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ABSTRACT

Background. There have been no nationwide surveys of
postoperative adverse events (AEs) after musculoskeletal
tumor surgery focusing on their severity. Therefore, we
developed a nomogram to predict severe AEs after mus-
culoskeletal tumor surgery.

Methods. We identified patients in the Diagnosis Proce-
dure Combination database who underwent
musculoskeletal tumor surgery during 2007-2012, and
defined severe AEs as follows: (i) in-hospital mortality; (ii)
postoperative medications including massive transfusion
(>1,400 mL), catecholamines, y-globulin products, prote-
ase inhibitors, and medications for disseminated
intravascular coagulation; and (iii) postoperative interven-
tions consisting of mechanical ventilation, dialysis support,
and cardiac support. Logistic regression models were used
to address the occurrence of severe AEs.

Results. Of 5,716 patients identified, 613 patients
(10.7 %) had severe AEs. Multivariate analyses showed an
inverse relationship between body mass index (BMI) and
severe AEs (odds ratio 1.80 for BMI <18.50; p < 0.001)
after adjustment for other significant factors, including sex,
age, tumor location, Charlson comorbidity index, type of
surgery, and duration of anesthesia. A nomogram and a
calibration plot based on these results were well-fitted to
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predict the probability of severe AEs after musculoskeletal
tumor surgery (concordance index 0.781).

Conclusions. We developed a nomogram predicting the
probability of severe AEs after musculoskeletal tumor
surgery. In addition, we clarified that underweight, but not
overweight or obese, status was significantly associated
with increased severe AEs after adjusting for patient
background characteristics.

It is widely recognized that patients undergoing mus-
culoskeletal tumor surgery are at increased risk of
postoperative adverse events (AEs) compared with those
undergoing general orthopedic surgery, owing to the more
invasive nature of the surgical procedures, and the gener-
ally poorer condition of patients with tumors who have
undergone preoperative chemotherapy. To date, postoper-
ative AEs in musculoskeletal tumor surgery, such as
surgical site infection or venous thromboembolism, have
been reported based on limited data from single centers or a
few major referral centers.'™® However, these reports did
not focus on the severity of the AEs.

Given the above-mentioned nature of musculoskeletal
tumor surgery, and despite the development of periopera-
tive management, we hypothesized that musculoskeletal
tumor surgery would be associated with higher rates of
postoperative severe AEs demanding postoperative medi-
cations or interventions. However, to our knowledge, there
have been no nationwide surveys of severe AEs after
musculoskeletal tumor surgery, and the factors affecting
the incidence of severe AEs in musculoskeletal tumor
surgery remain unclear.
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Therefore, we investigated the nationwide incidence of
severe AEs after musculoskeletal tumor surgery in Japan
and analyzed the risk factors associated with the incidence
of severe AEs by analyzing data from the Diagnosis Pro-
cedure Combination (DPC) database, which is a nationally
representative inpatient database in Japan. In addition, we
developed a nomogram to predict the occurrence of severe
AEs after musculoskeletal tumor surgery.

PATIENTS AND METHODS
Data Source

The DPC database is a national administrative claims and
discharge abstract database for acute-care inpatients in
Japan, the details of which were described elsewhere.””
Data were collected over 6 months (from 1 July to 31
December) until 2010, and throughout the year from 2011.
The numbers of cases in the database were 2.7, 2.8, 2.8, 3.3,
and 7.0 million in 2007, 2008, 2009, 2010, and 2011,
respectively, representing approximately 50 % of all inpa-
tient admissions to secondary and tertiary care hospitals in
Japan. There are 89 Japanese orthopaedic association (JOA)-
certified hospitals that specialize in the treatment of mus-
culoskeletal tumors in Japan. Eighty-seven of these hospitals
(66 academic hospitals and 21 non-academic hospitals) are
included in the DPC database. A total of 4,685 patients
(82.0 %) who underwent surgery for musculoskeletal tumors
were treated in academic hospitals (JOA-certified or non-
JOA-certified; 3,386 patients, 59.3 %) or JOA-certified non-
academic hospitals (cancer treatment centers; 1,299 patients,
22.7 %).

The database includes the following data for each patient:
location of hospital; age; sex; diagnoses and comorbidities
at admission and complications after admission recorded
with text data in the Japanese language and the International
classification of diseases, 10th revision (ICD-10) codes;
procedures coded with Japanese original codes; drugs and
devices used; length of stay; and discharge status. Compli-
cations that occurred after admission are clearly
differentiated from comorbidities that were already present
at admission.

Owing to the anonymous nature of the data, informed
consent was waived. Study approval was obtained from the
Institutional Review Board of The University of Tokyo.

Data Extraction

We identified the records of all patients in the DPC
database who underwent musculoskeletal tumor surgery
during 2007-2012. For each patient, we extracted the fol-
lowing data: patient characteristics (sex, age, body mass
index [BMI], comorbidities); details of disease (main
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diagnosis, tumor location); details of surgery (type of sur-
gery, volume of perioperative blood transfusion, duration
of anesthesia); and postoperative length of stay. We
extracted comorbidities that may affect the rates of severe
AEs, including diabetes mellitus (ICD-10 codes E10.x—
El14.x), chronic lung disease (127.8, 127.9, J40.x-J47.x,
J60.x-J67.x, J63.4, J70.1, J70.3), cardiac disease (125.2,
109.9, 111.0, 113.0, 113.2, 120.x, 121.x, 122.x, 125.5, 142.0,
142.5-142.9, 143.x, 150.x, P29.0), cerebrovascular disease
(G45.x, G46.x, H34.0, 160.x-169.x), chronic renal failure
(N18.x), and liver disease (185.0, 185.9, 186.4, 198.2, K70.4,
K71.1, K72.1, K72.9, K76.5, K76.6, K76.7). Based on
Quan’s protocol, each ICD-10 code of a comorbidity was
converted into a score, and the sum of the scores was used
to calculate the patient’s Charlson comorbidity index
(ccn. !

BMI was computed using the following standard equa-
tion: BMI = weight in kg/height squared in meters. BMI
was categorized into five groups: <18.50 (underweight);
18.50-22.99 (lower normal range); 23.00-24.99 (upper
normal range); 25.00-29.99 (overweight); and >30.00
(obese).'” Diagnoses were categorized into two groups:
primary malignant bone tumor (ICD-10 codes C40.x,
C41.x), and primary malignant soft tissue tumor (C47.x,
C48.0, C49.x). The tumor locations were categorized into
three subgroups: upper extremity, lower extremity, and
trunk. The types of surgery were also categorized into three
subgroups: bone tumor resection (Japanese original proce-
dure code K053), soft tissue tumor resection (K031), and
amputation (K084). Although the DPC database does not
include information on the operation time, it is generally
reflected by the anesthesia time. The durations of anesthesia
were categorized into three subgroups: <120 min,
120240 min, and >240 min. The hospital volumes for all
musculoskeletal surgery were determined using the unique
identifier for each hospital. Patients were divided into tertiles
according to hospital volume (number of musculoskeletal
surgery cases per year) so that the number of patients in each
group was almost equal. As a result, low volume was defined
as <13 cases/year, medium volume as 14-28 cases/year, and
high volume as >29 cases/year.

Endpoints

We defined a severe AE as a status involving at least one
of the following conditions: (i) in-hospital morality; (ii)
postoperative medications, including massive blood trans-
fusion (>1,400 mlL), catecholamines (strong vasopressors:
dopamine, dobutamine, adrenaline, noradrenaline), prote-
ase inhibitors (used for shock status: gabexate mesilate,
nafamostat mesilate, ulinastatin), y-globulin products (used
for severe septic shock), and anti-disseminated intravas-
cular coagulation (DIC) medications (dalteparin sodium,



3566

K. Ogura et al.

TABLE 1 Characteristics of the study population according to surgical procedures

Overall Soft tissue tumor Bone tumor Amputation p value
(N = 5,716) resection (N = 4,534) resection (N = 896) (N = 286)

Age, years (mean (SD)) 58.0 (20.2) 60.5 (18.4) 45.9 (23.0) 55.7 (23.5) <0.001
<64 3,183 (55.7) 2,373 (52.3) 643 (71.8) 167 (58.4)

65-79 1,845 (32.3) 1,551 (34.2) 218 (24.3) 76 (26.6)
>80 688 (12.0) 610 (13.5) 35 (3.9 43 (15.0)

Sex
Male 3,129 (54.7) 2,463 (54.3) 496 (55.4) 170 (59.4) 0.222
Female 2,587 (45.3) 2,071 (45.7) 400 (44.6) 116(40.6)

Tumor site
Upper extremity 846 (14.8) 719(15.9) 65 (7.3) 62 (21.7) <0.001
Lower extremity 2,698 (47.2) 2,261 (49.9) 292 (32.6) 145 (50.7)

Trunk 1,718 (30.1) 1,144 (25.2) 519(57.9) 55 (19.2)
Data not provided 454 (7.9) 410 (9.0) 20 (2.2) 24 (8.4)
CCI
4,206 (73.6) 3,345 (73.8) 676 (75.4) 185 (64.7) <0.001
3 863 (15.1) 710 (15.7) 113 (12.6) 40 (14.0)
>4 647 (11.3) 149 (10.5) 107 (12.0) 61 (21.3)

BMI
<18.50 405 (7.1) 257(5.7) 113 (12.6) 35 (12.2) <0.001
18.50-22.99 1,475 (25.8) 1,137(25.1) 256 (28.6) 82 (28.7)
23.00-24.99 737 (12.9) 627(13.8) 81 (9.0) 29 (10.1)
25.00-29.99 863 (15.1) 741 (16.3) 89 (9.9) 33 (11.5)
>30.0 136 (2.4) 115 (2.5) 18 (2.0) 3(1.0)

Data not provided 2,100 (36.7) 1,657(36.5) 339 (37.8) 104 (36.4)

Blood transfusion, mL (median (IQR)) 840 (560-1,620) 560 (400-1,120) 1,120 (560-1,960) 840 (560-1,680) <0.001
No 4,702 (82.3) 4,058 (89.5) 438 (48.9) 206 (72.0) <0.001
Yes 1,014 (17.7) 476 (10.5) 458 (51.1) 80 (28.0)

Anesthesia time, min (median (IQR)) 216 (142-345) 195 (135-307) 379 (251-567) 204 (157-278)  <0.001
<120 932 (16.6) 862 (19.3) 44 (5.1) 26 (9.2) <0.001
121-240 2,261 (40.3) 1,851 (43.8) 159(18.3) 151 (53.5)
>240 2,417(43.1) 1,646 (36.9) 666 (76.6) 105 (37.2)

Postoperative length of stay, days (median (IQR)) 19 (11-35) 17 (11-29) 35 (19-66) 29 (17-56) <0.001

SD standard deviation, CCI Charlson comorbidity index, BMI body mass index, IQR interquartile range

danaparoid sodium, human anti-thrombin III, thrombo-
modulin a); and (iii) postoperative interventions consisting
of mechanical ventilation (Japanese procedure codes
JO44.1, J045.x), dialysis support (J038.x-J039, JO41.x—
JO42), and cardiac support, including chest compression
(JO46), use of defibrillator (J047), open cardiac massage
(K545), intra-aortic balloon pumping (K600), and use of
extracorporeal circulation devices such as percutaneous
cardiopulmonary support (K602) and ventricular assisting
devices (K603). We were able to differentiate between
preoperative and perioperative treatments because the DPC
administrative data included information on the dates when
each drug, device, or procedure was used for the individual
patients.
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Statistical Analyses

A univariate logistic regression analysis was performed
with each covariate for the prediction of severe AEs. We
then constructed a multivariate logistic regression model
excluding insignificant factors at a significance level of
<10 % in the univariate model. Based on the results, we
built a nomogram to predict the occurrence of severe AEs.
Internal validation was performed via a bootstrap method
with 50 resamples, and a calibration plot was derived to
evaluate the relationship between predicted probabilities by
the nomogram and observed rates. In univariate compari-
sons, categorical variables were compared by the Chi
square test, and continuous variables were compared by the
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TABLE 2 Distribution of severe adverse events for each surgical procedure

Overall Soft tissue tumor Bone tumor Amputation p value
(N = 5,716) resection (N = 4,534) resection (N = 896) (N = 286)
Overall (N (° %) 613 (10.7) 312 (6.9) 244 (27.2) 57 (19.9) <0.001
Postoperative medications (N (%))
Massive transfusion 313 (5.5) 102 (2.2) 184 (20.5) 27 (9.4) <0.001
Catecholamines 290 (5.1) 174 (3.8) 90 (10.0) 26 (9.1) <0.001
Protease inhibitors 72 (1.3) 43 (0.9 22 (2.5) 7 (2.4) <0.001
v-globulin products 53 (0.9) 24 (0.5) 25 (2.8) 4(1.4) <0.001
Anti-DIC medications 28 (0.5) 13(0.3) 13 (1.5) 2(0.7 <0.001
Postoperative intervention (N (%))
Mechanical ventilation 60 (1.0) 25 (0.6) 32 (3.6) 3(1.0) <0.001
Dialysis support 36 (0.6) 24 (0.5) 8 (0.9) 4 (1.4) 0.110
Cardiac support 11 (0.2) 5(0.1) 404 2 (0.7) 0.015
In-hospital death (N (%)) 45 (0.8) 30 (0.7) 9(1.0) 6 (2.1) 0.021

DIC disseminated intravascular coagulation

Mann—Whitney U test. The threshold for significance was a
value of p < 0.05. All statistical analyses were conducted
using IBM SPSS version 19.0 (IBM Corporation, Armonk,
NY, USA) and the nomogram was built by R version 3.0.1
(R Foundation for Statistical Computing, Vienna, Austria)
with the rms library.

RESULTS

During a total period of 39 months (1 July to 31
December of 2007-2010; 1 January to 31 December of
2011; and 1 January to 31 March of 2012), data for about
20 million inpatients were collected in the DPC database.
We identified 5,716 eligible patients who underwent sur-
gery, including bone tumor resection (Japanese procedure
code KO053), soft tissue tumor resection (K031), and
amputation (K084) for primary malignant bone tumors
(ICD-10 codes C40.x, C41.x) or primary malignant soft
tissue tumors (C47.x, C48.0, C49.x). The background
characteristics of the patients and details of their surgery
according to surgical procedures are shown in Table 1. The
patients comprised 3,129 males and 2,587 females with a
mean (£SD) age of 58.0 £ 20.2 years. The type of surgery
was bone tumor resection in 896 patients, soft tissue tumor
resection in 4,534 patients, and amputation in 286 patients.

In the CCI, ‘malignant tumor’ is assigned a score of 2.
Therefore, approximately 26 % of patients were classified
as having comorbidities. The duration of anesthesia was
120 min or longer in the majority of patients, with a
median (interquartile range) duration of 216 (142-345)
min. The duration of anesthesia was relatively long in the
bone tumor resection group. The postoperative length of
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stay was also relatively long in the bone tumor resection
group.

Table 2 shows the distribution of severe AEs in each
surgical procedure. Overall, 613 patients (10.7 %) met the
criteria for severe AEs, including 45 in-hospital deaths
(0.8 %). Severe AEs were most frequent in the bone tumor
resection group (244 patients; 27.2 %). Postoperative
medications included massive transfusion in 313 patients
(5.5 %), catecholamines in 290 patients (5.1 %), protease
inhibitors in 72 patients (1.3 %), y-globulin products in 53
patients (0.9 %), and anti-DIC medications in 28 patients
(0.5 %). Postoperative interventions included mechanical
ventilation in 60 patients (1.0 %), dialysis support in 36
patients (0.6 %), and cardiac support in 11 patients
0.2 %).

Table 3 shows univariate and multivariate logistic
regression analyses for severe AEs. The univariate analyses
showed that tumor location, CCI, BMI, type of surgery,
and duration of anesthesia were significantly associated
with severe AEs. The multivariate logistic regression
analyses showed significant associations between severe
AEs and age of 65-79 years (odds ratio [OR] 1.28; 95 %
CI 1.04-1.58; p = 0.018) or >80 years (OR 1.81; 95 % CI
1.35-2.43; p < 0.001), tumor location of trunk (OR 1.54;
95 % CI 1.11-2.14; p = 0.009), CCI of 3 (OR 1.33; 95 %
CI 1.03-1.71; p =0.027) or =4 (OR 1.94; 95 % CI
1.52-2.48; p < 0.001), BMI of <18.50 (OR 1.80; 95 % CI
1.30-2.50; p < 0.001), type of surgery involving bone
tumor resection (OR 3.23; 95 % CI 2.60-4.02; p < 0.001)
or amputation (OR 3.46; 95 % CI 2.48-4.84; p < 0.001),
and duration of anesthesia of >240 min (OR 5.41; 95 % CI
3.62 to —8.08; p < 0.001).
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TABLE 3 Univariate and multivariate logistic regression analyses for severe adverse events

No. of
patients (%)

No. of patients

with severe AEs (%)

Univariate analysis Multivariate analysis

Odds ratio p value Odds ratio p value
95 % CI) 95 % CI)

Total no. of patients 5,716 613 (10.7)
Sex

Male 3,129 (54.7) 348 (11.1) Reference Reference

Female 2,587 (45.3) 265 (10.2) 0.91 (0.77-1.08) 0.286 0.98 (0.82-1.18) 0.848
Age, years

<64 3,183 (55.7) 343 (10.8) Reference Reference

65-79 1,845 (32.3) 193 (10.5) 0.97 (0.80-1.17) 0.727 1.28 (1.04-1.75) 0.017

>80 638 (12.0) 77 (11.2) 1.04 (0.80-1.36) 0.750 1.81 (1.35-2.43) <0.001
Tumor location

Upper extremity 846 (14.8) 57 (6.7) Reference Reference

Lower extremity 2,698 (47.2) 257 (9.5) 1.46 (1.08-1.96) 0.013 1.28 (0.93-1.75) 0.129

Trunk 1,718 (30.1) 257 (15.0) 2.44 (1.80-3.29) <0.001 1.54 (1.11-2.13) 0.010

Data not provided 454 (7.9) 42 (9.3) 1411 (0.931-2.139) 0.105 1.50 (0.97-2.34) 0.070
CCI

2 4,206 (73.6) 388 (9.2) Reference Reference

3 863 (15.1) 102 (11.8) 1.32 (1.05-1.66) 0.019 1.34 (1.04-1.72) 0.023

>4 647 (11.3) 123 (19.0) 2.31 (1.85-2.89) <0.001 1.94 (1.52-2.48) <0.001
BMI

<18.50 405 (7.1) 82 (20.2) 2.06 (1.54-2.76) <0.001 1.80 (1.30-2.50) <0.001

18.50-22.99 1,475 (25.8) 162 (11.0) Reference Reference

23.00-24.99 737 (12.9) 75 (10.2) 0.92 (0.69-1.23) 0.563 1.00 (0.73-1.37) 0.994

25.00-29.99 863 (15.1) 75 (8.7) 0.77 (0.58-1.03) 0.077 0.88 (0.64-1.19) 0.404

>30.0 136 (2.4) 14 (10.3) 0.93 (0.52-1.66) 0.805 1.13 (0.61-2.07) 0.705

Data not provided 2,100 (36.7) 205 (9.8) 0.88 (0.71-1.09) 0.237 0.92 (0.73-1.17) 0.504
Type of surgery

Soft tissue tumor resection 4,534 (79.3) 312 (6.9) Reference Reference

Bone tumor resection 896 (15.7) 244 (27.2) 5.06 (4.20-6.10) <0.001 3.24 (2.614.03) <0.001

Amputation 286 (5.0) 57 (19.9) 3.37 (2.47-4.60) <0.001 3.50 (2.50-4.90) <0.001
Duration of anesthesia (min)

<120 932 (16.6) 28 (3.0) Reference Reference

120-240 2,261 (40.3) 102 (4.5) 1.53 (0.99-2.33) 0.052 1.36 (0.88-2.09) 0.166

>240 2,417 (43.1) 469 (19.4) 7.77 (5.27-11.47) <0.001 5.69 (3.82-8.49) <0.001

AFEs adverse events, CI confidence interval, CCI Charlson comorbidity index, BMI body mass index

Based on these results, we developed a nomogram that
visually showed the multivariate impact of each variable
(Fig. 1). The concordance index of the model was 0.781.
The calibration plots are shown in Fig. 2. The differences
between the observed rates and predicted probabilities
were within 0.015 for 90 % of patients.

DISCUSSION

In the present study, we analyzed 5,716 patients who
underwent primary musculoskeletal tumor surgery between
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2007 and 2012 using a nationwide inpatient database with a
special emphasis on the severity of AEs, by defining a
severe AE as a status requiring postoperative medications
or interventions that reflected actual life-threatening con-
ditions. Although there have been no previous reports
describing the severity of these postoperative AEs, we
revealed the significant risk factors for severe AEs after
adjustment for patient background characteristics.

The overall incidence of severe AEs was 10.7 %,
including 45 deaths (0.8 %). In the present study, we
clarified the significant risk factors associated with
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FIG. 1 Nomogram to predict the probability of severe AEs after
musculoskeletal tumor surgery. The patient’s value for each param-
eter is plotted on the appropriate scale and vertical lines are drawn to
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FIG. 2 Calibration plot. The ideal line at 45° (dashed line) indicates
the ideal nomogram reference line. The apparent line (dotted line)
shows the calculated data from the dataset. The bias-corrected line
(continuous line) is an adjusted line by the bootstrap method with 50
resamples

postoperative severe AEs and also developed a nomogram.
Presumably, many musculoskeletal oncologists have
experienced patients with several severe AEs after surgery
and may recognize the population at higher risk of devel-
oping severe AEs. To date, however, quantitative evidence
to show this tendency has been lacking. Furthermore, our
nomogram enables easy calculation of individualized pre-
dictions for patient outcomes. Consequently, physicians
can recognize the risk for a severe AE before surgery, and
provide a more informative explanation to their patients.
The calibration plot (Fig. 2) showed that our nomogram
was well-fitted to the observed data. The relatively low
incidence of severe AEs (10.7 %) would make it difficult to
show a significant association between these variables and
severe AEs and develop a nomogram with a standard case
series. We overcame this difficulty by using a nationwide
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the total points line is plotted and a vertical line is drawn down to the
bottom line. The corresponding value shows the predicted probability
of severe AEs after musculoskeletal tumor surgery for the patient.
AEs adverse events

database and collecting a large number of contemporary
cases from 409 hospitals.

The present study clarified the novel important finding of
a relationship between BMI and outcomes. Specifically, the
underweight group had significantly worse outcomes than
the normal weight group, while the overweight group
showed no significance. Although no previous studies have
examined the relationship between BMI and surgical out-
comes in musculoskeletal tumor surgery, several
investigators have documented the impact of BMI on other
surgical outcomes. Some studies suggested that obesity
conferred an increased risk of postoperative complications
in various surgical procedures, such as vascular surgery,"’
gastrectomy,'*'? pancreaticoduodenectomy,'® and hepatic
resection,'’ while other studies found the opposite result,
suggesting that obesity did not necessarily increase the rates
of major postoperative complications or death in general
surgery '®*° and orthopedic surgeries, including spinal
surgery 2! and total hip arthroplasty.”” This discrepancy
may result from a lack of statistical power in most studies
owing to small sample sizes. Recent studies with relatively
large sample sizes have demonstrated the worst outcomes in
underweight patients and lower mortality in mildly obese
patients,””® which is described as the ‘obesity para-
dox’.***® Although better outcomes in obese patients were
not noted, the results of the present study were consistent
with the previous studies with respect to the worst outcomes
in the underweight population. An explanation for the poor
outcomes in the underweight population may be related to
poor nutritional condition, possibly resulting from chronic
disease, cancer-bearing status, or preoperative chemother-
apy. Another reason may be that adipose tissue is not only a
lipid storage depot, but also biologically produces and
secretes adipokines, which may have protective effects in
response to injury and tissue repair.”’*® Our results may
reflect the low prevalence of extreme obesity in Japan
compared with Western countries. A preoperative
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nutritional program for underweight patients may improve
outcomes after musculoskeletal tumor surgery.

Our study has several limitations. First, the use of an
administrative claims database could have resulted in
underestimation or overestimation of comorbidities
through incomplete reporting. Second, we were unable to
determine AEs after discharge or transfer to another hos-
pital, which may have resulted in underestimation of these
outcomes. Third, we were not able to identify several
important parameters that may have affected the rates of
severe AEs, including histological diagnosis, clinical stage
of tumor, severity of preoperative comorbidities, adjuvant
chemotherapy and radiotherapy, and some details of sur-
gery. Fourth, it is possible that amputation was performed
in sarcoma patients for reasons other than radical tumor
resection, such as postoperative deep infection. Although
the frequency of such situations is assumed to be rare, the
precise number of amputations for tumor resection alone is
unknown. Finally, it is possible that individual patients
may have been counted more than once in the DPC data-
base, if they initially received inappropriate surgical
management at a local hospital that did not participate in
the DPC survey and then underwent surgery in a special-
ized hospital. However, such cases are rare in Japan
because there are limited numbers of hospitals specializing
in musculoskeletal oncology, and patients are usually
referred to a specialized hospital if musculoskeletal sar-
coma is suspected.

Despite these limitations, we believe that the present
analysis and nomogram based on a large number of
patients provide the best evidence on postoperative severe
AEs. In addition, the DPC database population is repre-
sentative of the population in Japan, and includes the
majority of patients undergoing musculoskeletal tumor
surgery in Japan. The DPC data included approximately
50 % of all hospital admissions in Japan during 2011.
According to data from the Nationwide bone and soft tissue
tumor registry in Japan, more than 80 % of patients with
primary musculoskeletal tumors underwent surgery in
university hospitals or cancer treatment centers adopting
the DPC system, owing to the rarity of the diseases and the
specialized surgical procedures required.

CONCLUSIONS

We have identified independent risk factors for severe
AEs after musculoskeletal tumor surgery and developed a
nomogram to predict the probability of severe AEs.
Underweight, but not overweight or obese, status was
significantly associated with increased severe AEs after
adjusting for patient background characteristics. In under-
weight patients, a preoperative nutritional program may
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improve surgical outcomes after musculoskeletal tumor
surgery.
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Eccentric Femoral Tunnel Widening in Anatomic Anterior
Cruciate Ligament Reconstruction

Shuji Taketomi, M.D., Hiroshi Inui, M.D., Takaki Sanada, M.D., Ryota Yamagami, M.D.,
Sakae Tanaka, M.D., Ph.D., and Takumi Nakagawa, M.D., Ph.D.

Purpose: The purpose of this study was to retrospectively evaluate femoral tunnel widening (TW) and migration of the
femoral tunnel aperture after anatomic anterior cruciate ligament (ACL) reconstructions with hamstring grafts and
bone—patellar tendon—bone (BPTB) grafts. Methods: Of the 105 consecutive patients who underwent ACL recon-
struction, the 52 patients who underwent isolated ACL reconstruction and in whom tunnel measurement could be ob-
tained by computed tomography were included in this study. In 26 patients, double-bundle reconstruction (DBR) of the
ACL using hamstring tendons was performed. These patients were compared with 26 patients in whom rectangular tunnel
ACL reconstruction using BPTB grafts (BPTBR) was performed. Femoral tunnel aperture positioning and TW were
investigated postoperatively using 3-dimensional computed tomographic images, which were performed a week and a
year after surgery in all patients. Results: In DBR, the average diameter of the anteromedial (AM) femoral tunnel
increased by 34.0% in the horizontal direction and 28.2% in the vertical direction, whereas that of the posterolateral (PL)
femoral tunnel increased by 58.2% and 73.4%, respectively, at 1 year after surgery compared with 1 week after surgery.
The percentage TW value of the PL tunnel was significantly greater than that of the AM tunnel. In BPTBR, the average
diameter increased by 22.0% and 17.1%, respectively. The percentage TW value of the PL tunnel in DBR was significantly
greater than that of the femoral tunnel in BPTBR. Each tunnel aperture migrated distally (“shallow”) in the horizontal
direction and high in the vertical direction. AM and PL tunnel apertures in DBR migrated in the vertical direction
significantly more than they did in BPTBR. No significant differences between the 2 groups were found in clinical out-
comes. Conclusions: The femoral PL tunnel aperture in DBR showed significantly more widening than did the AM
tunnel aperture in DBR and the femoral tunnel aperture in BPTBR. Also, greater migration of the femoral tunnel aperture
in the vertical direction because of TW was observed in DBR than in BPTBR. Level of Evidence: Level IV, therapeutic
case series.

unnel widening (TW) after anterior cruciate liga- between the graft and the bone that contains osteolytic

ment (ACL) reconstruction is a well-known phe-  cytokines.” Mechanical factors include a “bungee ef-
nomenon. Greater TW has been reported in ACL  fect,” as longitudinal motion of the graft by extracortical
reconstruction using hamstring grafts than in that using  femoral fixation, a “windshield-wiper effect,” as trans-
bone—patellar tendon—bone (BPTB) grafts.'” The  verse motion of the graft, improper graft placement,
causes of TW are unclear and are presumed to be  and accelerated rehabilitation.®® Although TW does
multifactorial, with biological and mechanical factors.  not seem to affect the short-term clinical outcome, a
Biological factors include access of the synovial fluid  general consensus prevails that the presence of
expanded tunnels often severely complicates revision
ACL reconstruction.” '’

From Department of Orthopaedic Surgery (S.T., HI1, T.S., R.Y., S.T.), Recenﬂy, ACL reconstruction has focused on
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The authors report that they have no conflicts of interest in the authorship original footprint and normal kinematics of the knee.
and publication of this article. During anatomic ACL reconstruction, the lateral inter-

Received September 22, 2013; accepted February 6, 2014. condylar ridge is an important topographic landmark to

Address correspondence to Shuji Taketomi, M.D., Department of Ortho- identify the femoral attachment of the ACL.'"'* In
paedic Surgery, Faculty of Medicine, The Uﬁiversizy 0{‘ fokyoi 7-3-’1 Hongo, the ory, graft pla cement aligne d within native insertion
Bunkyo-ku, Tokyo 113-0033, Japan. E-mail: iakeos-tky@umin.ac.jp . . . .

© 2014 by the Arthroscopy Association of North America sites, especially the femoral site, could result in the

0749-8063/13690/$36.00 restoration of knee stability and superior clinical out-

Bitpstidx doi.org/ 101016/ arthio.2014.02.016 comes.'* Nonanatomically positioned femoral bone

Arthroscopy: The Journal of Arthroscopic and Related Surgery, Vol 30, No 6 (June), 2014: pp 701-709 701

111



702

tunnels result in more TW compared with anatomically
positioned tunnels.'™' Although many authors have
described TW, most reports in the literature have not
discussed the direction of TW or tunnel aperture
migration. If TW and tunnel aperture migration occur
after an ACL reconstruction procedure in which the
femoral tunnel was placed in the anatomic position,
there is a possibility that the femoral tunnel aperture
extrudes into a nonanatomic position. Therefore, it is
important to know the direction of tunnel aperture
migration if it occurs.

Although there are several studies that describe TW
after anatomic double-bundle reconstruction (DBR) of
the ACL, most of these studies compared DBR with
single-bundle ACL reconstruction.'”'™ In contrast,
there is no study about TW after anatomic ACL
reconstruction using BPTB grafts. Since 2007, we have
used a 3-dimensional (3D) fluoroscopy-based naviga-
tion system to accurately and reproducibly position the
femoral tunnel during anatomic ACL reconstruction
using hamstring tendon grafts or BPTB grafts.'”*"
Therefore, we conducted a study comparing femoral
TW after anatomic DBR and anatomic ACL recon-
struction using a BPTB graft with the objective of
placing the femoral tunnel aperture within the native
ACL footprint (i.e., posterosuperior to the lateral
intercondylar ridge of the femur). Knowledge about
TW after anatomic ACL reconstruction using 2 different
graft materials is essential for the selection of a graft.
Furthermore, knowing the direction of TW after ACL
reconstruction could lead to an appropriate tunnel
placement in ACL reconstruction. To the best our
knowledge, this is the first study comparing femoral TW
and migration of the femoral tunnel aperture in
anatomic ACL reconstructions using hamstring tendon
grafts versus those using BPTB grafts.

The purpose of this study was to retrospectively
evaluate femoral TW and migration of the femoral
tunnel aperture after anatomic ACL reconstructions
using hamstring tendon and BPTB grafts through the
use of a 3D computed tomography (CT) model. Our
hypothesis was that greater TW and migration of the
femoral tunnel aperture would occur in anatomic ACL
reconstructions using hamstring grafts than in those
using BPTB grafts.

Methods

Patients

Of the 105 consecutive patients on whom ACL
reconstruction was performed at our institution be-
tween July 2009 and February 2012, 52 patients were
included in this study. Inclusion criteria for the study
were as follows: (1) history of a DBR ACL reconstruc-
tion using hamstring tendon grafts or a rectangular
tunnel ACL reconstruction using a BPTB graft (BPTBR),
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Table 1. Preoperative Patient Information

DBR BPTBR P value

Number of patients 26 26
Gender (female/male) 12/14 2124 .002°
Age (years) 31 (18-50) 26 (16-47) .012”7
Body height (cm) 167 £ 9 171 £ 5 0157
Body weight (kg) 64 + 12 70 £ 15 047+
Body mass index (kg/m?) 22.8 2.9 23.7 £ 4.2 191
Tegner activity scale 7 (3-9) 8 (5-10) .053

NOTE. Data are given as means = standard deviations or medians

(range).
*Indicates a statistical significance between the 2 groups with P < .05.

(2) no previous intra-articular ligament reconstruction
or osteotomy around the knee joint, (3) absence of
posterior cruciate ligament insufficiency or abnormal
varus/valgus instability, and (4) existence of a bone
bridge between anteromedial (AM) and posterolateral
(PL) tunnels seen on CT in cases of DBR (i.e., the
tunnels had to be separated by a bridge of bone to allow
measurement of each tunnel). There was one patient
who did not meet the first inclusion criterion, 19 pa-
tients who did not meet the second criterion, one who
did not meet the third criterion, and 18 who did not
meet the fourth criterion; therefore, a total of 39 pa-
tients were excluded. In addition, 2 patients did not give
their consent for CT and 11 patients were lost to follow-
up. An experienced surgeon participated in all pro-
cedures as an operator or first assistant. In 26 of the 52
patients, DBR was performed. These patients were
compared with 26 patients in whom BPTBR was per-
formed. Patients in the study included 14 female pa-
tients and 38 male patients with a median age of 27
years (range, 16 to 50 years). Grafts were selected by a
surgeon who took into consideration the activity of
patients, the types of sports they may be involved in,
and patient preference. BPTB grafts were selected pri-
marily for young male or collision/contact athletes,
whereas hamstring grafts were selected for the others
during the study period. Patient information is sum-
marized in Table 1. The institutional review board at
our institution approved this retrospective study. Pa-
tients and their families were informed that data from
their cases would be submitted for publication, and they
all provided consent.

Surgical Technique of DBR

ACL reconstruction was arthroscopically performed
using a 3D fluoroscopy-based navigation system to
place the 2 femoral tunmels, as described previ-
ously."”*" Briefly, the autologous hamstring tendons
were harvested and the doubled grafts were looped
over EndoButton CLs (Smith & Nephew, Andover,
MA). The distal free ends of the grafts were armed with
No. 3 Ethibond (Somerville, NJ) sutures using a whip-
stitch technique. The femoral insertion site for each
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bundle was determined by monitoring the bony land-
marks’”*’ (i.e., the lateral intercondylar ridge and the
lateral bifurcate ridge) both by the arthroscopic view
and on the navigation screen (StealthStation TRIA Plus,
Medtronic, Minneapolis, MN). The priority for creating
the femoral tunnels was to position the femoral tunnel
apertures within the femoral footprint of the ACL. Two
guidewires for the femoral tunnel were placed through
a far AM portal™* while referencing the navigation
computer screen and were then overdrilled to an
adequate length using a cannulated drill. Next, the
lateral femoral cortex was drilled through using an
EndoButton drill (Smith & Nephew, Andover, MA). On
the tibial side, 2-guidewires were positioned and over-
drilled to the full length using a cannulated drill. The
tibial insertion site was arthroscopically determined in
reference to the ACL remnant, the medial tibial
eminence, the anterior horn of the lateral meniscus, the
intermeniscal ligament, and the posterior cruciate lig-
ament.”’ The tibial tunnels were placed in the center of
the AM and PL footprints. After creating 2 femoral
tunnels and 2 tibial tunnels, both grafts were passed
through and the EndoButton loop was flipped outside
the femoral cortex in the usual manner. The desired
length of the graft within the femoral tunnel was 14 to
18 mm. Tibial fixation of the hamstring autografts was
accomplished over a suture after fixation with a fully
threaded 6.5-mm cancellous screw and washer (Meira,
Nagoya, Japan). The AM bundle graft was fixed at 60°
of knee flexion and the PL bundle was fixed at full knee
extension.

Surgical Technique of BPTBR

ACL reconstruction with BPTB grafts was performed
using the same navigation system. Autologous BPTB
grafts were 10 mm in width and were harvested with
bone plugs at both ends from the central portion of the
patellar tendon. The femoral bone plug for a rectan-
gular tunnel was usually 5 x 10 x 15 mm as described
by Shino et al.”® It was connected to an EndoButton
using No. 5 and No. 2 FiberWire (Arthrex, Naples, FL).
The femoral insertion site was determined in the same
manner as in the hamstring reconstruction procedure.
Two parallel guidewires for the femoral tunnel were
then placed and overdrilled for an appropriate length
using a 5-mm cannulated drill.”® The 2 tunnels were
interconnected using a dilator (Smith & Nephew,
Andover, MA) and the lateral femoral cortex was dril-
led through the center of the 2 tunnels using an
EndoButton drill. On the tibial side, 2 parallel guide-
wires were positioned and overdrilled the full length
using a cannulated drill, and the 2 tunnels were inter-
connected using a dilator (Smith & Nephew, Andover,
MA). The tibial insertion site was determined in the
same manner as in the DBR procedure. After creating a
femoral tunnel and a tibial tunnel, the BPTB graft was
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passed through, and the EndoButton loop was flipped
outside the femoral cortex in the usual manner. The
bone plug was set far enough into the femoral tunnel
that the ligament end of the graft was inset 1 mm into
the femoral tunnel to avoid protrusion of the bone plug
from the femoral tunnel. Tibial fixation of the BPTB
graft was accomplished in the same manner as in the
DBR procedure, and the BPTB graft was fixed at full
knee extension.

Postoperative Rehabilitation

The knee was not immobilized but was protected for 5
weeks with a functional brace. Active and assisted
range of motion exercises were started immediately
after surgery. Partial weight bearing was allowed 2 days
after surgery and full weight bearing was allowed at 1
week. Running was allowed at 4 months followed by a
return to previous sporting activity at an average of 8 to
9 months after surgery.

Computed Tomographic Evaluation

A 3D computed tomographic scan of the operated
knee was obtained a week and a year after surgery for
all patients, using a helical high-speed Aquilion 64 or
Aquilion ONE (Toshiba Medical Systems, Tochigi,
Japan) CT machine. The ZIOSTATION software pack-
age (Ziosoft, Tokyo, Japan) was used for 3D recon-
struction of the operated knee. The tibia, patella, and
medial femoral condyle were removed from the 3D
model because it was necessary to visualize the lateral
wall of the intercondylar notch. A true medial view of
the femur was established by superimposing the pos-
terior aspects of the femoral condyles. All measure-
ments were made on the surface of the lateral wall of
the intercondylar notch completely from an orthogonal
projection to the angle of the surface being measured to
ensure accuracy. An orthopaedic surgeon (S.T.) con-
ducted the CT measurement.

Measurement of the Femoral Tunnel Diameter

The horizontal diameter (Dg) of the femoral tunnel
was defined as the width of the femoral tunnel aperture
along the Blumensaat line and the vertical diameter
(Dy) was defined as the height of the femoral tunnel
aperture perpendicular to the Blumensaat line (Fig I).
The tunnel diameter measured 1 week after surgery
was used as the baseline measurement, which was
compared with the diameter measured at the 1-year
postoperative follow-up. A percentage change in the
diameter between the 2 periods was defined as the
percentage TW value.

Measurement of the Femoral Tunnel Aperture
Positioning

Morphometric assessment of femoral tunnel posi-
tioning was performed according to the quadrant
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technique as described by Bernard et al.”” The total
sagittal diameter of the lateral condyle along the Blu-
mensaat line (D) and the maximum lateral inter-
condylar notch height (H) were measured using the 3D
computed tomographic image. The distance from the
center of the femoral tunnel aperture to the most pos-
terior subchondral contour of the lateral femoral
condyle (d), and the distance from the center of each
tunnel for hamstring tendon graft to Blumensaat’s line
(h) was measured (Fig 2A). For the rectangular tunnel
for the BPTB grafts, the center of the ellipse by which
the rectangular tunnel aperture was approximated was
defined as the center of the femoral tunnel for the BPTB
graft (Fig 2B). The length of distance d as a partial
distance of D and the height of the distance h as a
partial distance of H were expressed in percentages,
such as d/D% and h/H%, respectively.

Clinical Evaluation

Clinical assessment was performed 1 year after sur-
gery, corresponding to the period of computed tomo-
graphic assessment. All patients were subjectively

S. TAKETOMI ET AL.

Fig 1. Measurements of the horizontal
diameter (Dy) and the vertical diameter
(Dv) of the femoral tunnel aperture on
a grid of the quadrant method described
by Bernard et al.”” (A) Measurements
at 1 week postoperatively for 2 femoral
tunnels in double-bundle ACL recon-
struction using hamstring tendon grafts.
(B) Measurements of the horizontal
diameter (Dy) and the vertical diameter
(Dy) for rectangular femoral tunnel in
ACL reconstruction using BPTB grafts.

evaluated using the Lysholm score.”” Anterior knee
stability was quantitatively assessed using a KT-2000
arthrometer (MEDmetric, San Diego, CA). Recon-
structed and contralateral knees were measured with a
134-N anterior force applied to the proximal tibia at 20°
of knee flexion. The side-to-side difference in anterior
translation was used as a representative indicator of
restored knee stability. The pivot shift test was graded as
negative, glide, clunk, or gross to determine rotational
stability.”” The range of motion of the reconstructed
and contralateral knees were evaluated.

Statistical Analysis

Statistical analysis was performed using the EXCEL
statistics 2012 software package for Microsoft Windows
(SSRI, Tokyo, Japan). Patient parameters were
compared using the Student ¢ test and the Mann-
Whitney U test. Radiographic parameters were
compared using the Student ¢ test. Clinical outcomes
were compared with the Student ¢ test and the -square
test. The statistical significance level was set at P < .05.
One orthopaedic surgeon (S.T.) previously performed a

Fig 2. Measurements of femoral tunnel positioning using the quadrant method described by Bernard etal.?” (A) Measurements at 1
week postoperatively for the center of 2 femoral tunnels in double-bundle ACL reconstruction using hamstring tendon grafts. (B)
Measurements of femoral tunnel positioning for the rectangular femoral socket in ACL reconstruction using BPTB grafts. D, total
sagittal diameter of the lateral condyle along the Blumensaat line; d, distance from the center of the femoral tunnel aperture to the
most posterior subchondral contour of the lateral femoral condyle; H, maximum lateral intercondylar notch height; h, distance from

the center of the tunnel aperture to Blumensaat’s line.
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pilot study of 10 patients. In this study, the mean dif-
ference of the femoral tunnel aperture location using
the quadrant method between 2 time points was 3.3%,
and standard deviation was 7.1% and 7.7% at 1 week
and 1 year postoperatively, respectively. A previous
power analysis indicated that a sample size of at least 26
patients per group was necessary to detect an inter-
group difference in the radiographic parameters with
an alpha of .05 and a power of 80%. Intraobserver
reliability for the radiographic parameters was repre-
sented by the intraclass correlation coefficients. A
period of 4 weeks elapsed between test and retest
measurements. The intraclass correlation coetficients in
the pilot study were 0.973 for TW and 0.949 for tunnel
location.

Results

TW of the Femoral Tunnel Apertures

Postoperative femoral TW is described in Fig 3. Data
in text are given as mean =+ standard deviation. The
actual values of TW (in millimeters) are also described
after the percentage increased. In DBR, the average
diameter of the AM femoral tunnel aperture increased
by 34.0% =+ 30.7% (1.8 £ 1.6 mm) in the horizontal
direction and 28.2% =+ 30.2% (1.3 & 1.4 mm) in the
vertical direction, whereas the average diameter of the
PL increased by 58.2% =+ 46.0% (2.8 £ 2.2 mm) and
73.4% + 39.8% (3.1 &£ 1.7 mm), respectively, at 1 year
after surgery compared with 1 week after surgery. The
percentage TW wvalue of PL tunnel apertures was
significantly greater than that of AM tunnels (P < .05 in
the horizontal direction; P < .001 in the vertical direc-
tion). In BPTBR, the average diameter of the femoral
tunnel aperture increased by 22.0% + 26.1% (1.8 +
2.1 mm) in the horizontal direction and 17.1% =+
23.4% (1.4 = 1.9 mm) in the vertical direction. The
percentage TW value of PL tunnel apertures in DBR
was significantly greater than that of the femoral tunnel
apertures in BPTBR (P < .001 in the horizontal direc-
tion; P < .001 in the vertical direction), whereas there
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were no significant differences between the percentage
TW value of AM tunnel apertures in DBR and that of
femoral tunnel apertures in BPTBR (P = .14 in the
horizontal direction; P = .15 in the vertical direction).

Tunnel Migration of the Femoral Tunnel Apertures
The average center of the femoral tunnel aperture at
1 week after surgery and at 1 year after surgery are
described in Table 2. The tunnel aperture positions
differed significantly among BPTBR, AM tunnels in
DBR, and PL tunnels in DBR on computed tomographic
images. Each tunnel aperture migrated distally
(“shallow”) in the horizontal direction and high in the
vertical direction 1 year after surgery. The AM tunnel
aperture and the PL tunnel aperture in DBR migrated in
the vertical direction significantly more than the tunnel
aperture in BPTBR (P < .001, P < .001, respectively).

Clinical Evaluation

Data in text are given as means =+ standard de-
viations. The postoperative mean Lysholm score was
97.6 + 3.4 points in DBR and 97.6 + 3.3 points in
BPTBR. The postoperative side-to-side difference in
anterior translation measured with the KT-2000
arthrometer averaged 0.1 £+ 1.0 mm in DBR and 0.2
+ 1.6 mm in BPTBR. The postoperative pivot shift test
produced negative or glide results in all patients
(100%) of both groups. With respect to the range of
motion of the knee, loss of extension of greater than 5°
compared with the contralateral knee was not
observed in either group, whereas loss of flexion of
greater than 5° compared with the contralateral knee
was observed in 1 patient (4%) from each group. No
significant difference between the 2 groups was found
in all clinical outcomes.

Discussion
This study revealed 3 important findings. First was
that the femoral PL tunnel showed significantly greater
widening than the AM tunnel in anatomic DBR. Most
previous studies describing TW in DBR did not show
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Table 2. Center of Femoral Tunnel Apertures and Migration

S. TAKETOMI ET AL.

1 Week After Surgery 1 Year Alter Surgery P Value Migration
AM
d/D(%) 21.9 £ 3.6 24.2 & 3.4 .004 2.3
h/H(%) 36.2 %+ 6.6 27.4 £ 8.2 <.001 ~8.8
PL
d/D (%) 329 4+ 5.9 352 443 .001 2.3
h/H(%) 61.1 £5.9 53.3 + 4.6 <.001 -7.8 *
BPTBR
d/D(%) 27.9 £ 5.7 31.4 4 5.0 <.001 3.5 |*
h/H(%) 50.1 7.3 473 £ 7.9 002 —-2.8

NOTE. Data are expressed as means == standard deviations.

d/D, center of the tunnel aperture in the horizontal direction from deep; h/H, center of the tunnel aperture in the vertical direction from the

Blumensaat’ line.

*Indicates a statistical significance between the 2 groups with P < .001.

differences of TW between the AM and PL tun-
nels,"®”""" whereas Siebold et al.”* also observed the
higher femoral TW for the PL bundle, which would
support the findings in the current study. We have
considered the possible reasons why the PL tunnel
aperture expanded to a greater extent than the AM
tunnel aperture in DBR. One of the reasons is that the
AM and PL bundles have different functions, and the PL
bundle is associated with a greater change in tension
with knee motion.”” *® This resulted in more extensive
motion of the PL graft within the tunnel, and a longer
time was required for bone-to-graft healing. The other
reason is that although the AM tunnel aperture was
surrounded by superior and posterior articular hard
subchondral bone and the PL graft, the PL tunnel
aperture was surrounded by only posterior articular
hard subchondral bone and the AM graft. Therefore,
the PL graft had space for expansion.

Second was that greater TW was observed in
anatomic ACL reconstruction using hamstring tendon
grafts than in BPTBR, especially in the PL tunnel.
Although widening of the AM tunnel in DBR was
greater than TW in BPTBR, there was no significant
difference between AM TW in DBR and TW in BPTBR.
Conversely, greater widening of the PL tunnel was
observed in DBR than in BPTBR. Although greater TW
has been reported in conventional single-bundle ACL
reconstruction using hamstring grafts than in that using
BPTB grafts,' * there has been no report that compared
femoral TW between anatomic ACL reconstructions
with hamstring tendon grafts and those using BPTB
grafts. We confirmed greater TW in ACL reconstruction
using hamstring tendon grafts when anatomic ACL
reconstruction was performed with the objective of
placing the femoral tunnel aperture within the native
ACL footprint (i.e., posterosuperior to the lateral
intercondylar ridge). An explanation for smaller TW in
BPTBR compared with DBR was simple and clear. In
BPTBR, bone-to-graft healing was achieved faster and
more securely compared with that achieved with DBR,
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which resulted in smaller TW in BPTBR.’’ The soft
tssue graft length in the tunnel may affect TW. Ac-
cording to a biomechanical study, optimal strength and
stiffness of the reconstructed ACL were achieved with
17-mm grafts.” In contrast, the relation between the
graft length in the tunnel and TW is still unknown.
Meanwhile, femoral TW in BPTBR was not so great but
did occur because of 2 possible causes. First, a suspen-
sion device was used for femoral fixation; conse-
quently, a little motion of the graft within the femoral
tunnel occurred.”” Second, the bone plug was set far
enough into the femoral tunnel that the ligament end
of the graft was inset 1 mm into the femoral tunnel, and
as a result a little “windshield-wiper effect” as trans-
verse motion of the graft might occur.

The other important finding of the current study,
which has not been reported previously, was that
greater migration of the femoral tunnel aperture
because of TW was observed in DBR than was seen in
BPTBR. This study revealed that the femoral tunnel
aperture did not undergo circumferential widening but
expanded in a particular direction after ACL recon-
struction. As a result, the center of the femoral tunnel
aperture migrated. The results of the current study
showed that the AM and PL tunnel apertures in DBR
migrated mainly in the vertical direction. Surgeons
need to take into account the fact that eccentric TW
occurs after DBR. We believe that this phenomenon
will contribute to further development of anatomic ACL
reconstruction.

Most studies of TW comparing extracortical fixation
using the suspensory device and other fixation methods
showed that greater TW was associated with the use of
the suspensory device.””’ Buelow et al.”” reported that
extracortical fixation using the EndoButton resulted in
greater TW compared with aperture fixation using the
interference screw. The results of the current study may
be associated with the use of the EndoButton. There are
very few studies of TW comparing suspensory fixation
and other implants in anatomic DBR or BPTBR. Further
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studies are required in the future to address whether
aperture fixation decreases TW in anatomic ACL
reconstruction.

Clinical outcomes of the current study showed good
results after ACL reconstruction and no difference be-
tween DBR and BPTBR. It indicated that the grafts in
both DBR and BPTBR were clinically functional.
However, from the results of this study, it was not
known whether TW and tunnel migration affect clinical
outcome after anatomic ACL reconstruction. The
number of patients involved this study was too small to
clarify effects of TW or tunnel migration on clinical
outcomes after anatomic ACL reconstruction.

There were some strong points of this study. First, the
same surgical method was used for both DBR and
BPTBR, such as femoral tunnel positioning and use of
fixation devices, whereas in previous studies comparing
TW between ACL reconstruction using hamstring
tendon grafts and those using BPTB grafts, different
surgical methods were used. Second, we used 3D
computed tomographic images to evaluate the position
of the femoral tunnel aperture. Computed tomographic
images are recommended instead of plain radiographs
for the postoperative evaluation of tunnel positions in
ACL reconstruction procedures.” A 3D computed
tomographic scan model quadrant method has been
reported as reliable in measuring the location of
femoral tunnels after ACL reconstruction.”’ We applied
this method to evaluate femoral TW and the direction
of femoral aperture migration.

Limitations

There were several limitations to this study. First, the
current study did not analyze effects of tunnel migra-
tion or TW on clinical outcomes after ACL reconstruc-
tion, as previously mentioned. Future studies involving
a large number of patients are needed to Cclarify
whether these factors influence clinical results after
ACL reconstruction. Second, this was a retrospective
study with a relatively small number of patients. There
were certain dissimilarities between the 2 groups, such
as age or sex, because grafts were selected by each
surgeon according to patient activity, participation in
sports, or patient preference. It is likely that there were
differences in bone mineral density (BMD) between the
groups because BMD depends on multiple factors such
as sex, age, and activity. Differences in BMD between
the groups may affect the results of this study. How-
ever, according to Meller et al.,** there was no corre-
lation between TW and BMD in an animal model of
ACL reconstruction. We consider that differences in
graft choice rather than the dissimilarities in patient
profiles impacted the results of this study. Third, we
used 3D computed tomographic images to evaluate TW
instead of multiplanar reconstruction CT. Multiplanar
CT is more suitable to evaluate TW; however, the focus
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of this study was to evaluate migration of the femoral
tunnel aperture. As previously mentioned, a 3D
computed tomographic scan model quadrant method
has been reported as reliable to measure the location of
femoral tunnels after ACL reconstruction. Therefore,
we used a 3D computed tomographic scan model to
evaluate both TW and migration of femoral tunnel
aperture in this study. Another option exists in which
measurement of the tunnel diameter along the tunnel
aperture axis can be performed to obtain the diameter
of the elliptic tunnel. Because evaluation of eccentric
TW was a high priority, the use of the same rectangular
coordinates was chosen to measure both TW and
migration of tunnel aperture. Fourth, tibial TW or
tunnel migration was not evaluated in this study,
whereas femoral TW and tunnel aperture migration
were evaluated. Whether a similar migration phe-
nomenon occurs with tibial tunnels should be clarified
in future studies. Fifth, in DBR, patients were excluded
it a bone bridge between the AM and PL tunnels could
not be identified on 3D CT. It was difficult to evaluate
each tunnel diameter when 2 tunnels communicated
with each other. Finally, a short follow-up period and
large variability in the results were also limitations of
this study.

Conclusions
The femoral PL tunnel aperture in DBR showed
significantly greater widening than did the AM tunnel
aperture in DBR and the femoral tunnel aperture in
BPTBR. Also, migration of the femoral tunnel aperture
in the vertical direction because of TW was greater in
DBR than in BPTBR.
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Pathogenic conversion of Foxp3* T cells into Ti17 cells in
autoimmune arthritis

Noriko Komatsu!2, Kazuo Okamoto!-2, Shinichiro Sawa!-2, Tomoki Nakashima?-4, Masatsugu Oh-hora3-5,
Tatsuhiko Kodama¥, Sakae Tanaka’, Jeffrey A Bluestone® & Hiroshi Takayanagil-2?

Autoimmune diseases often result from an imbalance between regulatory T (T,¢) cells and interleukin-17 (IL-17)-producing

T helper (Ty17) cells; the origin of the latter cells remains largely unknown. Foxp3 is indispensable for the suppressive function of
Treg cells, but the stability of Foxp3 has been under debate. Here we show that Ty17 cells originating from Foxp3* T cells have a
key role in the pathogenesis of autoimmune arthritis. Under arthritic conditions, CD25!°Foxp3+CD4+ T cells lose Foxp3 expression
(herein called exFoxp3 cells) and undergo transdifferentiation into Ty17 cells. Fate mapping analysis showed that IL-17-expressing
exFoxp3 T (exFoxp3 Ty17) cells accumulated in inflamed joints. The conversion of Foxp3+CD4+* T cells to Ty17 cells was mediated
by synovial fibroblast-derived IL-6. These exFoxp3 Ty17 cells were more potent osteoclastogenic T cells than were naive CD4+ T
cell-derived Ty17 cells. Notably, exFoxp3 T17 cells were characterized by the expression of Sox4, chemokine (C-C motif) receptor
6 (CCR6), chemokine (C-C motif) ligand 20 (CCL20), 1L-23 receptor (IL-23R) and receptor activator of NF-kB ligand (RANKL,

also called TNFSF11). Adoptive transfer of autoreactive, antigen-experienced CD25!°Foxp3+CD4+ T cells into mice followed by
secondary immunization with collagen accelerated the onset and increased the severity of arthritis and was associated with the loss
of Foxp3 expression in the majority of transferred T cells. We observed IL-17+Foxp3+ T cells in the synovium of subjects with active
rheumatoid arthritis (RA), which suggests that plastic Foxp3* T cells contribute to the pathogenesis of RA. These findings establish

the pathological importance of Foxp3 instability in the generation of pathogenic Ty17 cells in autoimmunity.

Foxp3-expressing Ty, cells have an essential role in suppressing
immune responses!~>. Mice deficient in Foxp3 develop fatal auto-
immune disease4, and continuous expression of Foxp3 throughout
life prevents autoimmunity®. Thus, the stability of Foxp3 expres-
sion influences the balance between tolerance and autoimmunity,
as well as the efficacy of Ty.; cell-based therapies. The instabil-
ity of Foxp3 may underlie the pathogenesis of autoimmune dia-
betes and lethal protozoa infection’~?, but this concept has been
challenged by a report showing that Foxp3 expression is stable in
in vivo disease models, including autoimmune arthritis'®. A debate
has arisen as to whether the plasticity of Foxp3-expressing Tpeg cells
is pathologically relevant. Ty, cell development and function are
regulated by IL-2, which binds to the receptor complex containing
IL-2Ro. (also called CD25). It was recently shown that Foxp3* cells
are comprised of Foxp3-stable CD25M and Foxp3-unstable CD25°
populations! 12, the former of which is composed of bona fide
Treg cells with sustained Foxp3 expression!!. However, the patho-
logical importance of the latter Foxp3-unstable CD25!° population
remains unclear.

RESULTS

Tu17 cells arise from CD25'°Foxp3+ T cells in arthritis

To evaluate the in vivo stability of Foxp3 in Foxp3*tCD4* T cells
and its impact on collagen-induced arthritis (CIA), we adoptively
transferred CD25MFoxp3+CD4* or CD25°Foxp3+CD4* T cells into
mice that we immunized with type II collagen 3 weeks before. One
day after transfer, we subjected the mice to secondary immuniza-
tion with collagen. We efficiently obtained Foxp3* cells by sorting
hCD2* cells from Foxp3hCP2 knock-in micell. hCD2-mediated
enrichment of Foxp3* cells enabled us to isolate CD25°Foxp3+*
cells with high purity (Supplementary Fig. 1). We found that the
transfer of CD25MFoxp3*CD4*, but not CD25°Foxp3+CD4",
T cells reduced joint swelling (Fig. la) and bone destruction
(Fig. 1b) without affecting the production of collagen-specific anti-
bodies (Supplementary Fig. 2). To examine the stability of Foxp3,
we labeled donor CD25MFoxp3tCD4* or CD25°Foxp3+tCD4* T cells
with carboxyfluorescein succinimidyl ester (CFSE) and monitored
Foxp3 expression in donor-derived (CESE*) CD4* T cells 1 week after
secondary immunization. The majority of CD25MFoxp3+*CD4* T cells
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Figure 1 CD25/°Foxp3+ T cells are unstable Foxp3* T cells that convert to Ty17 cells under arthritic conditions. (a,b) Clinical score (a) and
microcomputed tomography analysis of calcaneus in the ankle joints (b) of immunized DBA/1 mice adoptively transferred with 5 x 105 CD25M (a, n = 3;
b, n=6) or CD25® (a, n=5; b, n= 10) Foxp3+CD4* T cells purified from untreated DBA/1 Foxp3'CD2 mice. (c) Frequency of Foxp3+ cells in

CFSE* donor-derived T cells. Representative data of five mice are shown. (d,e) Results from the immunized C57BL/6 Ly5.2 mice that were adoptively
transferred with total hCD2* (n= 12), CD25N (n = 6) or CD25° (n = 7) Foxp3+CD4* T cells from untreated B6.Ly5.1 Foxp3"CP2 mice. (d) Frequency

of hCD2* cells in donor-derived CD4* T cells. (e) Top, representative plots of Foxp3 and 1L-17 expression in CD25°Foxp3+ donor- or host-derived

CD4+ T cells. Bottom, quantitative analysis of the frequency of IL-17+ cells in Foxp3-CD4+ T cells derived from CD25'°Foxp3+ donor or host cells (n = 5).
(f) Frequency of IL-17+* (left) or CCR6* (right) cells in Foxp3-CD4+ T cells derived from CD25"9Foxp3+ (Ly5.1*Ly5.2-) or naive CD4* T (Ly5.1+Ly5.2+)
donor cells or host cells (Ly5.1-Ly5.2*) (n = 10). All data are shown as the mean * s.e.m. Statistical analyses were performed using unpaired two-tailed
Student’s t test (*P < 0.05, **P < 0.01, ***P < 0.005; NS, not significant). Each dot indicates a single mouse.

(>95%) retained Foxp3 expression, but CD251°Foxp3+CD4* T cells
lost Foxp3 expression in the spleen (35%) and draining lymph nodes
(dLNs) (75%) under arthritic conditions (Fig. 1¢). These results sug-
gest that the transferred CD25°Foxp3*CD4* T cells failed to inhibit
inflammation and bone destruction because of their loss of Foxp3.
To follow the transferred cells for a longer period of time, we used
donor T cells from B6 Ly5.1* Foxp3hCP2 congenic mice and analyzed
Foxp3 and IL-17 expression 2 weeks after secondary immunization
in donor-derived Ly5.1*CD4* T cells in host mice with arthritis. The
majority of transferred total Foxp3+ or CD25MFoxp3* T cells retained

Foxp3 expression, which is consistent with a previous report!®.
In contrast, when we purified and transferred CD25°Foxp3+CD4+
T cells to the arthritic mice, these cells lost Foxp3 expression (30-50%)
(Fig. 1d), and the percentage of IL-17-expressing cells in the donor-
derived Foxp3~CD4* T cells (10-25%) was much greater than that in
host-derived Foxp3~CD4* T cells (<3%) (Fig. 1e and Supplementary
Fig. 3). Thus CD25/°Foxp3+CDA4* T cells preferentially lose Foxp3 and
produce IL-17 in arthritic mice after adoptive transfer.

To determine the contribution of naive CD4* and
CD25!°Foxp3*CD4* T cells to Ty17 cell development under arthritic
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Figure 2 Localization, marker gene expression a
and DNA methylation status of exFoxp3 T cells
in arthritic mice. Results are shown from fate
mapping analyses of arthritic Foxp3-GFP-Cre x
ROSA26-YFP mice that were performed 2 weeks
after secondary immunization. (a) Frequency

of exFoxp3 (GFP-YFP*) cells in CD4* T cells
isolated from the indicated location (n = 3 for
deep cervical LNs, n = 8 for all other groups). 0

o ~
o o]

GFPYFP*in
CD4* T cells (%)
o
o

(b) Expression of CCR6 and RANKL in the R, & P

indicated T cell populations in popliteal lymph
nodes. Representative data of six independent Geé\‘°
experiments are shown. (c) Frequency of [L-17+ d
cells in the GFP-YFP+ cell population (n = 6).
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(d) Expression of multiple T,eg cell phenotypic
markers in exFoxp3 T cells. Representative data

104

GFP*YFP* GFPYFP* GFPYFP™

i

of six independent experiments are shown. The
percentages in each plot show the frequency of

KLRG1

e

positive cells (indicated by the horizontal lines).

(e) CpG methylation of the Foxp3, //2ra and
Ctla4 loci in exFoxp3 (GFP-YFP*), GFP*YFP*
and GFP-YFP-CD4+* T cells. A horizontal row

Nrp1

it

T

within each box corresponds to one sequenced
clone in which specific CpGs were methylated
(closed) or demethylated (open). All data are

0OX40

shown as the mean + s.e.m. Statistical analyses
were performed using unpaired two-tailed
Student’s t test (*P < 0.05, ***P < 0.005).

CcD25

Ctla4
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Hi2ra
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FR4
conditions, we transferred Ly5.1*Ly5.2*

GFP

naive CD4* and Ly5.1*CD25°Foxp3+CD4*
T cells into immunized Ly5.2* mice, which

CD39

we analyzed 2 weeks after secondary immu-
nization. CD25!°Foxp3* donor-derived
Ly5.1*Foxp3~CD4" T cells expressed the
Ty17 markers IL-17 and CCR6 (refs. 13,14)
to a much greater extent than did naive CD4* donor-derived or host-
derived Foxp3~CD4* T cells (Fig. 1f). These findings suggest that
under arthritic conditions, CD25°Foxp3*CD4* T cells are prone to
differentiate into Tyy17 cells that are known to have a key pathological
role in arthritis!3-18,

CD103

Characterization of exFoxp3 T cells in arthritic mice
To monitor the localization of exFoxp3 T cells in vivo, we crossed
Foxp3 bacterial artificial chromosome transgenic mice expressing the
GFP-Cre recombinase fusion protein’ with ROSA26-YFP reporter
micel?, GFP indicates cells that are currently expressing Foxp3,
whereas YFP marks cells that are expressing or did express Foxp3.
Under arthritic conditions, the percentage of exFoxp3 (GFP~YFP*)
cells (as a proportion of total CD4* T cells) was higher in joints than in
other lymphoid organs (Fig. 2a and Supplementary Fig. 4), suggest-
ing a preferential accumulation of exFoxp3 T cells in the synovium. In
addition, exFoxp3 (GFP~YFP*) T cells expressed higher levels of CCR6
and RANKL than did GFP~YFP~ T cells in popliteal LNs (Fig. 2b).
Notably, the percentage of IL-17* cells among exFoxp3 T cells was
highest in arthritic joints (Fig. 2c). These results collectively indicate
that in vivo, exFoxp3 T cells acquire an activated Ty17 phenotype
(exFoxp3 Ty17 cells) and accumulate in the inflamed synovium.
Instability of Foxp3* Tr cells under pathological conditions in vivo
has been contentious, as the origin of this Foxp3-unstable popula-
tion remains unclear. There are three possibilities for the origin of
exFoxp3 T cells: thymus-derived Tyeg (tTrg) cells, peripherally derived
Treg (PTreg) cells and activated conventional T cells that transiently
express Foxp3 (refs. 20,21). Tr.g cells are defined by their suppressive

function and are characterized by the expression and demethylated
status of Foxp3 and other T, cell signature genes??2, Flow cytomet-
ric analysis indicated that GITR (also called TNFRSF18), neuropilin
1 (Nrpl) and killer cell lectin-like receptor subfamily G member 1
(KLRG1) were similarly expressed by exFoxp3 T cells and GFP*YFP*
T cells (Fig. 2d). exFoxp3 T cells also expressed CD25, folate receptor
4 (FR4), OX40 (also called TNFRSF4), CD39 (also called ENTPD1),
CD103 (also called ITGAE) and cytotoxic T lymphocyte-associated
protein 4 (CTLA-4), albeit to a lesser extent compared to GFPTYFP+
T cells (Fig. 2d and Supplementary Fig. 5). Thus, although the expres-
sion level of a few T, marker genes, including CD25 and FR4, was lower
in exFoxp3 T cells than in GFP*YFP* T cells, exFoxp3 T cells expressed
most of the phenotypic Ty, markers and were distinguishable from acti-
vated conventional T cells that transiently express Foxp3 (Fig. 2d).
Methylation analysis of the Foxp3, I12ra and Ctla4 loci?? in exFoxp3
T cells isolated from spleens and dLNs of arthritic mice revealed that
the Foxp3 locus was largely methylated and the I12ra locus was par-
tially methylated in exFoxp3 (GFP-YFP*) T cells (Fig. 2e). As the
Foxp3 locus in tTyeg cells is known to be demethylated??, the data
suggest that exFoxp3 T cells are not derived from tT,g cells. The Ctla4
locus of exFoxp3 T cells was demethylated, making these cells distinct
from effector memory T cells and in vitro-induced Tyeq cells?2.
Genome-wide expression analysis showed that exFoxp3 Ty17 cells
highly express Cxcr5, Ccr8, Rora and Rorc, which are preferentially
expressed in pTreg cells that are generated through antigen delivery or
in Tyeg cells in the gut lamina propria?® (Supplementary Fig. 6), but
have lower expression of Tkzf2 (encoding Helios) (Supplementary
Figs. 5 and 6). These results suggest that exFoxp3 Tyl7 cells may
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