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Abstract

Purpose Reported outcome after multiple staged surgical treatment of infected nonunion is scarce. We, therefore, asked: (1)
What is the clinical outcome in infected nonunion patients after multiple staged revision surgery? (2) Are different pathogens
evidenced after surgical treatment in patients who have undergone more or less surgeries?

Methods All enrolled patients were surgically treated for long bone-infected nonunion between January 2010 and March
2018. Besides patients” demographics outcome in terms of bony consolidation and major complications defined as death
during inward treatment, amputation and recurrence of infection during follow-up of at least 12 months were assessed. Micro-
biological findings were assessed and compared between two groups with less than five versus five or more surgical revisions.
Results Bone consolidation was achieved in 86% of the patients while complications such as femoral or transtibial amputa-
tion, recurrence of infection or even death during inpatient treatment could be evidenced in six patients (14%). In patients
who underwent multiple-stage surgery for five or more times, germ changes and repeated germ detection was more common
than in patients with less surgeries.

Conclusions Surgical treatment of infected nonunions poses a high burden on the patients with major complications occur-
ring in about 14% of the patients using a multiple staged treatment concept. Future prospective studies comparing outcomes
after limited with multiple staged revision surgeries are necessary.
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Introduction only a significant burden to affected patients but also to the

society due to its socioeconomic impact [1-3]. In addition,

Bone and joint infections are one of the most challenging
complications in the orthopedic and traumatological field.
With increasing incidences of arthroplasty procedures revi-
sions for periprosthetic joint infection (PJI) will pose not
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increase in numbers of often more complex fractures espe-
cially in older adults will result in an increase of fracture-
related infections (FRI), posttraumatic osteomyelitis and
nonunion [4].

The evolution of modern orthopedic and trauma sur-
gery was coined by efforts to avoid and treat bone and joint
infections [5]. In 1927, one year before Alexander Flem-
ing discovered penicillin, the American surgeon H. Win-
nett Orr described a staged surgical treatment protocol for
treatment of osteomyelitis. After exposure of the diseased
bone, necrotic parts were to be removed, wounds were left
open and gauze put into the wound. Dressings and plas-
ter were changed as less as possible to avoid recurrence of
infection [6]. Later in the twentieth century, this initial con-
cept of staged surgical treatment was adapted to revision
arthroplasty [7] and prevention of infection in open frac-
tures [8]. Delayed wound closure was regarded necessary
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to allow successive wound debridement. Thus, avoidance
of deep infections by clostridia species and other anerobic
pathogens was deemed to be achieved best [9]. However,
recent studies demonstrated promising results of reduced
risk of deep infection and nonunion by thorough debride-
ment and immediate wound closure after open fractures
without routinely scheduled debridement and wound irriga-
tion procedures [10—-12]. Nevertheless, concepts of planned
surgical interventions for bone debridement and wound irri-
gation in set time-frames are still recommended for surgical
treatment of bone infections and widely accepted [13]. In
chronic osteomyelitis, programmed wound irrigations con-
tinued until no pathogens are detected by microbiological
analysis is still regarded being reasonable for surgical infect
eradication [14]. Multiple staged surgical interventions
for infect eradication in bone and joint infection are a very
exhaustive psychological and physical burden for patients.
Furthermore, costs due to frequent and long operations are
high. We, therefore, asked: (1) What is the clinical outcome
in infected nonunion patients after multiple staged revision
surgery? (2) Are pathogens evidenced after surgical treat-
ment different in patients who have undergone more or less
surgeries?

Methods
Study design, patient enroliment and demographics

The ethics committee of our institution approved the study
protocol, AZ 68/18. The study was planned as a retrospec-
tive cohort study. All patients enrolled to the study had to be
operated for infected long bone nonunion between January
2010 and March 2018. Minimum age for inclusion to the
study was 18 at time of revision surgery. Follow-up surgical
debridements were planned based on surgical assessment
of intraoperative bone and soft tissue status, which can be
regarded similar to above-mentioned concepts of planned
surgical revisions. We retrospectively reviewed patients”
medical records. Nonunion was defined by failure of fracture
healing for at least six months. Patients with delay in fracture
healing less than six months were excluded for the study.
Also, patients who received an implant coated with antibi-
otics were excluded. Reoperation within six months after
definitive fracture treatment was performed in 21 patients,
which was not considered an exclusion criterion. Infected
nonunion was diagnosed if one or more of the following
criteria were present: the presence of a sinus tract, purulent
discharge, exposed osteosynthesis material, positive “probe
to implant” test, positive microbiological culture result, his-
tologically confirmed infection (> 35 granulocytes per field
of view at a magnification of 400), > 2000 leucocytes /ul
in synovial fluid or >70% granulocytes of cells in synovial
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fluid of concomitant septic arthritis according to the frac-
ture-related infection consensus criteria [15]. Patients” medi-
cal history and symptoms like erythema, swelling, rest pain
and pain on weight bearing were considered as suggestive
parameters for infected nonunion. Elevated infection param-
eters in laboratory tests (white blood cell count, C-reactive
protein) and radiological signs of infection (osteolysis,
implant loosening, sequester formation) were regarded as
indicators for infected nonunion as well. However, diagnosis
was not based on those findings. Following the 2018 inter-
national consensus meeting on musculoskeletal infection
[15], FRI was confirmed by the presence of at least one of
the following confirmatory criteria: (1) fistula, sinus tract or
wound breakdown (2) purulent drainage or presence of pus
during surgery, (3) phenotypically indistinguishable organ-
isms identified by culture from at least two separate deep
tissue/implant specimens (including sonication fluid) and
(4) histopathological findings (presence of microorganisms
in deep tissue specimens or presence of >5 PMN/HPF in
chronic/late-onset cases (e.g., fracture nonunion). Fractures
were classified in accordance with the AO/OTA fracture
classification [16]. Besides radiological fracture classifica-
tion, fractures were classified as closed and open fractures.
Microbiological culture results of intraoperatively taken
tissue samples were analyzed. Tissue samples, sonication
fluid of osteosynthesis implants or synovial fluid in case of
joint involvement were used for cultures. At each revision,
a minimum of 3 cultures was taken. Samples were cultured
on solid agar plates such as Brain heart infusion (BHI) agar,
Columbia agar and MacConkey agar plates at 37 °C. In
general, a prolonged incubation time of fourteen days was
performed to improve diagnostic yield. In case of negative
culture results, additional reverse-transcriptase polymerase
chain reaction (PCR) was carried out. Sonication of the
implants was introduced in 2016 and performed as described
before [17]. Initial proof of mono- and polymicrobial infec-
tions was determined. Consecutively determined pathogens
during surgical treatment were registered as well. Patients”
medical records were searched for patient-specific character-
istics such as gender, age, body-mass-index (BMI), comor-
bidities, American Society of Anesthesiologists (ASA)
classification, medication at time of revision surgery and
allergies. Laboratory tests prior to the initial revision sur-
gery were assessed. As revision surgeries, only operations
with bony debridement at the former fracture site, performed
after six months of initial injury were considered. Smaller
soft tissue interventions without bony debridement and thus
deep tissue sampling for microbiological analysis were not
assessed for further analysis.

Treatment characteristics were assessed such as (1)
bony consolidation evidenced on conventional X-rays or
computed tomography. (2) Number of all revision surger-
ies which included bony debridement at the former fracture
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site, (3) major complications defined as death, necessary
amputation or recurrence of infection needing further surgi-
cal treatment.

Statistical analysis

Data were analyzed using SPSS statistics version 24.0
(IBM, SPSS Inc., Armonk, NY). For analyses of differ-
ences between patients, the chi-squared y? test or Fiser’s
exact test was applied for categorical variables. Wilcoxon’s
signed rank test and the Mann—Whitney U-test were applied
for between-group comparisons. A p value less than 0.05
was considered significant. Data were exhibited in graphs
as means =+ standard error of the mean (SEM).

Results

Patient demographics, number of revision
surgeries, major complications

A total of 42 patients enrolled in this study were diag-
nosed with infected nonunion. Mean age of study cohort
was 54 + 18 years (range 23-95). Overall, 26 (62%) of the
patients were male and 16 (38%) were female. Demograph-
ics of patients showed that infected nonunions occurred
most often in patients with fractures at the tibia/fibula
(62%, n="26) compared with other fracture sites (humerus,
radius/ulna, femur) (Table 1). Moreover, almost half of
the patients with infected nonunion had a BMI> 30 kg/
m? (43%, n=17) and 46% suffered an open fracture. Most
patients with infected nonunions were classified as ASA
class II (62%, n=26) patients. Regarding patients’ demo-
graphics (Table 2), there was no statistical significantly
association between gender and number of revision sur-
geries (y 2(1)>0.01, p=0.6). No correlation was found for
localization of fracture (y 2(3) > 4.1, p=0.3), ASA score
(r %(2)>2.5, p=0.4), BMI [kg/m?] (y 2(2)>1.0, p=0.6)
and initial open or closed fractures (y %(1)>0.7, p=0.5). Of
the 42 infected nonunion patients, 36 (88%) had successful
bone healing, while major complications such as femoral
or transtibial amputation, recurrence of infection or even
death during inpatient treatment occurred in 6 (14%) patients
(Table 3). Mean number of revision surgeries required for
infected nonunion was 7.7 +1.2.

Microbiological findings

Overall, 125 pathogens were identified in all patients count-
ing all surgeries. In patients with 1-4 (n=18) revision sur-
geries 65 germs were detected in total. Main detected patho-
gen was Staphylococcus aureus (n=17, 26%), followed by
Enterococci strains (n=16, 25%) and gram-negative bacteria

Table 1 Demographic data and clinical characteristics of patients
diagnosed with infected nonunion

Infected
nonunion
(/%]
Patients Total number 42
Gender Female 16/38
Male 26/62
Fracture localization Humerus 2/5
Radius/ulna 3/7
Femur 11/26
Tibia/fibula 26/62
ASA score 1 2/5
2 26/62
3 12/29
BMI [kg/m?] <185 -
18.5-25.0 14/35
25.0-30.0 9/23
>30.0 17/43
Fracture Closed 22/54
Open 19/46
Postoperative outcome Successful healing 36/86
Major complications 6/14
Revision surgeries [n] 1-4 18/43
>5 24/57

Table2 Comparison of demographic and clinical data of patients
with 1-4 and > 5 revision surgeries

Revision Pearson ;(2 test
surgeries
14 >5 [Value/df] p value
[n/%] [n/%]
Total 18/43  24/57
Gender Female 7/44  9/42  0.01/1 0.6
Male 11/56  15/58
Fracture locali- 1 Humerus 2/11 - 4.1/3 0.3
zation 2 Radius/ulna 1/6  2/8
3 Femur 6/33  5/21
4 Tibia/fibula  9/50.0 17/71
ASA 1 - 2/9 2.5/2 04
2 13/77 13/57
3 4/23  8/35
BMI [kg/m?] <18.5 - - 1.072 0.6
18.5-25.0 6/35  8/35
25.0-30.0 5129  4/17
>30.0 6/35 11/48
Fracture Closed 11/61 11/48 0.7/1 0.5
Open 7/39  12/52
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Table 3 Patient demographics and treatment characteristics of patients with major complications after revision for infected nonunions

1

2

3

4

5

6

Complication Relapse of infec- ~ Above knee ampu- Transtibial ampu-  Reinfection after ~ Above knee ampu- Death, heart failure
tion after 2 years  tation tation arthrodesis tation
Age [years] 85 57 34 58 40 69
Gender Female Male Female Female Male Female
ASA 2 3 3 2 2 3
BMI [kg/m?] 38.3 41.7 46.9 46.5 26.3 22.2
AO fracture locali- 44-C1 42-C3 43-C3 44-C1 42-C2 41-A2
zation
Fracture type Closed Open Open Closed Closed Open
Revision surgery 6 5 18 7 2 5
[n]
Number of germs 1 4 5 2 1 2

[n]
Microbial detec-
tion

Course of treat-
ment

Course of treat-
ment

Course of treat-
ment

Course of treat-
ment

First revision

Course of Treat-
ment

Repeated germ No No Yes No No Yes
detection
Germ-changes Yes Yes Yes No No Yes

(n=9, 14%). 67 germs were detected in patients with more
than five surgeries (n=24). Here, Staphylococcus aureus
(n=18, 27%) was also the most identified germ, followed
by gram-negative bacteria (n=14, 21%) and Staphylococ-
cus epidermis (n=9, 13%). MRSA was detected more in
patients with higher number of surgeries (n=4, 6%) com-
pared to patients with less than five surgeries (n=1, 2%).
Also, gram-positive bacteria and Staphylococcus epidermis
were detected more often in patients with more than five
surgeries (7% vs. 2%) (Fig. 1).

In addition, data analysis revealed major differences
between infection characteristics of patients with 1-4 revi-
sion surgeries compared with patients with more than five
surgeries (Table 4).

In patients with more than five follow-up revision sur-
geries, pathogen changes were significantly more often
detected (n =20, 83%). In contrast, only one patient

Fig. 1 Differences in germ
spectrum between patients with
more and less than five revi-
sion surgeries. In both patient
groups, Staphylococcus aureus
was the most often identified
pathogen. Gram-negative, other

Staphylococcus Hominis
Staphylococcus Capitis
MRSA
Coagulase-negative Staph
Staphylococcus Epidermis
Staphylococcus Aureus

gram-positive, Staphylococcus Enterococci
epidermis and MRSA were Gram negative
more prominent in patients with Streptococci
five or more revision surgeries. Gram positive
In addition, Enterococci and Candida Albicans
coagulase-negative staphy-

lococci were found more in
patients with 1-4 surgeries
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(n=1, 6%) in the group of 1-4 revision surgeries had a
change of evidenced pathogen during course of treatment.
Thus, germ changes were associated with number of revi-
sion surgeries (y*(1)>25, p<0.001) (Fig. 2a). Looking
at microbial detections, pathogens were detected in the
patient group with 1-4 surgeries almost exclusively in
the first revision surgery (n=17, 94%). In patients with
more than five surgeries, the contrary was seen. Micro-
bial pathogens were detected also within the course of
treatment in this group in 23 out of 24 patients (96%).
Pearson’s y° test showed a positive association between
time of microbial detection and number of revision sur-
geries (#*(1) >34, p<0.001). No association was found
between number of revision surgeries and type of infection
(mono- or polymicrobial) at the first revision surgeries
(y*(1)> 1.6, p=0.4). However, there was an association
between number of surgeries and repeated detection of the
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Table 4 Microbiological findings differed between both groups
Revision surgeries Pearson y? test
14 [n/%]  >5[n/%] [Value/df] p Value
Total 18/43 24/57
Germ changes No 17/94 4/17 25/1 p<0.001
Yes 1/6 20/83
Microbial detection Only first operation ~ 17/94 1/4 34/1 p<0.001
Course of treatment  1/6 23/96
Type of infection at first revision surgery Monomicrobial 14/78 22/92 1.6/1 0.4
Polymicrobial 4/22 2/8
Repeated germ detection in course of follow-up surgeries No 17/94 9/38 14/1 p<0.001
Yes 1/6 15/62
Number of repeated germ detection in course of follow-up surgeries 1 - - 3.5/3 0.4
2 - 11/69
3 1/100.0 3/19
4 - -
5 - 1/6
6 - 1/6
Number of detected germs in course of surgical treatment 1 13/72 4/17 15/4 0.001
2 4/22 8/33
3 1/6 8/33
4 - 3/13
5 - 1/4

Only a few infected nonunions were due to polymicrobial infections. Both pathogen changes and repeated detection of the same germs could be
evidenced significantly more often in patients who underwent 5 or more surgeries

A
24

Revision
Surgeries

[l14
W5

18—

Patients [n]

0 I- [ T

No Yes
Germ Changes

Fig.2 Germ changes (a) and number of different pathogens in course
of the treatment (b) are associated with higher number of revision
surgeries. a Germ changes appeared significantly more in patients

same germ in follow-up surgeries (y*(1) > 14, p <0.001).
In addition, more revision surgeries led to several germ
changes (A(1)>15, p=0.001) (Fig. 2b).

B
14— Revision
Surgeries
] 14
12 m>s
— 10
&
L2 8-+
c
2
5 6
Qo
4 —
2 —
0

1 2 3 4 5
Mixed Infections: Number of Germs

with more than five revision surgeries 77(1) >24.889, p<.001).
Numbers of different pathogen correlated to higher number of surger-
ies (2(4)>14.991, p=0.001)

Discussion
In the retrospective cohort studied for surgical treat-

ment strategy in infected nonunion, number of surgeries
for bony debridement was considerable. Planned staged
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revision surgeries achieved good results in terms of limb
reconstruction and bony union. In patients who underwent
more sequential bone debridement the initially evidenced
microbial pathogen was often found after following revi-
sion surgeries. In addition, germ changes could be detected
significantly more often in the treatment group with more
surgeries.

The burden of multiple staged surgery remains high.
Time from first revision surgery to bony consolidation is
long. This time of restricted weight bearing, wearing frames,
multiple outpatient visitations as well as restrictions in social
life are a high burden to bear for the affected patients. In the
last two decades, surgical treatment concepts for FRI [18]
and PJI [19] have evolved which both emphasize the sig-
nificance of extended initial surgical debridement and sup-
portive antibiotic treatment. Based on this evolution, even
successful one-stage procedures for infected long bone non-
unions [20, 21] and chronic osteomyelitis have been reported
[22]. Wu and coworkers demonstrated successful two-stage
management in Cierny-Mader type IV osteomyelitis. Only
5 of 36 patients required an unplanned second debridement
in their case series. Intriguingly, all patients experienced
bone defect healing. A high rate of eradication of osteomy-
elitis has been accomplished without major complications
using a two-stage approach. Successful treatment with less
but thorough debridement is in line with our findings [23].
Differences in patient characteristics in both small patient
cohorts, anatomical localizations of the infected bone defects
and procedures for bone defect reconstruction make com-
paring those outcomes with the present data difficult. Nev-
ertheless, planned staged revision surgery in our historical
cohort seems not to be superior to the two-stage approach
described by Wu and coworkers. Furthermore, a limited sur-
gery approach requiring less surgical interventions reduce
not only the stress which infection patients are confronted
during planned staged surgical treatment but also costs for
the health care providers. Especially caregivers who underly
lumpsum payment, which is customary in widespread remu-
neration systems based on the diagnosis-related groups
(DRGs), reduced utilization of operation room capacities is
of economic interest. Besides, less surgeries save personal
and material resources in hospitals. In addition, avoidance
of limb amputations is of socioeconomic interest. Success-
ful limb reconstruction results in lower life time costs than
amputation of the extremity [24]. Further, return to work
is reported to be higher in reconstruction of the tibia com-
pared to a group of amputees after high-energy open tibial
fractures [25].

Repeated detection of the initially evidenced pathogens
might be due to surgical circumstances. Staged revision
programs with multiple surgical interventions might lead to
less radical debridement which could be reason for patho-
gen detection during following surgeries. On the contrary,
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awareness that further revision surgeries which could be
maleficent to the patient, could lead to a more thorough
debridement of the operating surgeon. Changes in patho-
gens evidenced after consecutive surgical revision illustrate
another therapeutic problem accompanying planned surgical
revisions. Since PCR-based assays were used for microbio-
logical examination, it is unlikely that pathogens detected
in the course of the treatment were already present as viable
but nonculturable pathogens during initial surgery. Although
efforts to avoid surgical site infections have been made in
the recent years [26], changes in evidenced pathogens after
follow-up surgeries are most likely due to contamination
during surgical revision. Since follow-up surgeries affect
host’s innate and acquired immunity [27], surgical induced
immunosuppression is likely to favor microbial superin-
fection due to repeated surgical interventions. For fracture
healing, however, the clinical relevance of impaired host”s
immunity due to numerous surgeries is not yet clear. Low
numbers of initial polymicrobial infections in infected non-
unions can be deemed favorable for infect eradication and
nonunion treatment. Thus, changes in pathogens through
additional planned surgeries might impede initial easier to
treat microbial infections.

The major shortcoming of the study is its retrospective
design. We focused on surgeries with bone debridement, to
avoid a bias which might result from smaller soft tissue inter-
ventions and general different treatment approaches includ-
ing all different options of bone reconstruction. During the
observation period, which covers eight years, no fixed inter-
vals for revision surgeries did exist. Surgical debridement
was planned by senior consultants” assessment of bone and
soft tissue status. Including all different kinds of long bone-
infected nonunions and different treatment options resulted
in heterogeneity of the study group. To answer the question
if particular frequent debridements influence germ patterns
evidenced by microbiological examination, we decided to
compare two similar-sized groups. To achieve this goal of
similar-sized groups, patient cohorts with more or less than
five bony debridements were set. This cut-off was deemed
reasonable since revision surgeries included the final revi-
sion surgery after infect eradication.

Conclusion

The examined topic of multiple staged surgical revision for
infections is of the highest clinical relevance for all surgical
entities. Surgical treatment of infected nonunions poses a
high burden on the patients with major complications occur-
ring in about 14% of the patients using a multiple staged
treatment concept. Future prospective studies comparing
outcomes after limited with multiple staged revision sur-
geries are necessary.
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