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Background

The PJI-TNM classification provides a multidimensional description of periprosthetic
joint infection, but the prognostic contribution of its individual components remains
uncertain.

Objective

To evaluate component-specific associations with infection-related reoperation and
determine how repeated surgical episodes within patients influence risk estimates.

Methods

We retrospectively analysed 116 hip or knee periprosthetic joint infection surgical
episodes in 84 patients treated from April 2016 to February 2026. The outcome was the
first unplanned infection-related reoperation after each index operation. Kaplan-Meier
and Cox analyses were performed, using patient-clustered robust variance estimates to
account for repeated episodes. A patient-level sensitivity analysis used the first observed
episode per patient.

Results

Infection-related reoperation occurred after 42 episodes. Reoperation-free survival was
70.8% at 180 days, 63.1% at 1 year, and 55.1% at 2 years. In the primary clustered model,
T2 showed an elevated but imprecise hazard estimate (hazard ratio 2.61, 95% confidence
interval 0.89-7.72), whereas T1 did not. The N component showed no clear association
with outcome. M2 produced a high estimate but comprised only three episodes from two
patients. In the patient-level sensitivity analysis, the T2 hazard ratio was 4.78 (95%
confidence interval 1.05-21.81).

Conclusion

Prognostic information within PJI-TNM was unevenly distributed across components.
Severe soft-tissue compromise represented by T2 showed the most consistent adverse
signal, while repeated-episode analyses materially affected precision. Multicentre
validation is required.

INTRODUCTION condition, implant stability, microbiological characteris-
tics, host morbidity, and treatment strategy. A classification
that captures these domains could improve case descrip-
tion, risk stratification, and comparison between studies.
The PJI-TNM classification was proposed as a multi-
dimensional framework incorporating tissue and implant

Periprosthetic joint infection (PJI) is a serious complication
of hip and knee arthroplasty and may require repeated
surgery, prolonged antimicrobial therapy, and complex re-
construction.l:2 Outcomes are influenced by local tissue
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conditions (T), microbiological and biofilm-related charac-
teristics (N), host morbidity (M), and reinfection status (r).3
4 Subsequent studies have supported its feasibility and in-
terobserver reliability.>¢ Evidence for prognostic validity is
less consistent. Higher T categories have been associated
with surgical complexity, implant survival, and functional
outcome, whereas findings for the N and M components
have varied.”?

Previous outcome studies have differed in treatment set-
ting, time origin, endpoint, and analytical unit. Analyses
beginning after completion of staged treatment address a
different clinical question from analyses beginning at each
infection-control operation. In addition, patients may con-
tribute multiple surgical episodes, and failure-prone pa-
tients may therefore be overrepresented if within-patient
dependence is ignored. We therefore evaluated the compo-
nent-specific associations of PJI-TNM with subsequent in-
fection-related reoperation from each infection-control op-
eration while explicitly accounting for repeated episodes
within patients. We also examined the association between
severe local tissue compromise and subsequent reopera-
tion.

MATERIALS AND METHODS

ETHICAL CONSIDERATIONS

The study was conducted in accordance with the Declara-
tion of Helsinki and was approved by the Institutional Re-
view Board of Kobe University Graduate School of Medicine
(approval no. B230173). The requirement for individual
written informed consent was waived because existing clin-
ical information was used. Study information was disclosed
publicly, and patients were provided with the opportunity
to opt out. Data confidentiality was protected in accordance
with institutional policy; individual-level data are not pub-
licly released because they contain potentially identifiable
clinical information.

STUDY DESIGN AND PARTICIPANTS

This single-centre retrospective cohort study included op-
erations performed for hip or knee PJI between April 2016
and February 2026. Of 151 PJI-related surgical episodes as-
sessed, 9 involving another joint, 10 in which the prosthesis
had already been removed, 12 with a cement spacer in situ,
and 4 involving a tumour prosthesis were excluded. The fi-
nal cohort comprised 116 surgical episodes in 84 patients
(Figure 1).

PJI was diagnosed according to the 2018 evidence-based
definition for hip and knee PJI.10 Eligible prostheses in-
cluded total hip arthroplasty, hip hemiarthroplasty, total
knee arthroplasty, and unicompartmental knee arthro-
plasty. An episode was included when an operation was
undertaken for infection control and sufficient information
was available to assign PJI-TNM categories and determine
follow-up outcome.

PJI-TNM CLASSIFICATION AND COVARIATES

PJI-TNM categories were assigned retrospectively from
medical records, radiographs, operative reports, microbio-
logical findings, and comorbidity data according to the pub-
lished framework.3> TO indicated no major soft-tissue de-
fect and a stable implant; T1 indicated no major soft-tissue
defect with implant loosening; and T2 indicated a severe
soft-tissue defect requiring plastic surgical reconstruction
or flap coverage to achieve durable closure. The N compo-
nent was grouped as NO, N1, or N2 according to biofilm
maturity and microbiological complexity, including diffi-
cult-to-treat organisms, polymicrobial infection, and fun-
gal infection. Host morbidity was classified using the Charl-
son Comorbidity Index (CCI): MO, CCI 0-1; M1, CCI 2-3; and
M2, CCI >=4.11 This represented a study-specific modifica-
tion because no separate operative category is provided for
surgically treated patients with CCI >5.

A difficult-to-treat organism was defined as one for
which an established biofilm-active antimicrobial option
was unavailable, including rifampicin-resistant staphylo-
cocci, fluoroquinolone-resistant Gram-negative bacilli, and
enterococci.l2 Previous infection-related surgery was
recorded when the same prosthetic joint had undergone an
earlier operation for PJI. Other recorded covariates included
the affected joint, debridement, antibiotics, and implant re-
tention (DAIR), and continuous local antibiotic perfusion
(CLAP).13.14

OUTCOME AND FOLLOW-UP

The primary outcome was the first unplanned infection-re-
lated reoperation after the index surgical episode. Events
included repeat debridement, implant removal or ex-
change, spacer exchange, amputation, or another operation
undertaken to control persistent or recurrent infection. A
scheduled second-stage reimplantation was not considered
an event. Time at risk began on the date of each index
operation and ended at the first infection-related reoper-
ation or the last documented follow-up. All eligible surgi-
cal episodes were retained in the primary analysis because
each represented a distinct clinical state and treatment de-
cision.

STATISTICAL ANALYSIS

Categorical variables are presented as counts and percent-
ages. Age and sex were summarized at the patient level us-
ing the first observed episode; other variables were sum-
marized at the surgical-episode level. Reoperation-free
survival was estimated using the Kaplan-Meier method and
compared descriptively using log-rank tests. Associations
with infection-related reoperation were examined using
Cox proportional hazards models and are reported as haz-
ard ratios (HRs) with 95% confidence intervals (CIs).
Because multiple episodes contributed by the same pa-
tient were correlated, patient identity was specified as a
cluster and robust sandwich standard errors were calcu-
lated.15 The primary parsimonious multivariable model in-
cluded previous infection-related surgery and T category.
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PJI-related surgical episodes assessed for eligibility
(n=151)

/

Excluded (n = 35)

Joint other than hip or knee, n =9
Implant previously removed, n = 10
Cement spacer in situ, n = 12
Tumour prosthesis, n = 4

Included in the final analysis
84 patients, 116 surgical episodes

Figure 1. Flow diagram of study selection. A total of 151 periprosthetic joint infection-related surgical episodes
were assessed; 35 were excluded, leaving 116 episodes in 84 patients.

Previous infection-related surgery was analysed as an ap-
proximate proxy for the original r modifier because the
dataset did not reliably distinguish recurrent infection after
a completed treatment course from every subsequent oper-
ation within an ongoing treatment course. It was therefore
not interpreted as a formally reconstructed r category. M2
was not included in the primary model because it contained
only three episodes; an exploratory extended model added
M2 as a binary variable. The N and M components and
treatment-related covariates were evaluated in secondary
clustered models. A patient-level sensitivity analysis used
the first observed episode for each patient and included
previous surgery, T category, and M2. Tests were two-sided,
and no adjustment for multiple comparisons was made be-
cause the study was exploratory.

RESULTS

COHORT CHARACTERISTICS

The cohort comprised 116 surgical episodes in 84 patients.
At the first observed episode, mean age was 73.9 years and
49 patients (58.3%) were female. Median clinical follow-up
was 574.5 days (interquartile range, 164.8-1073.0). Forty-
two episodes (36.2%) were followed by an infection-related
reoperation. The distribution of the PJI-TNM components
was highly unbalanced: T2 comprised 8 episodes from 7 pa-
tients, and M2 comprised 3 episodes from 2 patients (Tables
1and 2).

Table 1. Patient and surgical-episode characteristics

Characteristic Overall
Patients, n 84

Surgical episodes, n 116

Age at first observed episode, years, 73.9+11.9
mean * SD

Female sex, n (%) 49(58.3)
Clinical follow-up, days, median (IQR) (517644.58—1073.0)
Hip 66(56.9)
Knee 50(43.1)
First infection-related surgery 65 (56.0)
Previous infection-related surgery 51(44.0)
DAIR 82(70.7)
CLAP 43(37.1)
Difficult-to-treat organism 31(26.7)
Infection-related reoperation 42(36.2)

Age and sex were calculated at the patient level; other variables were calculated at the
episode level. SD, standard deviation; IQR, interquartile range; DAIR, debridement, an-
tibiotics, and implant retention; CLAP, continuous local antibiotic perfusion.

SURVIVAL AND COX ANALYSES

Overall infection-related reoperation-free survival was
70.8% at 180 days, 63.1% at 1 year, and 55.1% at 2 years.
Episodes with previous infection-related surgery had lower
survival than first infection-related operations (log-rank
p=0.040). Survival differed visually among T categories,
with the lowest survival in T2, although the overall log-
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Table 2. Distribution of PJI-TNM components

Component Category n %

T TO 94 81.0
T1 14 12.1
T2 8 6.9

N NO 60 517
N1 27 233
N2 29 250

M MO, CCI 0-1 91 78.4
M1, CCl 2-3 22 19.0
M2,CCl >=4 3 2.6

T2 represented 8 episodes from 7 patients; M2 represented 3 episodes from 2 patients.
CCI, Charlson Comorbidity Index.
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Infection-related reoperation-free survival

Log-rank p = 0.092

0.0 -
Number at risk
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0 365 730 1095

Time after index surgery (days)

Figure 2. Infection-related reoperation-free survival
according to the T component. Kaplan-Meier curves
are shown for TO, T1, and T2. The overall log-rank
comparison was not statistically significant (p=0.092).

rank comparison was not statistically significant (p=0.092;
Figure 2).

In clustered univariable analyses, T2 showed an elevated
hazard relative to TO (HR 2.78, 95% CI 0.89-8.71), whereas
T1 did not. Neither N1 nor N2 showed a clear association
with reoperation. M2 was associated with a high hazard es-
timate (HR 5.69, 95% CI 1.88-17.25), but this estimate was
based on three episodes from two patients. CCI analysed
continuously, difficult-to-treat organisms, CLAP, DAIR, and
affected joint were not clearly associated with the outcome
(Table 3, Panel A).

In the primary patient-clustered model containing pre-
vious infection-related surgery and T category, the HR was
1.83 (95% CI 0.94-3.55) for previous surgery, 1.16
(0.41-3.28) for T1 versus TO, and 2.61 (0.89-7.72) for T2
versus TO (Table 3, Panel B). In the exploratory extended
model, adding M2 produced similar estimates for previous
surgery and T category; M2 had an HR of 5.03 (95% CI
1.56-16.20). In the patient-level sensitivity analysis of 84

first observed episodes and 24 events, T2 was associated
with infection-related reoperation (HR 4.78, 95% CI
1.05-21.81), whereas previous surgery was not; M2 had an
HR of 8.69 (95% CI 0.89-84.64) and was represented by two
patients.

DISCUSSION

The main finding was that prognostic information within
PJI-TNM was not distributed uniformly across its compo-
nents. Severe soft-tissue compromise (T2) showed the most
consistent adverse signal across clustered episode-level and
patient-level analyses, whereas implant loosening without
major soft-tissue compromise (T1) and the N component
did not clearly discriminate subsequent infection-related
reoperation. This pattern suggests that the prognostic
value of the framework may be concentrated in selected
domains rather than operating as a simple ordinal score
across all categories.

The association between T2 and reoperation is clinically
plausible. Major soft-tissue compromise may limit debride-
ment, impair durable closure and perfusion, increase dead
space, expose implants, and necessitate flap reconstruc-
tion. Previous studies have linked higher T categories to
surgical complexity, implant survival, and functional out-
come.”? Our results refine this interpretation by showing
that T1 and T2 did not behave as a simple stepwise risk
sequence: implant loosening alone was not clearly associ-
ated with reoperation, whereas major soft-tissue compro-
mise repeatedly showed an adverse direction.

The absence of a clear N-component association is
broadly consistent with previous outcome studies.”? The
N component combines heterogeneous features such as
biofilm maturity, culture-negative infection, antimicrobial
resistance, polymicrobial infection, and fungal infection.
Their clinical effects may depend on surgical strategy and
the availability of effective antimicrobial therapy rather
than forming a single ordinal risk gradient.

The high M2 estimate is best interpreted as a signal for
further study rather than stable evidence. M2 comprised
only three episodes from two patients, and two episodes
belonged to the same patient. Moreover, CCI was developed
to summarize mortality-related comorbidity rather than
PJI-specific host impairment,!! and CCI as a continuous
variable was not clearly associated with outcome. Future
refinements of the host domain may need to incorporate
frailty, nutritional status, immunosuppression, renal func-
tion, and glycaemic control in addition to comorbidity bur-
den.

Using surgical episodes as the analytical unit allowed
PJI-TNM status to be reassessed when the clinical state and
treatment decision changed, but it also allowed patients
with repeated treatment failure to contribute multiple ob-
servations. Patient-clustered robust variance estimates ad-
dressed within-patient dependence and reduced the appar-
ent precision of several associations, particularly previous
infection-related surgery. Investigators should therefore
define whether the target of inference is the patient, joint,
treatment course, or individual operation, because this
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Table 3. Patient-clustered Cox proportional hazards analyses

Panel A. Clustered univariable analyses

Variable HR Robust 95% CI p value
Previous surgery 1.88 0.96-3.68 0.065
T1vsTO 1.18 0.42-3.29 0.749
T2vsTO 2.78 0.89-8.71 0.080
N1vs NO 0.66 0.26-1.65 0.371
N2 vs NO 1.54 0.75-3.14 0.239
M2 vs M0O-M1 5.69 1.88-17.25 0.002
CCl per point 1.23 0.90-1.69 0.190
DTT present 1.69 0.95-2.99 0.073
CLAP used 1.13 0.55-2.34 0.739
DAIR 0.90 0.47-1.73 0.761
Knee vs hip 0.59 0.27-1.26 0.172
Panel B. Primary clustered multivariable model

Variable HR Robust 95% CI p value
Previous surgery 1.83 0.94-3.55 0.075
T1vsTO 1.16 0.41-3.28 0.777
T2vsTO 261 0.89-7.72 0.083

Panel A shows clustered univariable analyses. Panel B shows the primary parsimonious clustered multivariable model. M2 should be interpreted cautiously because only three
episodes from two patients were classified as M2. HR, hazard ratio; CI, confidence interval; CCI, Charlson Comorbidity Index; DTT, difficult-to-treat; CLAP, continuous local antibi-

otic perfusion; DAIR, debridement, antibiotics, and implant retention.

choice can materially influence precision and interpreta-
tion.

LIMITATIONS

This study was retrospective and single-centre, treatment
strategies were clinically selected and heterogeneous, and
the number of events was limited. Sparse T2 and M2 cat-
egories produced wide confidence intervals and restricted
multivariable adjustment. Classification was assigned ret-
rospectively, and previous infection-related surgery was
used only as an approximate proxy for the r modifier rather
than a formally reconstructed r category. The study there-
fore should not be interpreted as a definitive validation of
the framework. Nevertheless, it provides clinically aligned,
component-specific estimates and directly demonstrates
how repeated episodes influence inference, identifying pri-
orities for future multicentre validation.

CONCLUSION

In this real-world cohort, prognostic information within
PJI-TNM was concentrated unevenly across its compo-
nents. T2, representing major local soft-tissue compromise,
showed the most consistent adverse signal, whereas T1 and
the N component did not clearly discriminate subsequent
infection-related reoperation; M2 remained too sparse for
stable inference. Accounting for repeated episodes reduced
the apparent precision of several associations. These re-
sults identify specific components and methodological

choices that can guide refinement and more informative
multicentre validation of PJI-TNM.
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