-
free outcomes of PJI treatment within 12 months after one-stage surgery for treatment of
PJI in the study method and comparator method groups, respectively. Rejection of the null
hypothesis means the lack of equality.

The calculation was performed using the formula for calculating the sample size for the
binary endpoint and the hypothesis of equality, assuming that the number of participants
in the groups is equal (n0 = n1) [page 77, formula 4.7 in [47]]:

n0 = n1 =

(
z1−α/2 + z1−β

)2

(p0 − p1)
2 [p0(1− p0) + p1(1− p1)]

where zα/2 and zβ are appropriate values of the z-function for expected type I and II errors,
respectively; p0 and p1 are the percentage of patients responding to treatment.

In the calculation, the following assumptions were used:

(1) The expected response rate to treatment in the SG (based on our previously reported
pilot results) [33]: 91.7% ≈ 91%.

(2) The expected response rate to treatment in the CG (based on the results reported in the
literature on hip PJI treatment by antibiotics/DAIR: 58% in the ITT population [48],
60.9% in 8 mg/kg daptomycin [49]): 60%.

(3) Power of the study: 80%.
(4) Significance level: 1% (alpha = 0.1).
(5) Patient number ratio between the groups: 1:1 (n0 = n1).

Under the given conditions, the number of patients in each group should be at least:

n0 = n1 =
(1.64 + 0.84)2 · (0.91 · (1− 0.91) + 0.60 · (1− 0.60))

(0.91− 0.60)2 = 20.601 ≈ 21

Thus, it is necessary to enroll at least 21 patients in each group, or a total of at least
42 patients between the two groups.

3. Results

The study was conducted from 2012 to 2018, which was enough time to enroll at least
21 patients in each group. The SG (n = 23) included patients who underwent one-stage
hip revision surgery due to PJI. The treatment involved cemented implant fixation and the
use of the original protocol of etiotropic systemic antibiotic and local phage combination
therapies, with phage activity being individually pretested in vitro to the staphylococcus
isolated from the patient. The CG (n = 22) included patients who underwent one-stage hip
revision surgery due to PJI; the treatment involved cemented implant fixation and the use
of etiotropic systemic and local antibiotic therapies.
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3.1. Patients

There were no significant differences between the SG and CG in mean age (56.0 ± 14.56
and 54.4 ± 11.95 years, respectively) and length of hospitalization (27.1 ± 9.64 and
23.6 ± 9.06 days, respectively): p-values were 0.376 and 0.188, respectively. Over 50% of
patients in both groups displayed late chronic PJI (time interval between one month up to
one year after total hip arthroplasty), according to [34] (Table 1).

Table 1. Patient distribution based on type and time of PJI manifestation according to classification of
Tsukayama et al. [34] in both groups (ITT population).

Patient Groups Early Post-Operative
Infection

Late Chronic
Infection

Acute Hematogenous
Infection

Study group (n = 23) 5 13 5

Comparator group (n = 22) 6 12 4

Identified PJI bacteria were Staphylococcus spp. The etiological distribution of PJI
pathogens is presented in Table 2. The prevalent causative agents in the SG were methicillin-
susceptible S. aureus (MSSA) and S. epidermidis (MSSE), whereas MSSA was most often
detected in the CG.

Table 2. Etiology of PJI in both groups (ITT population).

Patient Groups
Number of Patients, n (%)

S. epidermidis
(MSSE)

S. epidermidis
(MRSE)

S. aureus
(MSSA)

S. haemolyticus
(MSSH)

S. aureus
(MRSA)

Total per
Group

Study group
(SG)

8
(34.8%)

6
(26.1%)

8
(34.8%)

0
(0.0%)

1
(4.3%) 23 (100.0%)

Comparator group
(CG)

4
(18.2%)

3
(13.6%)

13
(59.1%)

2
(9.1%)

0
(0.0%) 22 (100.0%)

Total 12
(26.7%)

9
(20.0%)

21
(46.7%)

2
(4.4%)

1
(2.2%) 45 (100.0%)

3.2. Primary Endpoint Results

The crosstab for the primary endpoint is as follows (Table 3). The presented data
demonstrate that the rate of PJI relapses in the per protocol (PP) population for antibiotic
therapy alone (CG) exceeded that of the SG eight-fold, amounting to eight cases (36.4%)
in the CG versus one (4.5%) case in the SG (Fisher’s two-sided exact test p-value = 0.021).
The effect size was moderate: Phi и Cramer’s V values were both equal to 0.394, with both
being statistically significant (exact p-value = 0.021).

Table 3. Statistics for 12-month PJI relapse rate (primary endpoint, PP population).

Patient Groups

Total
Study Group Comparator

Group

PJI relapse within 12 months
No 21 (95.5%) 14 (63.6%) 35 (79.5%)

Yes 1 (4.5%) 8 (36.4%) 9 (20.5%)

Total 22 (100%) 22 (100%) 44 (100%)

In this case, the response rates to treatment were 95.5% (95% CI = 0.7511–0.9976) in
the SG and only 63.6% (95% CI = 0.4083–0.8198) in the CG. Therefore, the difference in
response rates to treatment was 31.9% (95% CI = 0.0443–0.5503).
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An analysis of the response rates to treatment at the primary endpoint showed that
the hypothesis of equality, given that the difference in response rates to treatment between
the SG and CG was 31.9% (95% CI for difference = 0.0443–0.5503), was rejected, which
indicates a statistically significant difference (Fisher’s two-sided exact test p-value = 0.021)
between response rates to treatment in patient groups (PP population), given an alpha level
of 0.1 used in the study.

3.3. Secondary Endpoint Results

The odds ratio, and absolute and relative risk calculations, showed that the risk
of PJI relapse (odds ratio) in patients of the SG was less than one (odds ratio = 0.083;
95% CI = 0.009–0.742), and was almost 12 times lower than that in the CG within
12-month follow-up in the PP population (Table 4). The relative risk for the CG was 2.222
(95% CI = 1.393–3.545) and the lower bound of the 95% CI for the CG was higher than the
upper bound of the 95% CI in the SG. Thus, an absolute risk for patients in the CG for PJI
relapse within 12 months was equal to 2.037, which is two times higher than 1.0.

Table 4. PJI relapse within 12 months (primary endpoint) odds ratio and risk estimation (population PP).

Value
95% Confidence Interval

Lower Bound Upper Bound

Odds Ratio for PJI relapse within
12 months (Yes/No) 0.083 0.009 0.742

Relative risk for PJI relapse within
12 months (SG) 0.185 0.029 1.199

Relative risk for PJI relapse within
12 months (CG) 2.222 1.393 3.545

Number of Valid Cases 44

Regarding laboratory parameters reflecting the infectious inflammatory process, the
baseline CRP and ESR values did not differ between the groups (exact p-values for CRP
and ESR were 0.451 and 0.122, respectively). Descriptive statistics for CRP and ESR within
12 ± 2 days after surgery, and PJI treatment, are presented in Table 5.

Generally, the pattern of CRP and ESR changes in both groups was similar on day 3 ± 1
after surgery, being accompanied by an increase from the baseline values almost 3-fold
(p = 0.00017) for CRP and 1.5-fold (p = 0.004) for ESR in the SG, and 1.67-fold (p = 0.009)
and 1.15-fold (p = 0.616) for CRP and ESR, respectively, in the CG. Further, the median CRP
and ESR in the groups decreased, but in different ways: the CRP content decreased rapidly,
while the ESR level reduced slowly.

For example, the CRP level in the SG rapidly decreased up to the end of hospitalization
(Figure 3), amounting to 17.2 [13.61; 28.85] mg/L on day 12 ± 2 after surgery, which was
a 1.7-fold decrease, significantly less than the baseline value of 29.8 [13.62; 56.40] mg/L
(p-value = 0.023).

A similar trend in changes in the CRP level was observed in the CG (Figure 3), but
with a less pronounced increase in the median and peak values on day 3± 1, and a 1.86-fold
final decrease to 16.0 [9.06; 46.22] mg/L from the baseline value on day 12 ± 2, with the
latter being statistically insignificant (p-value = 0.424).

Significant intergroup differences in the CRP content, given the alpha level = 0.025
adjusted for multiple comparisons, were noted only on day 3 ± 1: the medians in the
SG and CG differed by almost a factor of two, amounting to 86.8 [57.99; 158.66] and
44.1 [34.40; 69.32] mg/L, respectively (p = 0.003). In the following days, up to day 12 ± 2,
there were no statistically significant differences in the CRP level between the groups,
despite that a two-fold trend in the CRP median difference on day 7 ± 1 was recorded
(p-value = 0.114).
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Table 5. Descriptive statistics for CRP (mg/L) and ESR (mm/hour) values during PJI treatment after
revision surgery (ITT population).

Mean Standard
Deviation Maximum Minimum Median Percentile

25
Percentile

75
Number of

Patients

Baseline
CRP

SG 43.5 43.95 167.45 3.19 29.8 13.62 56.40 23

CG 37.7 44.35 196.08 1.60 24.6 14.84 36.78 22

CRP on day
3 ± 1

SG 104.9 59.65 236.70 22.38 86.8 57.99 158.66 23

CG 57.5 30.32 124.21 22.76 44.1 34.40 69.32 22

CRP on day
7 ± 1

SG 45.3 24.95 87.45 8.44 45.5 20.57 56.75 22

CG 42.8 49.61 162.44 4.02 23.5 10.82 53.44 22

CRP on day
12 ± 2

SG 21.4 12.86 46.75 1.95 17.2 13.61 28.85 22

CG 39.9 60.02 250.56 1.97 16.0 9.06 46.22 22

Baseline
ESR

SG 56.6 28.36 101 2 54.0 34.00 82.00 23

CG 44.2 33.49 115 5 39.0 16.00 65.00 22

ESR on day
3 ± 1

SG 74.2 24.91 116 37 82.0 49.00 95.00 23

CG 47.3 25.31 107 14 42.0 28.00 59.00 22

ESR on day
7 ± 1

SG 82.2 17.77 109 40 85.0 75.00 96.00 22

CG 52.3 30.10 127 14 47.0 30.00 65.00 22

ESR on day
12 ± 2

SG 70.4 18.21 101 31 70.5 62.00 82.00 22

CG 47.9 26.17 108 11 41.0 32.00 60.00 22
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Figure 3. C-reactive protein concentration during PJI treatment for 12 ± 2 days after surgery (ITT
population). Note: whiskers are based on 1.5 interquartile range, circles and asterisks are outliers.

The median ESR levels in the CG remained unchanged throughout the entire period of
hospitalization (Figure 4), lacking any significant differences between themselves; and even
on day 12± 2, they had no significant differences from the baseline values (p-value = 0.550).
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Figure 4. ESR values during PJI treatment for 12 ± 2 days after surgery (ITT population). Note:
whiskers are based on 1.5 interquartile range, circles are outliers.

In the SG, the ESR level increased 1.5-fold (p = 0.004) from the baseline level by
day 3 ± 1 (Figure 4); between day 3 ± 1 and day 7 ± 1, the difference (adjusted for
multiple comparisons) was insignificant (p = 0.074); by day 7 ± 1, the ESR level was
significantly higher than on day 12 ± 2 (p = 0.00012); but by the end of hospitalization, on
day 12 ± 2, the ESR level did not differ significantly from the baseline value, and amounted
to 70.5 [62.00; 82.00] mm/h (p-value = 0.061)

3.4. Microbiological Test Results

Before using the phage preparation, its efficacy was tested in vitro against the staphy-
lococcal strain isolated from the patient. For all patients from the SG, the preparation was
effective with a titer of 105–106 PFU/mL.

To control the efficacy of phage-antibiotic combination therapy under surgical
hospital conditions, all patients of the SG (n = 23) (ITT population) had a microbio-
logical test of wound fluid on day 4 ± 1 after hip revision surgery. In 22 patients, no
pathogenic microorganisms were present on day 4 ± 1, and the bacteriophage titer was
102–104 PFU/mL (Table 6). In the SG (ITT population) on day 4± 1, the bacteriophage titer
at 104 PFU/mL was only in five patients, the bacteriophage titer was an order of magnitude
lower in eight cases, and the titer was 102 PFU/mL in nine cases.

In one patient from the SG (patient number 97182, ITT population), the main PJI
pathogen in the wound changed on the fourth day after surgery: MRSE and Proteus mirabilis
were detected, which was regarded as failure of the phage therapy, which manifested in
the absence of a bacteriophage titer and a change in the etiologically significant pathogen.
This patient was excluded from the PP study population and then was treated according to
the CG protocol.
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Table 6. Phage titer in the wound fluid obtained from patients of the study group (ITT population).

Patient Number Pathogen in Wound Fluid
on Day 4 ± 1 (Yes/No) Identified Pathogen Phage Titer

89457 No 1.8 × 102 PFU/mL
89730 No 2.1 × 102 PFU/mL
89866 No 2.3 × 103 PFU/mL
90491 No 1.9 × 104 PFU/mL
90783 No 1.8 × 103 PFU/mL
87408 No 2.2 × 102 PFU/mL
90660 No 2.3 × 102 PFU/mL
94252 No 1.7 × 104 PFU/mL
93001 No 2.8 × 103 PFU/mL
95127 No 1.8 × 104 PFU/mL
96583 No 2.1 × 102 PFU/mL
97182 Yes MRSE and P. mirabilis 0 (zero) PFU/mL
97604 No 1.6 × 103 PFU/mL
92082 No 2.1 × 103 PFU/mL
85770 No 1.9 × 104 PFU/mL
29765 No 2.4 × 102 PFU/mL
78175 No 2.2 × 102 PFU/mL
86917 No 1.8 × 103 PFU/mL

107497 No 1.7 × 103 PFU/mL
86966 No 1.9 × 102 PFU/mL

108819 No 2.1 × 104 PFU/mL
116277 No 1.8 × 103 PFU/mL
116463 No 2.3 × 102 PFU/mL

3.5. Adverse Events and Patients Withdrawal

There were no adverse events in the study except for two patients (numbers 89457 and
93001, see Table 6) in the SG with a febrile temperature after administration of the phage
preparation. These events were considered to be adverse drug reactions (ADR), definitely
related with the phage preparation administration. In these cases, ADRs were moderate
and completely resolved during the inpatient period, without additional therapy. All ADRs
did not require phage therapy to be withdrawn or patient exclusion from the study.

Only one patient was excluded from the SG (PP population) due to phage therapy
failure (more details on this withdrawal case are presented in Section 3.4) and switched to
the same treatment as in the CG (see Figure 1). There were no withdrawals in the CG.

4. Discussion

In our original protocol of PJI treatment, one of the main requirements for achieving a
good clinical and microbiological result is maintenance of an effective therapeutic bacterio-
phage titer, which is achieved by injection of bacteriophage solutions into the periprosthetic
area and measurement of the bacteriophage titer in wound fluid from periprosthetic drains
by the Appelman method [43]. For this purpose, we developed a method for monitor-
ing the microbiological efficacy of bacteriophages in the treatment of PJI “A method for
assessing the efficacy of phage therapy in the treatment of surgical infections”, patent
RU 2624511 C1 of 04 July 2017 [42]. In short, this method suggests that PJI patients are
pre-operatively tested for sensitivity of an isolated staphylococcal strain to staphylococcal
bacteriophages, and phage therapy is started only after pathogen susceptibility has been
confirmed in vitro. Notably, the pathogen is stored until the end of treatment to test wound
fluid with the bacteriophage on day four or five after one-stage revision surgery, with
mandatory bacteriological examination of the wound fluid.

The aim of this study was to compare the outcomes of two PJI treatment variants:
combination phage/antibiotics therapy versus etiotropic systemic and local antibiotic
therapy. Given our results, the efficacy of the antibiotic–bacteriophage combination therapy
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was one third higher in terms of the PJI relapse-free rate than a typical antibiotic regimen
in these patients (difference = 31.9%; 95% CI for difference = 0.0443–0.5503), which resulted
in an eight-fold decrease in the rate of PJI relapses in the SG compared to that in the CG
(Fisher’s two-sided exact test p-value = 0.021), being eight (36.4%) cases in the CG versus
one (4.5%) case in the SG, and a 12-fold lower risk of relapse in the SG compared to that in
the CG.

We can compare our results on the 95.5% response rate to treatment (95% CI =
0.7511–0.9976) using phage-antibiotic combination therapy in the SG only with systematic
reviews published in 2020–2021, by Clarke et al. [26] and Walter et al. [27], on the use of
bacteriophages in the treatment of PJI. Study [26] reviewed seventeen reports, representing
the treatment of 277 patients, with an efficacy estimate that revealed that 93.1% (n = 258/277)
of patients achieved a clinical resolution, 3.3% (n = 9/277) showed an improvement, and
3.6% (n = 10/277) showed no improvement [26]. Review [27], involving 11 studies (eight
case reports and three case studies, of which ten studies used bacteriophages in combination
with antibiotics) with a total of 23 patients, showed that the complete eradication of infection
over at least 7 months was achieved in 18 patients (78.3%); in two cases, there was a germ
change [31], and a fistula persisted in one patient [50]; in two case studies, phage therapy
did not preserve the extremities [51,52]. These results are unambiguously better than
treatment of PJI with antibiotics only, the success rate of which in treatment of hip PJI
with antibiotics/DAIR is 58–60.9% [48,49], in the latter case, given a daptomycin dose of
8 mg/kg [49]. In our study, the eradication rate, considered as a 12-month relapse-free
period, in the CG (receiving antibiotics alone) was slightly higher and equals to 63.6%
(95% CI = 0.4083–0.8198).

Importantly, the use of phage therapy does not guarantee complete infection eradi-
cation [27], which was also noted in our study: monitoring the efficacy of phage-antibiotic
combination therapy at the surgical hospital for the first 12 ± 2 days after surgery revealed
a germ change in one of 23 patients from the SG on day four of phage therapy (MRSE and
P. mirabilis were detected). Microbiological investigation did not reveal any staphylococcal
phage in wound fluid, which possibly indicated elimination of the initial Staphylococcus
strain and occurrence of P. mirabilis, which was previously “hidden” in the infection site.
This required switching from the combined phage/antibiotics therapy to treatment with
antibiotics for up to 12 weeks. In other patients from the SG, neither the identified pathogen,
which caused PJI, nor any additional infectious agent were found.

An analysis of the phage titer in accordance with our proposed method [42] for
monitoring the microbiological efficacy of bacteriophages in the treatment of PJI, showed
that bacteriophage contents in wound fluid were 102–104 PFU/mL within 4 ± 1 days
after the onset of phage therapy (the concentration of bacteriophages administered daily
to patients through drains was therapeutic and amounted to at least 105 PFU/mL). For
this reason, phage therapy was considered effective and continued for 12 ± 2 days after
surgery, given changes in the levels of the monitored inflammation markers ESR and CRP
in samples from patients, until healing of a post-operative wound by primary intention.

In this study, we assessed the inhibition of infection based on changes in the acute
phase reaction markers, ESR and CRP, as additional criteria for PJI [35]. Changes in the
parameters monitored in the study indicated similar changes in the ESR and CRP values in
the patient groups over time: a sharp increase by the third day of observation, followed
by a progressive decrease in the CRP content in the SG, with the ESR level remaining
unchanged after surgical treatment in both groups. An increase in the levels of ESR and
CRP apparently reflects not only the patient’s response to surgery, but also the lytic activity
of bacteriophages against the PJI pathogen. Usually, massive bacterial lysis after phage
application is accompanied by the release of significant amounts of bacterial toxins, and
provokes a strong acute phase response of the immune system. Whereas the ESR level can
vary due to many different factors, including the patient’s gender and age, the CRP level is
not affected by any of the known factors, except for the presence and severity of infectious
inflammation, such as osteomyelitis and periprosthetic infection [53]. The CRP plasma’s
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half-life and catabolism level are controlled only by its synthesis, which, in turn, depends
on the presence and severity of the infectious process [53].

Only two patients had an increase in temperature after the administration of phages,
and the temperature returned to normal without additional treatment. This adverse drug
reaction (ADR) can be explained by bacterial toxemia due to massive bacterial lysis during
phage therapy. Otherwise, all other patients would also have had such an ADR after phage
administration if the phage preparation had been insufficiently purified.

The hypothesis about the association between an increase in CRP level and the lytic
activity of phages in the SG is also supported by a normalization of the CRP values on
day 12 ± 2, and the absence of extremely high CRP values (outliers) in the SG on days 7 ± 1
and 12 ± 2, whereas such CRP values were recorded in several patients in the CG. The
obtained data also indicated substantial differences in the CRP levels on day 3 ± 1 and a
two-fold difference trend in CRP levels on day 7 ± 1 for the SG and CG, respectively. The
faster, and continuous, decrease in the median and especially the third quartile values of
CRP in the SG compared to the CG indicate a more effective elimination of PJI pathogens
in the SG. Otherwise, the median CRP values in the patient groups on days 3 ± 1 and 7 ± 1
after surgery would be the same, and would reflect the usual acute phase response of the
patient’s body to surgery. Such results can be explained by the possible phage-antibiotic
synergy, which previously was described as a promising therapeutic effect in several
in vitro experiments, in vivo animal model studies, and in a few clinical studies [31,54–56].

It is worth noting that in some cases, phage-antibiotic interactions can be antago-
nistic, depending on the class of antibiotic and the characteristics of the phage life cycle.
So, the type of phage-antibiotic interaction should be checked before the use of phages
with antibiotics, taking into account the antibiogram data and phage peculiarities. Addi-
tionally, the most effective combination of antibiotic and bacteriophage can be tested in
such experiments.

Another important factor is that the antibiotics used at the inpatient stage of treatment
in the SG are not biofilm-penetrating. Although we did not analyze microbial strains for
their ability to form biofilm, the possibility of biofilm formation cannot be completely
ruled out, especially given the duration of infection in the studied patients before re-
vision surgery. In this case, microorganisms present in various biofilm layers can be
affected only by bacteriophages possessing special enzymes to penetrate the biofilm, de-
stroy its lipopolysaccharide structure [22,57–62], and eliminate persistent bacteria inside
the biofilm [63].

Notably, our study had two limitations related to the study design: no randomization
and no placebo control. Such drawbacks often become the subject of discussion in relation
to surgical methods of treatment [64–66]. Indeed, it is far from always possible to use
placebo control and randomization in surgical patients, both for ethical and clinical reasons.
Similarly, this also applies to the present study, since the administration of such patients
with PJI with a less effective treatment, or a “placebo”, may have led to a severe infectious
process with devastating consequences, radically affecting the patient’s quality of life. In
addition, studies conducted on relatively larger groups of patients would be of particular
interest, since they would allow the evaluation of the PJI phage-antibiotic treatment efficacy
to be more precise and allow the extrapolation of the obtained results to large populations
of subjects.

5. Conclusions

The obtained results indicate that combination phage-antibiotic therapy is more ef-
fective than conventional antibiotic therapy and provides a significant advantage, with a
95.5% response rate to treatment. To achieve the best results in PJI patients, the phage titer
in wound fluids should be constantly monitored. An important requirement for the use of
phage preparations in the treatment of PJI is their mandatory combination with selected
etiotropic antibiotics at the necessary doses and appropriate duration of their use. We
suppose that simultaneous exposure of bacteria to two antibacterial agents with different
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natures (antibiotic and phage) complicates the emergence of persisters, resistant to both
antimicrobials. Further prospective investigations are required to increase the sample size
in PJI patients and evaluate the long-term outcomes of phage therapy.
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