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Abstract

Introduction Intramedullary (IM) nailing is the treatment of choice for femoral shaft fractures, but nonunion rates have been
reported to be as high as 12%. Surgical interventions for nonunion involve exchange nailing or plate augmentation. Recently,
a combined treatment of exchange nailing and plate augmentation has demonstrated good results, but its comparative effec-
tiveness remains unclear. This study aimed to compare the clinical and radiographic outcomes of three different surgical
interventions for atrophic femoral shaft nonunion, and investigate the factors that affect bone healing after reoperation.
Materials and methods A retrospective study was conducted at five university hospitals involving 149 patients with aseptic
atrophic nonunion after IM nailing. These patients underwent reoperation with plate augmentation, exchange nailing, or
combined treatment. Clinical and radiographic outcomes were assessed and compared according to reoperation procedure.
Logistic regression analysis was performed to identify factors affecting persistent nonunion after reoperation.

Results Of the cohort, 57 patients underwent plate augmentation, 64 underwent exchange nailing, and 28 received combined
treatment. There were no significant differences in patient demographics among the groups. Exchange nailing produced a
significantly lower union rate than did the combined treatment (82.8% vs. 100%, p=0.016), whereas no significant difference
was observed in the union rate and time to the union between plate augmentation and the combined treatment. Combined
treatment showed the longest operative time and the greatest transfusion requirements. The risk factors for persistent non-
union included age, absence of autogenous bone grafts, and use of an exchange nailing technique.

Conclusions Exchange nailing as a treatment for atrophic femoral shaft nonunion after IM nailing resulted in a lower union
rate. The efficacy of the combined treatment requires further study, and persistent nonunion may be influenced by age, bone
grafting, and surgical techniques. A comprehensive approach targeting both biological environment and mechanical stability
is crucial in the treatment of atrophic femoral shaft nonunion.
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Introduction

Intramedullary (IM) nailing is the preferred treatment
for femoral shaft fractures [1-4]. IM nailing can achieve
indirect bone healing with minimal soft tissue disrup-
tion and preservation of blood supply to the fracture site
and is resistant to axial compression and bending forces,
resulting in high treatment success rates [3—6]. However,
approximately 4.1-12% of nonunion cases after IM nailing
in femoral shaft fractures have been recently reported [2,
7]. Exchange nailing or plate augmentation is the main sur-
gical interventions recommended to treat nonunion after
IM nailing [8, 9]. The type of nonunion (hypertrophic or
atrophic) should be considered for treating nonunion. For
atrophic nonunion caused by impaired vascularity at the
fracture site, plate augmentation with autogenous bone
grafting has produced better outcomes than did exchange
nailing [10, 11]. Recently, a single-stage combined treat-
ment of exchange nailing and plate augmentation has been
utilized for treating atrophic femoral shaft nonunion with
good results [12]; however, the differences in union rate
and other clinical outcomes between the combined treat-
ment and the other two interventions are unknown. There-
fore, in this study, we aimed to compare the clinical and
radiographic outcomes of exchange nailing, plate augmen-
tation, and exchange nailing with plate augmentation for
atrophic nonunion after IM nailing in femoral shaft frac-
tures and to investigate the factors that affect bone healing
after reoperation for femoral shaft atrophic nonunion.

Materials and methods
Study design and patient selection

The medical records of patients who developed atrophic
nonunion after IM nailing for femoral shaft fractures and
underwent plate augmentation, exchange nailing, or com-
bined treatment between June 2011 and June 2021 at five
university hospitals were analyzed retrospectively after
receiving institutional review board approval. Informed
consent was waived due to the retrospective nature of the
study. Femoral shaft fractures were defined as fractures
corresponding to the Orthopedic Trauma Association
(OTA) classification 32 area [13]. Atrophic nonunion was
defined using Weber and Cech's classification [14]. The
inclusion criteria were age > 18 years and skeletal matu-
rity. The exclusion criteria were any procedure other than
IM nailing at the time of the initial surgery, concomitant
fractures beyond the shaft area (OTA 31 or 33), bilat-
eral femoral fractures, skeletal immaturity, presence of
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neurovascular injury at the initial visit, pathologic frac-
tures other than osteoporotic fractures, hypertrophic non-
union, septic nonunion, insufficient radiographic data, and
a follow-up period of < 1 year.

Nonunion after the initial operation was defined as insuf-
ficient callus formation or a persistent fracture line observed
in more than one cortices on anteroposterior (AP) and lateral
femoral plain radiographs by 9 months postoperatively or
failure of progressive bone healing based on consecutive
plain radiographs for more than 3 months [15]. In patients
diagnosed with nonunion, deep tissue cultures were per-
formed from the nonunion site if a fracture-related infec-
tion was suspected based on medical history and clinical
examination; patients were excluded from the study if cul-
ture results confirmed septic nonunion [16].

Surgical procedure and postoperative management
protocol

Revision surgery was performed by six orthopedic trauma
specialists with more than 10 years of experience. The revi-
sion procedures included plate augmentation, exchange nail-
ing, or plate augmentation with exchange nailing, and the
attending surgeon decided which procedure to perform for
each patient. All reoperations were performed under C-arm
guidance using a radiolucent table. For plate augmentation, a
lateral incision was made on the center of the nonunion, and
the nonunion site was exposed using a subvastus approach
while leaving the existing IM nail in situ. Debridement and
decortication of the nonunion site were performed, and a
4.5 mm locking compression plate (LCP, DePuy Synthes,
West Chester, PA) was applied after autogenous cancellous
iliac bone grafting. Bone grafting was not performed after
debridement if the nonunion was limited to a single cor-
tex and the size of the nonunion was minimal. During plate
fixation, at least four cortices were fixed on each side of the
fracture site, and if necessary, unicortical screws were used
to avoid interference with the nail. For exchange nailing, the
existing nail was removed, the medullary canal was reamed,
and a nail with a diameter of 2 mm larger than that of the
existing nail was inserted (Fig. 1). The attending surgeon
determined the nail type, and all nails were statically locked.
Bone grafting was performed selectively depending on the
size of the bone defect at the nonunion site. In the com-
bined plate augmentation and exchange nailing procedure,
the existing nail was removed and replaced with a larger
nail after reaming. Plate augmentation was performed using
a lateral approach (Fig. 2). Bone grafting was performed
according to the surgeon's assessment.

Patients began range-of-motion exercises the day after
surgery and partial weight-bearing with crutches or a walker
within 1 week after surgery. Partial weight-bearing was
gradually increased within the patient's pain-tolerable range.
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Fig.1 A, B Anteroposte-

rior (AP) and lateral plain
radiographs of a femoral shaft
fracture corresponding to OTA
32-A3 in a 55-year-old male
patient following a motorcycle
accident. Intramedullary nailing
was performed for the femoral
shaft fracture. C, D AP and
lateral radiographs at 9 months
following the initial surgery.
Atrophic nonunion with limited
callus formation and persistent
fracture gap is noted. E, F AP
and lateral radiographs follow-
ing reoperation for atrophic
nonunion, which was addressed
with exchange nailing. G, H AP
and lateral radiographs obtained
14 months after exchange nail-
ing. Note that while the callus
formation has increased, corti-
cal bridging has not occurred,
and the fracture site gap is still
visible
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Fig.2 A, B Anteroposterior
(AP) and lateral plain radio-
graphs of a 40-year-old male
patient who sustained a fall and
developed a comminuted femo-
ral shaft fracture corresponding
to OTA 32-B3. Retrograde
intramedullary nailing was
performed for this fracture. C,
D AP and lateral radiographs
obtained 9 months after the
initial surgery. A visible fracture
gap and little amount of callus
formation were observed. E,

F AP and lateral radiographs
after reoperation for atrophic
nonunion. Atrophic nonunion
was treated with a combination
of exchange nailing and plate
augmentation. G, H AP and
lateral radiographs obtained

6 months after reoperation. Note
the pronounced callus formation
in all four cortices, with no vis-
ible fracture gap
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If the patient was judged to be able to walk independently,
walking aids were removed, and full weight-bearing was
permitted. There were no significant differences in postop-
erative rehabilitation protocols across the participating insti-
tutions. Patients were followed up at 1, 2, 3, 6, and 9 months
and 1 year postoperatively and then at 6-month intervals
thereafter. Plain radiographs of the femur were obtained at
each follow-up.

Data collection and assessment of outcomes

Patients were divided into a plate augmentation group
(Group P), exchange nailing group (Group N), and com-
bined treatment group (Group C) according to the type of
reoperation performed for the nonunion. Data on patients'
age, sex, American Society of Anesthesiologists score, dia-
betes status, smoking status, body mass index, osteoporo-
sis, the ambulatory level before reoperation, nonunion site,
and follow-up time were collected. The nonunion sites were
divided into isthmic and non-isthmic sites.

Data on initial trauma included injury mechanism, OTA
fracture classification, open fractures, Gustilo-Anderson
classification [17], and the type of IM nail used during
the initial operation. The IM nail types were classified as
antegrade and retrograde, and the antegrade nails were
subdivided into standard interlocking or cephalomedullary
according to the proximal fixation method. Reoperation data
included the bone graft procedure and operative time.

Clinical outcomes included transfusion rate, transfusion
volume, length of hospital stay, and ambulatory level at the
final follow-up. Intraoperative and postoperative transfusions
were performed. Postoperative transfusion was performed
if the patient exhibited clinical symptoms or a hemoglobin
level < 8 g/dL on examination, and hematological evalua-
tions were routinely performed postoperatively at all par-
ticipating institutions.

Radiographic outcomes included union, delayed union,
and time to union. Union was defined as the presence of
adequate callus bridging at the nonunion site in a minimum
of three cortices on AP and lateral plain femur radiographs
without the need for additional surgery after reoperation.
Persistent nonunion was defined as the failure to achieve
union after reoperation, requiring additional surgery [18,
19]. Delayed union was defined as the time to union exceed-
ing 6 months among patients who achieved union.

Statistical analysis

Comparative analysis was performed among the three
groups. For continuous variables, normality was tested
using the Shapiro—Wilk test, and a one-way analysis of
variance (ANOVA) was used when normality was satisfied.
For non-parametric data, the Kruskal-Wallis test was used.

Categorical variables were compared using the chi-square
test or Fisher’s exact test. Logistic regression analysis was
performed to identify the factors affecting persistent nonun-
ion after reoperation for atrophic nonunion. Univariate anal-
ysis was performed to evaluate the association between can-
didate factors and persistent nonunion. Backward stepwise
multivariate analysis was then performed using a threshold
of P=0.05 to enter and retain factors significantly associated
with persistent nonunion in the model. Logistic regression
analysis models were presented as odds ratios (OR) and 95%
confidence intervals (95% CI). All statistical analyses were
performed using SPSS (version 27.0; IBM Corp., Armonk,
NY). Statistical significance was set at P <(0.05, and Bonfer-
roni correction was applied where required.

Results

A total of 231 patients were identified, and 149 (104 male
and 45 female patients) were included in the study after
excluding 82 patients based on the exclusion criteria (7 with
concomitant OTA 31 or 33 fractures, 3 with bilateral femo-
ral shaft fracture, 4 with skeletal immaturity, 2 with initial
neurovascular injury, 5 with septic nonunion, 12 with insuf-
ficient radiographic data, and 49 with follow-up <1 year).
The final cohort had a mean age of 52.7 years (range
20-88 years) and a mean follow-up of 39.9 months (range
12-207 months). Of the 149 patients, 57 were included in
Group P, 64 in Group N, and 28 in group C. No significant
differences were observed in patient demographics, comor-
bidities, ambulatory level before reoperation, nonunion site,
or follow-up period between the three groups (Table 1).
Also, no significant differences were observed in the mecha-
nism of injury, OTA classification, open fractures, Gustilo-
Anderson classification, and type of IM nail used among the
three groups in the initial trauma analysis (Table 2).
Autogenous iliac bone grafting was performed in 46
patients (80.7%) in Group P, 6 (9.4%) in Group N, and 25
(89.3%) in Group C at the time of reoperation, with a sig-
nificantly lower bone graft rate in Group N than in other
groups (P <0.001) (Table 3). The mean operative time was
127.9 +£56.6 min in Group P, 139.4 +45.2 min in Group N,
and 178.2 +50.8 min in Group C, with a significantly longer
operative time in Group C than in other groups (P <0.001).
Group C had a significantly higher transfusion rate of
64.3% than did Groups P (19.3%) and N (35.9%) (P <0.001).
The mean transfusion volume was also significantly higher in
Group C (331.4 +£403.6 ml) than Group P (140.4 +308.5 ml)
and N (215.0+403.4 ml) (P=0.003). The mean length
of stay was 15.4 days in Group P, 12.3 days in Group N,
and 13.6 days in Group C, and no significant difference
was observed among the three groups (P=0.108). At the
final follow-up, 37 patients (64.9%) in Group P, 50 patients
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Table 1 Patient characteristics

Group P (n=57) Group N (n=64) Group C (n=28) P
Age (years) 49.0+18.6 (20-86) 54.0+15.4 (21-81) 56.9+18.3 (22-86) 0.094
Sex (male: female) 45:12 42:22 17:11 0.143
ASA (%) 0.129
1,2 48 (84.2) 44 (68.8) 22 (78.6)
3,4 9 (15.8) 20 (31.2) 6(21.4)
DM (%) 5(8.8) 23.1) 1(3.6) 0.454
Smoking 15 (26.3) 8 (12.5) 3(10.7) 0.105
BMI (kg/m?) 25.5+4.3 (16.6-40.8) 24.8+3.6 (17.3-33.7) 25.4+3.9(16.2-31.2) 0.547
Osteoporosis 9 (15.8) 9 (18.8) 6(21.4) 0.821
Ambulatory level (before reoperation) (%) 0.128
Independent 39 (68.4) 55(85.9) 21 (75.0)
Assisted 16 (28.1) 8 (12.5) 7(25.0)
Non-ambulatory 2(3.5) 1(1.6) 0 (0)
Nonunion site (isthmic: non-isthmic) 24:33 36:28 13:15 0.286
Follow-up period (months) 36.4+33.1 (12-202) 40.6+28.5 (12-118) 45.6 +£40.2 (17-207) 0.253
Continuous variables are reported as mean + SD (range)
ASA American Society of Anesthesiologists classification, DM diabetes mellitus, BMI body mass index, /M intramedullary
Table 2 Initial trauma details Group P (n=57) Group N (n=64) Group C (n=28) P
Injury mechanism (High:Low) 51:6 52:12 23:5 0.459
OTA classification (%) 0.123
32-A 26 (45.6) 29 (45.3) 16 (57.1)
32-B 16 (28.1) 27 (42.2) 10 (35.7)
32-C 15 (26.3) 8 (12.5) 2(7.1)
Open fracture (%) 4(7.1) 6(9.4) 1(3.6) 0.720
G-A classification (%) 1.000
1 0(0) 1(16.7) 0(0)
I 2 (50.0) 2(33.3) 0(0)
oI A 2 (50.0) 3(50.0) 1 (100)
Initial IM nail (%) 0.257
Standard 32(56.1) 46 (71.9) 19 (67.9)
Cepahlomedullary 11 (19.3) 11 (17.2) 6(21.4)
Retrograde 14 (24.6) 7(10.9) 3(10.7)

OTA Orthopedic Trauma Association, G-A Gustilo-Anderson, /M intramedullary

(78.1%) in Group N, and 20 patients (71.4%) in Group C
were able to walk independently, and there was no signifi-
cant difference in the final ambulatory level and decline in
the ambulatory level among the three groups (P=0.434 and
0.820, respectively) (Table 3).

Radiographic union, delayed union, and time to union sig-
nificantly differed among the three groups (P=0.032, 0.033,
and 0.023, respectively) (Table 3). Group P had a 91.2%
union rate after reoperation, Group N had an 82.8% union
rate, and Group C had a 100% union rate, with a significantly
lower union rate in Group N than in Group C (P =0.016).
The rates of delayed union were 53.8%, 66.0%, and 35.7%
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in Groups P, N, and C, respectively, with significantly higher
rates in Group N than in Group C (P=0.001). The average
time to union were 35.0, 42.5, and 31.7 weeks in Groups P,
N, and C, respectively, with Group N exhibiting a signifi-
cantly longer time to union than did Group C (P=0.013).
However, the radiographic outcomes were not significantly
different between Groups P and C.

Logistic regression analysis of the effect of variables on
the likelihood of persistent nonunion revealed that in the
univariate logistic models, increasing age was associated
with a higher risk of persistent nonunion. Patients who did
not undergo autogenous bone grafting had a higher risk of
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Table 3 Operative details and outcomes
Group P (n=57) Group N (n=64) Group C (n=28) P

Bone graft (%) 46 (80.7) 6(9.4) 25 (89.3) <0.001
Operative time (min) 127.9 +56.6 (45-284) 139.4 +45.2 (69-350) 178.2 +£50.8 (140-305) <0.001
Transfusion rate (%) 11 (19.3) 23 (35.9) 18 (64.3) <0.001
Transfusion volume (mL) 140.4+308.5 (0-960) 215.0+£403.4 (0-2560) 331.4+403.6 (0-1920) 0.003
Length of stay (day) 15.4+14.1 (5-85) 12.3+12.0 (6-84) 13.6+10.8 (7-58) 0.108
Ambulatory level (final follow-up) (%) 0.434

Independent 37 (64.9) 50 (78.1) 20 (71.4)

Assisted 17 (29.8) 13 (20.3) 8 (28.6)

Non-ambulatory 3(5.3) 1(1.6) 0(0)
Ambulatory level decline (%) 0.820

1 level 3(5.3) 5(7.8) 1(3.6)
Union (%) 52(91.2) 53 (82.8) 28 (100) 0.032
Delayed union (%) 28/52 (53.8) 35/53 (66.0) 10/28 (35.7) 0.033
Time to union (week) 35.0+£20.3 (12-116) 42.5+22.8 (13-120) 31.7+17.8 (13-109) 0.023

Significant P values of < 0.05 are highlighted in bold

Continuous variables are reported as mean + SD (range)

persistent nonunion than did patients who received autog-
enous bone grafts, and patients who underwent exchange
nailing had a higher risk of persistent nonunion than did
patients who were treated with plate augmentation or

combined treatment (age, OR=1.09, 95% CI 1.02-1.17,
P=0.016; without bone graft, OR=95.51, 95% CI
4.19-2179.2, P=0.004; exchange nailing, OR=115.76,95%
CI 4.01-3342.6, P=0.006) (Table 4). Multivariate logistic

Table 4 Univariate and

- . Variables Univariate analysis Multivariate analysis
multivariate analysis of the
influence of variables on Odds ratio (95% CI) P Odds ratio (95% CI) P
the likelihood of persistent
nonunion after reoperation for Age 1.09 (1.02-1.17) 0.016 1.08 (1.03-1.13) 0.002
atrophic femoral shaft nonunion Male sex 0.87 (0.15-5.00) 0.879 _ _
(n=149) ASA 34 0.99 (0.21-4.77) 0.992 - -
DM 2.77 (0.33-23.47) 0.350 - -
Smoking 2.64 (0.23-31.03) 0.439 - -
BMI > 25 kg/m? 1.20 (0.30-4.87) 0.794 - -
Osteoporosis 1.61 (0.15-17.91) 0.696 - -
High energy injury 2.26 (0.13-38.64) 0.573 - -
OTA classification
A Reference - - -
B 0.67 (0.12-3.86) 0.652 - -
C 1.05 (0.07-15.00) 0.971 - -
Non-isthmic fracture site 1.70 (0.46-6.26) 0.424 - -
Open fracture 4.65 (0.42-52.08) 0.213 - -
Without bone graft 95.51 (4.19-2179.2) 0.004 15.76 (2.13-116.80) 0.007
Operative time 0.989 (0.98-1.00) 0.163 - -
Treatment method
Plate augmentation Reference - Reference -
Nail exchange 115.76 (4.01-3342.6) 0.006 18.34 (2.24-150.46) 0.007
Combined treatment - NS - NS

Significant P values of < 0.05 are highlighted in bold

ASA American Society of Anesthesiologists, DM diabetes mellitus, BMI body mass index, NS not signifi-

cant
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models based on univariate predictors of persistent nonunion
showed that age, absence of autogenous bone grafts, and
exchange nailing all independently predicted persistent non-
union (age, OR=1.08, 95% CI 1.03-1.13, P=0.002; with-
out bone graft, OR=15.76, 95% CI 2.13-116.80, P=0.007;
exchange nailing, OR=18.34, 95% CI 2.24-150.46,
P=0.007) (Table 4).

Discussion

In our study on reoperation for atrophic nonunion of the fem-
oral shaft after IM nailing, exchange nailing demonstrated a
significantly lower union rate than the combined treatment,
whereas no significant difference was observed in the union
rate and time to union between plate augmentation and com-
bined treatment. Among the three procedures, the combined
treatment had the longest operative time and necessitated
more transfusions. Also, it showed a 100% union rate, the
shortest mean time to union, and the lowest delayed union
rate among the three groups.

High union rates and short union times have been reported
in a previous study on combined treatment for femoral shaft
nonunion, consistent with the results of this study, making it
a promising treatment for nonunion [12]. Nevertheless, radi-
ographic outcomes were not significantly different between
the combined treatment and plate augmentation, and the
combined treatment had the longest operative time and the
highest transfusion volume among the three treatments. This
suggests that the additional benefit of combined treatment
for union may not be significant, with the trade-off being a
longer operative time and greater blood loss.

Exchange nailing alone resulted in lower union rates than
did exchange nailing with plate augmentation. Reaming at
the time of exchange nailing decreases the endosteal blood
supply but increases the periosteal blood supply, increas-
ing in overall blood flow [20, 21]. However, in the case of
atrophic nonunion, the increase in blood flow due to ream-
ing was minimal because the periosteal blood supply at the
fracture site was already impaired and may have contrib-
uted to the low union rate after exchange nailing in atrophic
nonunion.

The risk factors for persistent nonunion were age, absence
of bone graft, and exchange nailing. Fracture healing potency
decreases, comorbidities increase with age, and osteoporosis
can develop, affecting fracture occurrence and healing [22,
23]. In a previous study on risk factors for failure after revi-
sion femoral shaft nonunion, age was not reported as a risk
factor; however, the study included both hypertrophic and
atrophic nonunion and only included patients up to age 66
[18]. In our analysis, which focused on atrophic nonunion
and included older patients, age was a risk factor for per-
sistent nonunion, suggesting the importance of biological
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healing potency in atrophic nonunion. Autogenous iliac bone
grafts possess osteoconductive, osteoinductive, and osteo-
genic properties and can effectively restore the impaired
biological healing potency of atrophic nonunion [24-26].
In the multivariate analysis, the risk of persistent nonunion
increased by more than 15-fold without bone grafting, indi-
cating the importance of improving the biological environ-
ment to address atrophic nonunion.

Exchange nailing was also an independent risk factor for
persistent nonunion after reoperation for atrophic femoral
shaft nonunion. The IM nail is highly resistant to axial com-
pression and bending forces but less resistant to torsional
forces [6]. Previous studies on bone healing and instability in
rats have reported that rotational instability adversely affects
bone healing [27, 28]. In a human cadaveric biomechanical
study, plate augmentation after femur IM nailing increased
rotational stability by 3.3 times than by IM nailing alone
[6]. Another biomechanical study that compared exchange
nailing and plate augmentation using a synthetic femoral
bone model showed that augmentation with a 4.5-mm LCP
resulted in significantly less torsional displacement com-
pared to that with nail exchange [29]. Taken together, these
studies suggest the importance of increasing rotational sta-
bility from a biomechanical perspective to address nonunion
after IM nailing and that plate augmentation is more favora-
ble than is exchange nailing for increasing rotational sta-
bility. The risk factor analysis for persistent nonunion after
reoperation for atrophic nonunion indicates that restoration
of the biological environment and enhancement of mechani-
cal stability, especially rotational stability, are important.

The risk factors for nonunion can be categorized into
patient-related factors, fracture characteristics, surgery, and
implant-related factors [30, 31]. Of the reported risk factors
for nonunion, the majority were not identified as risk factors
for persistent nonunion, with age being the only patient-
related factor and other factors being surgery- and implant-
related factors, such as bone graft status and exchange nail-
ing. This suggests that the risk factors for regular nonunion
and persistent nonunion after reoperation may differ, and
that persistent nonunion may be driven more by surgery-
and implant-related factors than by patient factors or initial
fracture characteristics.

In this study, different types of IM nails were used during
reoperation; they were intentionally selected to avoid overlap
with the interlocking screw holes of previous IM nails and
to increase the fixation stiffness. Lai et al. reported no dif-
ference in union rate and time to the union using different
types of IM nails for reoperation of femoral shaft nonunion
[10]. Therefore, the effect of the type of IM nail used during
reoperation on the union rate may be minimal.

The limitations of this study include its retrospective
nature and the potential for surgical bias owing to the partici-
pation of multiple surgeons. Due to the retrospective design,
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we were unable to collect patient-reported outcomes. Future
prospective studies are needed to evaluate subjective patient
outcomes following different treatments for atrophic non-
union. As for surgical bias, all surgeons were orthopedic
trauma specialists, operated according to the principles of
modern fracture management, and shared similar rehabilita-
tion protocols; therefore, bias was likely to be minimal. We
believe that the inclusion of multiple surgeons contributes
to the generalizability of this study. Another limitation was
that we were unable to measure other factors that may affect
union, such as a quality of reduction or malalignment. Fur-
ther research is needed to include other factors that may
affect union. In addition, randomized studies are needed to
have a better understanding of the effectiveness of combined
treatment and the risk factors for a persistent nonunion.

In conclusion, exchange nailing as a treatment for
atrophic femoral shaft nonunion demonstrated a lower
union rate. The efficacy of the combined treatment requires
further study. Persistent nonunion after reoperation may be
influenced by age, bone grafting, and surgical technique. A
comprehensive approach targeting both restoration of the
biological environment and enhancement of mechanical
stability should be considered in the treatment of atrophic
femoral shaft nonunion.
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