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Teble 1 Characteristics of pafients
i Stage of carpal tunnel syndrome - :
- Control Mild to moderate -~ Severe - - Exireme
Number of patients 36 . 33 50 22 .
Age inyears, mean  44.2 (7.2} 53.8{10.8} 60.6 (13.0) 64.4 (13.1)
(D) p=0.015 vmild to: - p=0.002 v mild to-
‘ moderate 7L moderate L
Wrist 182.1 (8.4} 166.2 (7.1} 167.0 (12.3) 148.3(16.9)
circumference in p=0.036 v control p=0.044 v control - 5
mm, mean (SD) . : ceet st
Wrist ratio © 0,66 (0.03) 0.67 (0.04) 068(004 - 066{004
. p=0.030 v control- . :
Duration of 33.3{52.3} 28.7 {43.3) 28.0 (44.7) -
symptoms {months} : o : ey
Side of the hand RIS
Right 36 Y7 2. Y .
Left 0 26 21 ! =1
Surgery T
Yes 0 22 50 - 22
No ' 36 n 0. 0

for T2; flip angle, 90° for T1 and 20° for T2; field of view,
12x12 cm; matrix, 192x256). Four axial image slices,
perpendicular to the longitudinal line of the median nerve,
were selected. Level 1 was at the distal part of the distal
radioulnar joint level where the relative position of the ulnar
head 1o the radial sigmoid notch varied due to difference in
ulnar variance. Some subjects had ulnar plus variance, and
others did not. We tried to select a slice that was closest to the
distal sigmoid notch. Level 2 was at the middle of the
pisiform. A slice that had the largest pisiform section was
selected. Level 3 was at the hook of the hamate level. A slice
with the longest hook of the hamate was selected. Level 4
was at the exit of the carpal tunnel. We had twelve slices for
each wrist and attempted to select four slices for measure-
ment that best met the above criteria.

Quantitative assessment was conducted for the cross
sectional area, signal intensity ratio, and flattening ratio of
the median nerve, flexor tendon area, carpal tunnel area,
synovial area, and intersynovial space, palmar bowing of the

TCL, circumference of the wrist, and wrist ratio, using NIH
Image (version 1.61; National Institutes of Health), which is
a public domain image processing and analysis program. The
measurements were performed on the T2 image; however,
when difficulties were encountered while delineating the
structure, the T1 image was of help. The median nerve was
traced at four levels as described by Monagle.” The signal
intensity of the nerve was expressed as a ratio, which was
calculated with respect to the signal intensity of the
hypothenar muscles at level 4, to avoid variations in signal
that are encountered with surface coils.” Thus, a value <1.0
means a higher intensity than the hypothenar muscle, and
vice versa. The flattening ratio was calculated by dividing the
transverse axis of the nerve by its longitudinal axis at the four
levels. All flexor tendons inside the carpal tunnel, namely the
flexor digitorum superficialis and profundus tendons and the
flexor pollicis longus tendon, were traced at levels 2 and 3.
The carpal tunnel area at level 2 was bounded anteriorly by
the TCL, laterally by the capitotrapezial ligament and the

Table 2 Cross sectional areq, signal infensity ratio and flattening ratio of the median
nerve : : ) .
o Level 2: - hook of the - Level 4; -~
Level T: DRUJ . pisiform. homate - distal TCL -
Cross sectional area {mm?) : :
Contral {n=36) 9.0(2.5) 9.1(2.3) 8.8{1.8) 8.3 (2.0f
Mild fo moderate (n=33) 14.1 (4.8)* 14.6 (4.8)* 10.8 (3.0 10.9 (3.2)*
Severe (n=250} 17.7 {6.7}* 14.6 (5.6)* 1.2 (33)* 0 11.4(3.5)"
p=0.0085" ; e
Extreme (n=22} 19.5 (7.4 14.8 (5.5)" 100 (3.1} 10.8 (3.2)* -
p=0.0015" »
Signal intensity rafio i
Confrol 331 (1.71) 3.14(1.79) 3.16 {1.86) 3.47 (1.73)
Mild to moderate 2.08 (1.02)* 2.07 (1.02) 2,54 {1.27) 2,50 {1.07)
p=0.0038* p=0.008*
Severe 1.45 (1.07) 1.86 {1.40p 2.36 {1.44) 2.36(1.41}
p=0,0093" p=0026" = p=00018* " "
Extreme 124 [0.58) *  178(1.40} . 2.43(1.31)  2.35(1.06)
p=0.0037* . . p=0.0086*
Flattening ratio } !
Control 2.14 {0.41) 2.33 (0.52) 2.63 (0.67) 3.04 {0.70)
Mild to moderate 2.38 (0.61}. 2.62 {0.55)* 2.76 (0.75) 2.87 {0.55)
p=0.0245
Severe 2.56 {0.49)* 2.84 (0.55)* 2,53 (0.81) 2.77 (0.74)
Exireme 2,64 (0.42)* 2.92 (0.63* 2.62 (0.87) 2.94(1.19)
All values are expressed as means (SDJ.*p<0.05 vs control, *p<0.05 vs mild to mederate. The p value is not
shown if <0.001. TCL, fransverse carpal ligament. .
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Table 3 Palmar bowing of the TCL and cross secfional
area of the flexor tendons, synovidl space, and carpal
tunnel

SRR - Level 3: :
Level 2: 7 hook of the .-~
pisiform “hamgte
Flexor fendon area {am?) )
Control {n=36} 69.11(7.7) - 72.0(8.6) -
Mild fo moderate (n=33) 764 (8.3 78.7 (8.2)
p=0.0016*
Severe {n=50) 757 (9.6} 77.1 9.3}
p=0.001* p=0.0126*
Extreme {n=22} 74.6 (8.9) 77.0 (10.6)
p=00157* ~ .
Synovial and intersynovial space {mm?)
Control 86.5 (13.3) 65.6 (8.0) -
Mild fo moderate 92.5{14.4)  67.3(12.2)
Severe 900(150)  65.1(107)
Extreme 848{162) . 630(9.9)
Carpal tunnel area (mm?)
Control 164.6 {18.4) 146.3 (13.1)
136.4 (13.1)1
Mild to moderate 183.5{16.8) 156.8 (15.4)
p=0.0035"
136.4 1751
Severe 180.3(19.3F . 153.4{15.4)
p=0.0287*
132.2 (13.01
Extreme 1742 (220) . 1500 (16.3)

131.1 {15.9%
Palmar bowing (mm)

Control 1.29 {0.78)
Mild to moderate 2.58 (0.82)
Severe 2.78 [0.85)*
Extreme 2.26 (0.84)*
p=0.0182"

All values are expressed as means {SD), *p<0.05 versus control,
**n<0.05 versus severe. The p value is not shown if <0.001. {Carpal
tunnel ared in the absence of palmar bowing of the TCL. TCL, fransverse
carpal ligament.

scaphoid, medially by the pisiform, and dorsally by the carpal
bones and the intercarpal ligament; that at level 3 was
bounded anteriorly by the TCL, laterally by the capitotrapezial
ligament and the scaphoid, medially by the hook of the
hamate, and dorsally by the carpal bories and the intercarpal
ligaments. The synovial area and intersynovial space were
calculated by subtracting the flexor tendon area and median
nerve area from the carpal tunnel area. The palmar bowing of
the TCL was defined as the perpendicular distance to the TCL
from the line between the hook of the hamate and the
trapezium at level 3. The carpal runnel area in the absence of
palmar bowing of the TCL at level 3 was measured to assess
the initial carpal tunnel area. The circumference of the wrist
was measured at level 1 to assess wrist size. We calculated the
wrist ratio by dividing the anteroposterior diameter by the
transverse diameter at level 1. Each measurement described
above was repealed three times, and the average values were
used for data analysis. All measurements were rated by a
single researcher (SU).

A small reproducibility exercise using pairs of repeated
measurements on the median nerve cross sectional area at
the level 1 of five patients showed no evidence of a systematic
difference between occasions (paired ¢ test p=0.6300) and
the intraclass correlation coefficient of 97.5% showed that
errors of observation would contribute abour 2.5% to the
variation between subjects such as these. This reduced the
sensitivity and power of the analyses, but not enough to
matter with a sample of this size.

Severity of the disease was determined on the basis of
nerve conduction velocities. This classification was similar to
that of Padua et al'* as follows. Normal: MDL <4.4 ms, SCV
=44 m/s; mild: MDL <4.4 ms and SCV <44 m/s; moderate:
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MDL =4.4 ms and SCV <44 m/s; severe: MDL =4.4 ms and
no response of SCV; extreme: no response of MDL and SCV.
Based on the severity of the disease, the hands were classified
into four groups: normal, mild to moderate CTS, severe CTS,
and extreme CTS. The mild to moderate, severe, and extreme
were regarded as CTS groups, and the normal group as the
control.

Each parameter was compared between four different
groups, using Student’s t test. The correlation coefficient
between the average area of the carpal tunnel at levels 2 and
3 and palmar bowing of the TCL was calculated, as was that
between the circumference of the wrist and palmar bowing of
the TCL for both the control and CTS groups. Statistical
significance was achieved when the p value was <0.05.

RESULTS

Characteristics of the hands are shown in table 1. Carpal
tunnel release surgery was performed on 94 wrists.
Symptoms either disappeared or were relieved, and an
improvement of nerve conduction velocities was confirmed
after surgery.

Details of data of the cross sectional area, signal intensity
ratio, and flattening ratio of the median nerve, the cross
sectional area of the flexor tendons, synovium and inter-
synovial space, and the carpal tunnel, and the palmar bowing
of the TCL are shown in tables 2 and 3.

In the control group, the cross sectional area of the median
nerve and signal intensity ratio were constant throughout the
levels, but flattening was more significant at level 4 than at
the other levels. In the mild to moderate group, the cross
sectional area was larger than in the control group in all
slices, and the flattening ratio did not differ from the control
group except at level 2. Cross sectional area at the proximal
two levels was larger than at the distal two levels, and was
accompanied by a lower signal intensity ratio (higher signal
intensity) than the distal. In the severe and extreme groups,
the cross sectional area was progressively larger proximally
from level 3, and was accompanied by a high signal intensity.
The flattening ratio was larger than the control group at
levels 1 and 2. At level 3, the flattening ratio did not differ
from the control group. Although the flexor tendon area and
the carpal runnel area were larger in the CTS groups than in
the control group, significant differences were not detected
among the CTS groups. Palmar bowing of the TCL was also
greater in the CTS groups than in the control group, but the
increase was less prominent in the extreme than in the severe
group. No significant difference of synovial space and
intersynovial arca was detected among the groups. Figure 1
shows the carpal tunnel cross sections of the control, mild 1o
moderate, and extreme groups.

A significant linear correlation between the average area of
the carpal tunnel at levels 2 and 3 and palmar bowing of the
TCL was noted for the CTS groups (correlation coefficient
0.489, p<<0.0001), but not for the control group (0.154,
p = 0.374). A significant correlation between the circumfer-
ence of the wrist and palmar bowing of the TCL was not
found for either the CTS or the control groups (0.067,
p = 0.497 for the CTS; 0.16, p = 0.353 for the conrtrol).

When the carpal tunnel area was measured in the absence
of palmar bowing of the TCL, no significant difference was
detected among the groups (p>0.1448; table 3).

DISCUSSION

The aetiology of idiopathic CTS may be attributed to an
incompatibility between the median nerve and carpal
tunnel* * As a result, the intracarpal tunnel pressure
increases,”” and disturbance of circulation to the nerve
occurs. Longstanding epineurial oedema leads to invasion
of fibroblasts and subsequent formation of constricting scar
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Extreme

Moderate

Normal

Figure 1 T2 weighted gradient echo images at the distal port of the distal radioulnar joint level (DRUJ) (1), ot the level of the pisiform {2} and at the
level of the hook of the hamate {3) in three different stages of idiopathic carpal tunnel syndrome. Solid arrow indicates the cross section of the median
nerve. Upper part represents the dorsal side, and the righthand side represents the ulnar side. P, pisiform bone; H, hook of the hamate. (A~C) Extreme
stage. Enlargement and high signal intensity of the flattened median nerve are seen at level 1, and enlargement of the median nerve at levels 2 and 3.
Palmar bowing of the TCL is evident. {D~F) Moderate stage. Enlargement and high signal intensity of the median nerve are seen at level 2. They are
slightly appreciated at level 3, and still not seen ot level 1. Palmar bowing of the TCL is well appreciated. (G-} Normal wrist. Enlargement of the median
nerve is not seen ot any level. lsointensity of the nerve fo the hypothenar muscle is seen throughout the cross sections. Palmar bowing of the TCL is not

seen.

tissue inside the nerve.’ Swelling of the nerve trunk proximal
to the compression site is due to an increase in the amount of
endoneurial connective tissue,”® oedema in the epineurium
and endoneurial space, and obstruction of axoplasmic flow.'*
Macroscopic configuration of the median nerve during open
carpal tunnel surgery has varied; however, conventionally
proximal enlargement of the median nerve, or pseudo-
neuroma was believed to result from compression in the
distal carpal tunnel, indicating a reduction in the size of the
nerve or flattening of the nerve at the hook of the hamate
level. '+

Imaging techniques can be used to detect these morpho-
logical changes.! ” Using cadaveric specimens, MRI has been
shown to be a valid and reproducible technique for
measuring carpal tunnel volume and the cross sectional area
of the flexor tendons and the median nerve.* ** Because the
pathophysiology varies with the disease stage,”” disease
severity can affect the imaging outcome.'*

Configuration of the median nerve is the parameter most
widely investigated not only by MRI, but also by ultra-
sonography, because delineation of this nerve is easy.
Enlargement of the cross sectional area of the median nerve
at the proximal carpal tunnel or at the entrance to the tunnel
was found to be of diagnostic value for idiopathic CTS in the
majority of cases studied.'’*”" ¥ ¥ However, several
investigators have shown a larger cross sectional area of the
nerve in CTS groups than in controls.even at the hook of the
hamate level’ 7! Kleindienst ef al demonstrated that oedema

www.jnnp.com

of the nerve resulted in pre-stenotic swelling and moderate
intracarpal swelling, and that the advanced stages of CTS
showed retrograde swelling of the median nerve more than
the earlier stages.”® Our results were nearly consistent with
these results.

There have been inconsistencies in results regarding the
flattening ratio of the median nerve among investigators.
Some found no difference between the idiopathic CTS groups
and controls;'* * however, others have shown that the
median nerve was more flattened at the level of the hook
of the hamate in CTS groups than in control subjects.*”  In
our study, no significant difference was detected at this level,
but the large standard deviation of the flattening ratio
indicated that the median nerve configuration varied even
within the same disease stage, indicating that the median
nerve did not always have a compressive deformity at this
level. The median nerve was flattened at the level of exit of
the TCL for all CTS groups and the control group, because
furcation of the nerve could be observed at this level. Our
results suggest that inconsistencies among previous studies
in the flattening ratio were due to differences in patient
spectra or pathophysiology, or both.

T2 MRI presents the normal nerve as isointensity, and it
may develop a high signal intensity when it is damaged or
degenerated.” *® The increased nerve signal on T2 MRI is due
to interstitial oedema and the collapse and loss of myelinated
fibres.” Preoperative high signal intensity of the median
nerve on T2 may be a meaningful finding for idiopathic CTS,

—160—



Downloaded from jnnp.bmijjournals.com:80 on 7 September 2005

Quantitative MRI of the wrist and nerve conduction studies in CTS

because it decreases after surgical decompression of the
nerve.** '* 3 Because the signal intensity ratio was found to
be inversely proportional to the area of the median nerve, the
enlargement of the median nerve was associated with higher
water content or more degeneration inside the nerve than in
the normal nerve. Bulbous swelling of the median nerve at
the level proximal to the carpal tunnel that is often observed
during surgeries could be a characteristic finding of the
advanced stages of the disease. In our study, this swelling
was often accompanied by higher signal intensity than the
distal level, suggesting oedema and degeneration of the
nerve. However, signal intensity could be decreased in the
advanced CTS because of fibrosis within the nerve.”

Quantification of the flexor tendon area was only
performed in studies by Monagel and Cobb." * Monagel
found no differences in the flexor tendon area between CTS
patients and normal subjects." Cobb et a/ showed increased
carpal tunnel contents (flexor tendon and median nerve) to
carpal tunnel volume ratios in CTS compared with controls.*
As the number of hands analysed was small in both studies,
no definitive conclusions could be made. In our study, we
were not sure if the enlargement of the flexor tendons was
congenital, or the result of the disease. Differences in flexor
tendon size between CTS groups and control subjects remain
to be clarified.

Phalen believed that thickening or fibrosis of the synovium
was the main cause of idiopathic CTS.* This is believed to be
due to an increased volume of the carpal tunnel contents or
the result of swelling by repetitive motion of the digits, which
leads to chronic tenosynovial thickening and fibrosis.* Britz
et al’ and Zagnoli et al* assessed the synovium inside the
carpal tunnel by evaluating the interspace or the distance
between the flexor tendons by MRI. Their studies involved a
qualitative analysis, and interobserver variation was found to
be considerable. We did not find any differences in area
between the CTS groups and the control group. However,
with our method it was difficult to evaluate subtle changes of
synovium or subsynovial connective tissue, which may have
an important role in development of idiopathic CTS.*

The size of the carpal tunnel area has been measured by
MRI and CT, but the results were inconsistent. Some showed
a larger carpal tunnel area in patients than in controls,™ but
athers did not.?> ** ** Our result indicated that the area at the
proximal and the distal carpal tunnel was significanily larger
in all groups except in the extreme group than it was in the
control group. Previous investigators believed that palmar
bowing of the TCL was greater in idiopathic CTS groups than
in the control subjects.*”* "' Our result was consistent with
that belief. In such cases, some structure inside the carpal
tunnel is needed to push the TCL in a volar direction.
However, few studies have correlated this parameter with the
carpal tunnel area. Monagel et a7 did not find any difference
between carpal tunnel areas, but showed that palmar bowing
differed between the CTS and control groups.' We showed a
significant linear correlation between the area of the carpal
tunnel and palmar bowing of the TCL for the CTS groups, but
not for the control group. Furthermore, palmar bowing of the
TCL did not have a linear correlation with wrist size in either
group. These results suggest that increased palmar bowing of
the TCL is a characteristic of idiopathic CTS, resulting from an
increase in the area of the carpal tunnel. It may be a result of
the disease, not a difference in the initial carpal tunnel area,
as the carpal tunnel area in the absence of palmar bowing of
the TCL of the CTS groups was the same as that of the control
group. The increased area of the carpal tunnel could be due to
flexor tendons and the median nerve. Because synovial
evaluation was difficult to perform in this study, the
involvement of the synovium with enlargement of the carpal
tunnel remains to be clarified.
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Palmar bowing of the TCL could also be useful to assess
disease severity because it was less prominent in the extreme
than the severe group. This may be due to decreased tissue
swelling such as swelling of the median nerve inside the
carpal tunnel, as severity progresses, because the median
nerve area and the carpal tunnel area of the extreme group
was not as large as in the other CTS groups at the level of the
hook of the hamate.

Based on this study, which quantitatively analysed the
largest number of female subjects ever examined, the
increased palmar bowing of the TCL was found to be due
to an increase in the area of the carpal tunnel in idiopathic
CTS. Although enlargement of the carpal tunnel area and the
flexor tendon areca could be characteristic findings for
idiopathic CTS on T2 MRI, severity of the disease was
difficult to judge using those parameters. It could be best
judged by evaluating palmar bowing of the TCL and
longitudinal changes in signal intensity and in the config-
uration of the median nerve.

This study may explain the reason for inconsistencies in

“previous studies and help to elucidate the pathophysiology of

idiopathic CTS. However, there are some limitations to this
study. As some variations were observed within the same
group, there could be differences in pathophysiology inside
the carpal tunnel of individuals, even in a relatively uniform
group of subjects, all of whom were clinically diagnosed with
idiopathic CTS. It would have been better to enrol patients
with minimum neurophysiological abnormalities such as
Padua’s minimal stage,* because much of the remaining
uncertainty over the use of imaging in CTS concerns whether
imaging modalities add anything when the neurophysiologi-
cal abnormalities are minimal. The effect of aging on changes
of the median nerve and flexor tendon configuration has not
been studied by MR, and high signal intensity on T2 images
could not be always specific. Because we performed endo-
scopic carpal tunnel release in many patients in this study,
we did not correlate the status of the structures inside the
carpal tunnel during surgery with the preoperative MRI. The
many statistical tests could cause some significant findings to
arise by chance, thus the p values should simply be used as
an indication of the strength of a particular piece of evidence.

ACKNOWLEDGEMENT

‘We thank Dr K Yamashita Department of Radiology, Suwa Red Cross
Hospital, for his advice on the MRI protocol and on the interpretation
of images, and also Mr T Muramatsu, Imaging Technology Center,
Suwa Red Cross Hospital, for his effort to improve the quality of the
MRI of the wrist. We thank the nurses in Suwa Red Cross Hospital
for their willingness to participate in this study.

Authors’ dffiliations

§ Uchiyama, T ltsubo, H Nakagawa, M Kamimura, Depariment of
Orthopaedic Surgery, Suwa Red Cross Hospital, Suwa Cily, Japan

T Yasutomi, Depariment of Orthopaedic Surgery, Shiokawa Hospital,
Sutama, Japan

H Kato, Department of Orthopaedic Surgery, Shinshu University School
of Medicine, Matsumato City, Japan

Compefing interests: none declared

REFERENCES

1 NakamichiK, Tachibana S. Enlarged median nerve in idiopathic carpal tunnel
syndrome. Muscle Nerve 2000;23:1713-18.

2 Pasternack Il, Malmivaara A, Tervahartiala P, et af. Magnetic resonance
imaging findings in respect to carpal tunnel syndrome. Scand J Work Environ
Health 2003;29:189-96.

3 Jarvik JG, Yuen E, Haynor DR, et al. MR nerve imaging in o prospective cohort
of patients with suspected carpal funnel syndrome. Neurology
2002;58:1597-602.

4 Allmann KH, Horch R, UhI M, et ol. MR imaging of the carpal tunnel,

Eur J Rodiol 1997,25:141-5,

Www.jnnp.com

—161—



Downloaded from jhnp.bmjjournals.com:80 on 7 September 2005

1108

(%3

w N o

10

16
17

18
19

20

Britz GW, Haynor DR, Kuniz C, et al. Carpal funnel syndrome:correlation of
magnetic resonance imaging, clinical, elecirodiagnostic, and intraoperative
findings. Nevrosurgery 1995;37:1097-103.

Deryani E, Aki S, Muslumanoglu L, et al. MR imaging and electrophysiclogical
evaluation in carpal tunnel syndrome. Yonsei Med J 2003;44:27-32.
Mesgarzadeh M, Triolo J, Schneck CD. Carpal tunnel syndreme, MR imaging
diagnosis. Magn Reson Imaging Clin N Am 1995;3:249-64.

Zognoli F, Andre V, Dreff PL, et al. Idiopathic carpal tunnel syndrome.
Clinicdl, electrodiagnostic, and magnetic resonance imaging correlations. Rev
Rhum 1999;66:192-200.

Treaster DE, Burr D. Gender differences in prevalence of upper extremity
musculoskeletal disorders. Ergonomics 2004;47:495-526.

Dekel S, Papaicannou T, Rushworth G, et al. Idiopathic carpal tunnel
syndrome caused by carpal stenosis. BMJ 1980;280:1297-9.

Monagle K, Dai G, Chu A, ef al Quanfitative MR imaging of carpal tunnel
syndrome. AJR 1999;172:1581-6.

Uchiyama $, Toriumi H, Nakogawa H, et al. Pastoperative nerve conduction
changes after open and endoscopic carpal tunnel release. Clin Neurophysiol
2002;113:64-70.

Cudlip SA, Howe Fa, Clifion A, et al. Magnefic resonance neurogrophy
studies of the median nerve before and after carpal tunnel decompression.
J Neuvrosurg 2002;96:1046-51.

Padua L, LoMonaco M, Gregori B, et al. Neurophysiclegical classification and
sensitivity in 500 carpal tunnel syndrome hung)s. Acta Neurol Scand
1997,96:211-17.

Lundborg G. Nerve entrapment. In: Lundborg G, ed. Nerve injury and repair.
Edinburgn Londan Melbourne and New York: Churchill Livingstone,
1988:102~-48.

Hart AM, Wiberg M. Nerve compression or mechanical neuropathy:
neuropcrl\ology. Curr Ortho, aecf 2001;15:245-8.

Gelberman RH, Hergenroeder PT, Hargens AR, et al. The carpal tunnel
syndrome. A study of carpal canal pressures. J Bone Joint Surg
1981;63A:380-3.

Thomas PK, Fullerton PM. Nerve fibre size in the carpal tunnel syndrome.

J Neurol Neurosurg Psychiairy 1963;26:520-27.

Goodman HY, Giiﬁcﬂ' RW. Tz'e effect of treatment on median nerve
conduction in patients with the carpal tunnel syndrome. Ann Phys Med
1961,6:137-55.

Phalen GS. The carpal-tunnel syndrome: seventeen years’ experience in
diagnosis and treatment of six hundred fifty-four hands. J Bone Joint Surg
1966;48A:211-28.

www.jnnp.com

22

23

24

25
26
27
28
29
30

32

33

34
35
36

—162—

Uchiyama, ltsubo, Yasutomi, et al

Tanzer RC. The carpal tunnel syndrome: o clinical and anatomical study.

J Bone Joint Surg 1959;41A:624-34.

Richman JA, Gelberman RH, Rydevik BL, et al. Corpal tunnel volume
determinafion by magnefic resonance imaging three-dimensional
reconsiruction. J Hand Surg 1987;12A:712-17.

Cobb TK, Dalley BK, Posteraro RH, et al. Establishment of carpal contents/
canal ratio by means of mognefic resonance imaging. J Hun?gurg
1992;17A:843-9.

Kele H, Verheggen R, Bitiermann Hl, et al. The potential value of
ulirasonography in the evaluation of carpal tunnel syndrome. Neurology
2003;61:389-91.

Kleindienst A, Hamm B, Lanksch WR. Carpal tunnel syndrome: staging of
median nerve compression by MR imaging. JMRI 1998,8:1119-25,

Bak L, Bak S, Gaster P, ef al. MR imaging of the wrist in carpal tunnel
syndrome. Acta Radiol 1997;38:1050-2,

Dailey AT, Tsuruda JS, Filler AG, et al. Magnetic resonance neurogrophy of
peripKeral nerve degeneration and regeneration. Lancet 1997;350:1221-2.
Teresi LM, Hovda D, Seeley AB, et al. MR imaging of experimental
demyelination. Am J Rediol 1989;152:1291-8.

Does MD, Snyder RE. Multiexponential T2 relaxation in degenerating
peripheral nerve. Magn Reson Imaging 1996;35:207-13.

Pierre-Jerome C, Bekkelund Si, Meﬁgren Sl, et ol. Biloteral fost magnetic
resonance imaging of the eperated carpal tunnel. Scand J Plost Reconstr Hand
Surg 1997:31:171-7.

Cobb TK, Bond JR, Cooney WP, ef al. Assessment of the ratio of carpal
contents to carpal tunnel valume in patients with campal tunnel syndrome: o
preliminary report. J Hand Surg 1997;22A:635-9.

Shum C, Parisien M, Strauch RJ, et al. The role of flexor tenosynovectomy in
the operative treatment of carpal tunnel syndrome. J Bone Joint Surg
2002;84A:221-5.

Ettema AM, Amadio PC, Zhao C, et al. A histological and
immunohistochemical study of the subsynovidl connective tissue in idiopathic
carpal tunnel syndrome. J Bone Joint Surg 2004;86A:1458-66.

Winn F Jr, Habes D). Carpol tunnel area as a risk factor for carpal tunnel
syndrome. Muscle Nerve 1990;13:254-8.

Bleecker ML, Bohlman M, Moreland R, et al. Carpal tunnel syndrome:role of
carpal canal size. Neurology 1985;35:1599-604.

Pierre-Jerome C, Bekkelund SI, Mellgren SI, et al. Quantitative MRI and
electrophysiology of preaperative carpal tunnel syndrome in a female
population. Ergonomics 1997;40:642-9.



Available online at www.sciencedirect.com

Advanced

sc.ENCE@DmECT-‘ DRUG DELIVERY

Reviews

ELSEVIER - " Advanced Drug Delivery Reviews 57 (2005) 1037-1048

www.elsevier.com/locate/addr

.Synth,etic bio‘degradable polymers as drug delivery systems for
bone morphogenetic proteins

N. Seutoa * N. Murakarm , J. Takahashi®, H. Horiuchi®, H. Ota®, H. Kato®,
T Okada K. Nozaki?, K. Takaoka®

“Department of Physical Therapy, Shinshu University School of Health Sciences, 3-1-1 Asahi, Matsumoto, Nagano 390-8621, Japan
bDepartment of Orthopaedic Surgery, Shinshu University School of Medicine, 3-1-1 Asahi, Matsumoto, Nagano-390-8621, Japan
Research Institute, Taki Chemical Co., Ltd., 64-1 Nishiwaki, Befucho, Kakogawa Hyogo 675-0125, Japan
44pplied Pharmacology Laboratories; Institute for Drug Discovery Research, Yamanouchi Pharmaceutical Co., Ltd., 21 Miyukigaoka,
. Tsukuba, Ibaraki 305-8585, Japan
eDepartment of Orthopaedzc Surgery, Osaka City University Graduate School of Medicine, 1-5- 7 Asahimachi,
: Abeno-ku, Osaka 545-0051; Japan

» Received 8 April 2004; accepted 30 December 2004

Abstract

Bone morphogenetic proteins (BMP) induce bone formation in vivo, and clinical application in repair of bone fractures and
defects is expected. However, appropriate systems to deliver BMP for clinical use need to be developed. We synthesized a new
synthetic biodegradable polymer, poly-D,L-lactic acid-para-dioxanone-polyethylene glycol block copolymer (PLA-DX-PEG),
to serve as a biocompatible, biodegradable polymer for recombinant human (rh) BMP-2 delivery systems. In animal
experiments, new bone was efficiently formed and a large bone defect was repaired using PLA-DX-PEG/thBMP-2 composites.
In addition, this new polymer could be used as an injectable delivery system for thBMP-2. The thBMP-2/PLA-DX-PEG
composites also could be combined with other materials such as hydroxyapatite or titanium. This new synthetic polymer might
be used for thBMP-2 delivery in various clinical situations involving repair of bone, leading to great changes in orthopedic
treatment.
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1. Introduction

‘The regeneration potential of human bone appears
to be limited, given that repair of large bone defects
such as those associated with comminuted fractures or
bone tumor resection usually remains unrepaired [1].
Such cases have been treated routinely with autogeneic
or allogeneic bone grafting. Major problems associated
with autogeneic grafting include limited anatomic
sources of donor bone and risk of morbidity from the
additional surgery for procurement of the graft. In
allogeneic bone grafting, major concerns are potential

risks of transmission of disease, immunologic reaction

of the host, poor osteogenic capacity of the trans-
planted bone, and high costs associated with a bone
banking system [2-4]. Current examination of alter-
natives to grafting techniques suggests three possible
new approaches to inducing new bone formation:
implantation of certain cytokines such as bone
morphogenetic proteins (BMP) in combination with
appropriate delivery systems at the target site [5-7];
transduction of genes encoding cytokines with osteo-
genic capacity into cells at repair sites [8,9]; and
transplantation of cultured osteogenic cells derived
from host bone marrow [10-13]. In our estimation, the
second approach represents the next major advance,
while the third requires considerable additional resour-
ces and time to procure and culture cells. The first

strategy appears to show the most practical promise for

 the near future. Appropriate delivery systems are

essential to this technique. In this review, we ~outline
the development of new delivery systems for BMP and
preclinical animal experiments concerning bone tissue
regeneration that suggest clinical applications.

2. Bone morphogenetic pfoteins (BMP) and
delivery systems

2.1. BMP

"BMP induce new bone formation by directing
mesenchymal stem cells toward chondroblastic and
osteoblastic differentiation, and causing them. to pro-
liferate in vivo. BMP expression has been confirmed to
occur at the initial stage of the fracture healing process,
and to participate in a cascade regulating bone repair
processes. Also, new bone can be induced to form
heterotopically, such as when the BMP are implanted in
muscle in animal models using appropriate delivery
systems. These observations suggest that BMP could
be applied clinically to promotion of repair of bone.,

BMP were first characterized in 1965 by Urist as a
biologically active molecule inducing new ectopic
bone formation from decalcified bone matrix in vivo
[14]. A cDNA encoding BMP was cloned by Wozney
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in 1988, and BMP were found to be a dimeric protein
with a molecular weight of about 32,000 [15-17]. An
important common feature of the BMP molecules is the
position of cysteine residues in relation to the carboxyl
terminus. The positions of these seven cysteine
residues are the same as those in transforming growth
factor (TGF)-B, indicating that BMP molecules' are
members of the TGF-B superfamily [18]. Today, the
BMP family consists of about 15 BMP [19].

BMP include bone formation during embryogene-
sis, growth, and adulthood. In fracture healing,
osteoprogenitor cells can respond to BMP and differ-
entiate into osteoblasts. BMP bind to their receptors on
progenitor cells, initiating signal transduction accord-
ing to the following sequence. BMP molecules bind to
a type IA or IB BMP receptor (BMPR-I) and to a type
II BMP receptor (BMPR-II) to form a heterotetramer.
These receptors are of the serine/threonine kinase type.
As a result of BMP binding, BMPR-II phosphorylate
the glycine/serine-rich domain of BMPR-I. BMPR-I
then phosphorylate the C-terminal domain of Smads 1,
5, and 8. [Smads is a term identifying homologues of
“Mothers against decapentaplegic” (Mad) and ' the
related genes, Sma.] Smad 6 blocks the phosphoryla-
tion cascade by binding to BMPR-1. Following
phosphorylation, Smads bind to Smad 4 and trans-
locate to the nucleus. On the other hand, when Smads
bind to Smad 6, the signal is terminated. Once inside
the osteoblast nucleus, Smads initiate and activate
Smad target gene transcription [20-22].

Among members of the BMP family, BMP-2, -4,
and -7 possess a strong ability to induce bone
formation. These BMP molecules have been synthe-
sized successfully by DNA recombination techniques;
the protein products (rBMP) have been shown to
possess the bone-inducing effect of BMP [23,24].
Thus, human-type BMP (thBMP) have become
available for potential medical use. A number of
preclinical studies have assessed the efficacy of
thBMP in healing of bone defects and acceleration
of fracture healing.

2.2. Delivery systems for BMP

New bone formation in vivo cannot be obtained
simply by injecting aqueous BMP solutions into the
area where bone is needed. Delivery systems that
retain BMP and release it slowly, as well as serving as

scaffolding for new bone formation, are essential. A
delivery system also must be biocompatible and
biodegradable; lack immunogenicity, toxicity, -and
carcinogenicity; permit the biologic activity of BMP;
be easily handled; be sterilizble; and be inexpensive to
produce commercially. A large number of materials
that satisfy these conditions have been considered as
BMP delivery systems and tested in animals.

One of the first candidate materials was deminer-
alized bone matrix (DBM), from which BMP were
originally isolated [14,25]. Osteoconductive delivery
systems have included collagenous materials, such as
type I collagen (as sponges, gels, or fibrils) [19,26—
30], and type IV collagen [31,32]; inorganic ceramic
materials, such as hydroxyapatite (HA) (as a powder,
granules, or blocks) [33,34], tricalcium phosphate
(TCP) [35], glass ceramic, and other inorganic
materials; cartilage- or bone-derived materials, such
as coral, chitin, and bone mineral; and composites of
different types of these materials [20]. BMP have also
been used in combination with titanium and other
metal alloys [36].

Among these candidates, the most effective mate-

- rial is type I collagen, which now is considered the -

“gold standard.” Type I collagen, a biologically
occurring polymer, is a major component of bone
and a suitable scaffold. In addition, collagen is
degraded and absorbed in vivo, allowing its disap-
pearance after new bone is formed. Since this collagen
was extracted from tendons and skin of pigs and
cattle, an atelocollagen was developed from these
sources largely eliminating antigenicity. In animal
tests, many excellent results have been obtained using
this collagen with BMP. This atelocollagen delivery
system also is used for clinical trials of BMP but some
antigenicity remains, posing a degree of risk of
immunologic reaction when used repetitively or in
large amounts. Furthermore, a potential risk exists for
transmission of infectious disease [37-39). Finally,
biodegradability and other properties are difficult to
adjust. To avoid these problems, synthetic degradable
polymers have been examined as possible BMP
delivery systems.

2.3. Synthetic polymers for BMP delivery system

Synthetic biodegradable polymers pose no danger
of immunogenicity or possibility of disease trans-
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mission. In addition, characteristics such as strength,
degradability, and adhesiveness can be altered to
facilitate clinical use.

Biodegradable polymers with high biocompatibil-
ity originated in the development of suture materials
for surgery. These materials must be strong immedi-
ately after the operation when the tissue is sutured in
vivo, but after the wound has healed, they ideally
should degrade and be absorbed. For this purpose,
many biodegradable polymeric suture materials with
high biocompatibility have been developed, and large-
scale screening tests were carried out. As a result,
several kinds of synthetic polymeric suture material
are now in clinical use. These include poly-a-hydroxy
acids such as polylactic acid (PLA), polyglycolic acid
(PGA), and their copolymers (PLAGA). Their favor-
able characteristics as-suture materials has prompted
researchers to test their suitability as carriers for BMP.

BMP have been tested with a variety of biode-
gradable polymers including PLA, PGA, and
PLAGA, and other polymers such as polyethylene
* glycol, poly-e-caprolactone, and polyphosphazetes
[40—46]. However, none has proven equal to collagen
[47,48]. We therefore sought to develop new synthetic
biodegradable polymers that would prove superior to
collagen as BMP delivery system [49-52].

3. Development of new synthetic. biodegradable
polymers for rhBMP-2 delivery

3.1. Poly-D,L-lactic acid-polyethylene glycol block
copolymer (PLA-PEG)

Among thBMP, we tested thBMP-2, which has been
considered to possess greatest osteoinductive activity.
First we tested biodegradable polymers for rhBMP-2
delivery that exhibited plasticity at room temperature.
We synthesized PLA-PEG block copolymers of vari-
ous molecular sizes with various PLA/PEG ratios (Fig.
1) [53,54]. Results were assessed in vivo by mixing

each polymer with thBMP-2 and implanting the

mixture into the back muscles of mice for 3 weeks to
determine its capacity to induce ectopic bone forma-
tion. The results showed superiority of a PLA-PEG
block copolymer with a total molecular weight of
approximately 9500 and a PLA/PEG molar ratio of
approximately 3:2. Although this polymer worked well

PLA-PEG
H-(-0-CH(CH,)-CO0-),,-0-(-CH,-CH,-0-), -(-OC-CH(CH,)-0-),-H
PLA segment PEG segment  PLA segment

PLA-DX-PEG

H-(-O-CH(CH,)-CO-)m-(-0QCH,—CH2-0-CHZ-C0-),,-0-(-CH2-CH2-0-)°--
PLA-DX random polymer segment PEG segment

--(-OC-CH,-0-CH,-CH,-0-),-(-OC-CH(CH,)-0-) -H
PLA-DX random polymer segment

Fig. 1. Structural formulas of poly-D,L-lactic acid-polyethylene
glycol block copolymer (PLA-PEG) and poly-D,L-lactic acid-p-
dioxanone-polyethylene glycol block copolymer (PLA-DX-PEG).
Both are A-B—A type polymers. m, n, o, p, q: number of units.

as a delivery system for thBMP-2 and new ectopic bone
was induced consistently, degradation of this polymer
was somewhat slow; the material remained at the center
of the thBMP-2-induced ossicles.

3.2. Poly-D,L-lactic acid-para-dioxanone-
polyethylene glycol block copolymer (PLA-DX-PEG)

To optimize degradation of the polymer used to
deliver thBMP-2, para-dioxanone molecules were
randomly inserted into the PLA segments of the
PLA-PEG polymer without changing the total molec-
ular weight [55]. This PLA-DX-PEG block copoly-
mer represents a novel material (Fig. 1). Use of this
new polymer as a delivery system for rhBMP-2
resulted in complete replacement of the implants by
new bone with no visible remnants of the polymer,
presumably reflecting a favorable degradation rate. In
vivo comparison showed that the thBMP-2/PLA-DX-
PEG composite implants could induce new bone
formation more effectively than a PLA-PEG/rThBMP-2
composite.

PLA-DX-PEG consists of a copolymer of poly-
lactic acid and para-dioxanone and a homopolymer of
polyethylene glycol. Individually, these polymers
already have been used clinically as suture materials,
screws, and delivery systems for other drugs. There-
fore, PLA-DX-PEG is énticipated to be safe for
clinical use as well. Nevertheless, further tests in large
animals or primates are essential before this bone-
inducing implant can be studied in a clinical setting. At
room temperature, PLA-DX-PEG with molecular
weight of 9500 is a firm gel that is easy to manipulate
(Fig. 2). We tested whether this novel polymer could
act as an effective thBMP-2 delivery system.

—166—



N. Saito et al. / Advanced Drug Delivery Reviews 57 (2005) 1037-1048 1041

Fig. 2. Appearance of PLA-DX-PEG (reprinted from [51], with
permission from Marcel Dekker Inc.) requires copyright permission
since we previously published in Tissue engineering and novel
delivery systems [51]. At room temperature, PLA-DX-PEG with a
molecular weight of 9500 is a firm gel, which can be shaped and is
easy to manipulate.

The PLA-DX-PEG polymer mass was dissolved in
organic solvent (acetone) and mixed with thBMP-2
solution. After agitation, acetone was removed by
evaporation with a centrifuge evaporator to return the

polymer to its native state (Fig. 3). Male ddy mice (5

weeks old) were anesthetized with diethyl ether, and

test implants were aseptically placed into. the left.

“dorsal muscle pouches (one per animal). Three weeks

after surgery, the implants were harvested together.

with surrounding tissues. Soft X-ray. radiographs and
histologic examination -of ectopic new bone showed
mature trabecular bone and hematopoietic bone

marrow (Fig. 4). No evidence of inflammatory or.

foreign-body reaction from the host could be found in
tissues adjacent to the new bone.

rhBMP-2 PLA-DX-PEG

Implantation

1

A4

Acetone rhBMP-2/PLA-DX-PEG composite

Fig. 3. Methods for combining PLA-DX-PEG polymer with
rhBMP-2. PLA-DX-PEG was dissolved in organic solvent, and
rhBMP-2 solution was mixed in it. Evaporation with a centrifuge
evaporator removed the solvent, so an rhBMP-2/PLA-DX-PEG
composite implant was obtained.

A

Fig. 4. Ectopic bone formation induced. by the thBMP-2/PLA-DX-
PEG composite (reprinted from [55], with permission from Nature
Publishing Group) requires copyright permission since we previ-

ously published in Nat. Biotechnol. [55]. The composite was placed

in the back muscle of mouse, which was harvested after 3 weeks.
Ectopic new bone showed mature bone ‘trabeculae with hemato-
poietic bone marrow. (A) Soft X-ray radiograph. (B) Photomicro-
graph. Hematoxylin and eosin stain.

We compared the PLA-DX-PEG polymer and
collagen as thBMP-2 delivery systems. For a positive
control implant, an aliquot of thBMP-2 solution was
absorbed by a type I collagen sponge disc, lyophi-

‘lized, and compressed to form an implant of the same

volume as the PLA-DX-PEG implant. As a result,
implants containing more than 0.5 pg of thBMP-2
showed bone formation in both groups. Therefore, in
terms of ability to elicit new bone formation by
rhBMP-2, the PLA-DX-PEG delivery system was
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- @ Collagen *
3 } OPLA-DX-PEG

Ca content (mg)
N

BMP 10 ug -
* p<0.001

BMP 1 g

Fig. 5. Comparison of calcium content of new bone obtained using
an PLA-DX-PEG system and a collagen system (reprinted from
[55], with permission from Nature Publishing Group) requires
copyright - permission since we previously published in Nat.
‘Biotechnol. [55]. The calcium content of new bone obtained using
the PLA-DX-PEG system was significantly higher than that

obtained using the collagen system for both 1 pg and 10 ug of

rhBMP-2. )

equal to the collagen system. Amounts of calcium in
the new bones induced in the PLA-DX-PEG and the
collagen delivery system groups with 1 pg or ‘1‘0 ng of
rhBMP-2 were quantified. The mean c'alic'ium content
in "ossicles from the PLA-DX-PEG group was
significantly higher than in those from the collagen
group at both doses (Fig. 5). Therefore, this polymeric
delivery system may permit reduction of the effective
dose of rhBMP-2 for clinical use compared to doses
used with collagen.

Control

rhBMP-2
1ug

rhBMP-2
10ug

A

4. Repair of bone tissues using rhBMP-2 and new
synthetic polymers '

4.1. Repair of bone defect using composites of
rhBMP-2 and synthetic polymers

Use of thBMP-2 in combination with a delivery
system material ideally forms new bone of the same
shape as that of the original bone. Development of
synthetic - biodegradable polymers is believed to
permit control of the size and shape of newly formed
bone if an appropriate delivery system is used. For

- this purpose, the hard gel type of PLA-DX-PEG is

suitable [55].

To test whether this novel polymer functions
appropriately in large bone defects in vivo, we
implanted tThBMP-2/PLA-DX-PEG composites in rat
iliac bone defects 4 mm in diameters, which is
considered a critical size for informative testing. We
examined these defects using radiographic and histo-

- logic methods. The bone defect was repaired in a

manner showing thBMP-2 dose dependence and time
dependence.. Histologic analysis of the specimens
revealed that defects treated with 10 pug of thBMP-2
were filled with dense trabecular bone with no
evidence of polymer remnants at 4 -weeks post-
operatively. At the host—defect interface, new bone
had formed adjacent to the host bone (Fig. 6). These

Fig. 6. Repair of a bone defect using PLA-DX-PEG as a delivery system for thBMP-2 (reprinted from [55], with permission from Nature
Publishing Group) requires copyright permission since we previously published in Nat. Biotechnol. [55]. A cylindrical defect 4 mm in diameter
was created in the ilium of rats, and was filled with thBMP-2/PLA-DX-PEG composite. (A) The defect was repaired with newly formed bone in
a manner dependent on thBMP-2 dose and on time. (B) New bone with hematopoietic marrow and bony trabeculae was formed adjacent to the

host bone (arrows). Hematoxylin and eosin stain.
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60°C 37°C
Liquid Semisolid
A - B

Fig. 7. Injectable polymeric delivery system for thBMP-2 (reprinted
from [56], with permission from Elsevier) requires copyright
permission since we previously published in Bone [56]. (A) When
heated to 60 °C, the thBMP-2/PLA-DX-PEG composite can be
injected percutaneously, avoiding need for surgical implantation.
Subsequently, implants become firm upon cooling to body temper-
ature, resulting in semisolid polymeric implants in vivo. (B) Soft X-
ray radiograph of new orthotopic bone formed by injection of the

rhBMP-2/PLA-DX-PEG composite in the muscle pouch on the

abraded surface of the murine femur 3 weeks after injection.

results suggest that thBMP-2 in the PLA-DX-PEG
polymer delivery system should be suitable for
eliciting bone formation and healing in large bone
defects.

4.2. Injectable polymeric delivery systems for
rhBMP-2

Injectable delivery systems for thBMP-2 could
provide a less invasive method for repair of bone
defects, avoiding extensive invasive surgery [56].
Clinical indications might include fresh fractures,
nonunion, or delayed union of bone causing serious
difficulty in fracture treatment, as well as large defects
often associated with bone tumor resection. As far as
we know, no such delivery system has been developed
or reported.

The new synthetic biodegradable PLA-DX-PEG
polymers feature an exquisite temperature-dependent
liquid—semisolid transition and work well as an
injectable thBMP-2 delivery system. The thermo-
sensitive property of the rhBMP-2/PLA-DX-PEG
composite permits percutaneous injection after heat-
ing. Fluidity of the composite decreases as it cools
to body temperature, and the resultant semisolid
form provides a scaffold for bone formation as it
gradually releases rhBMP-2 into its immediate
surroundings.

The rhBMP-2 molecule is a heat-stable protein
[57]. For example, biologic activity of thBMP-2 was
unchanged after heating to 60 °C for 30 min.
Considering the heat-stable character of thBMP-2,
PLA-DX-PEG with molecular weight of 6400 could
be a suitable system for injectable delivery of thBMP-
2. Together with thBMP-2, this polymer heated to 60
°C could be injected as a liquid and then turn to a
semisolid form in vivo at 37 °C. The properties of the
polymer would allow retention of BMP for a period of
time sufficient to elicit new bone formation while
serving as a scaffold for further bone growth.
Eventually, it would be completely replaced by new
bone, avoiding surgery for removal since the polymer
is biodegradable (Fig. 7A). To further demonstrate the
efficacy of this polymer, 25 mg of PLA-DX-PEG
mixed with 10 pg of thBMP-2 was heated at 60 °C for
5 min and injected using a 14-gauge needle into
muscle overlying the surface of the murine femur.
Three weeks after injection, new bone was found at
the injection site, and was attached to the surface of
the femur (Fig. 7B). This new type of injectable
osteoinductive material should allow less invasive
surgery involving restoration or repair of bone.

We also tested this injection technique in spinal
fusion [58]. The thBMP-2/PLA-DX-PEG composites
were injected into the anterior longitudinal ligaments

Fig. 8. Spinal fusion by injection of the hBMP-2/PLA-DX-PEG
composite (reprinted from [58], with permission from Lippincott
Williams and Wilkins) requires copyright permission since we
previously published in J. Spinal Disord. [58]. PLA-DX-PEG with
rhBMP-2 was injected into the anterior longitudinal ligament of the
spine in dogs. New bone was formed on the anterior aspects of
vertebrae after 6 weeks (3D-CT, arrow).
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Fig. 9. Ectopic bone formation by hydroxyapatite (HA) with the
thBMP-2/PLA-DX-PEG (reprinted from [54], with permission from
The Journal of Bone and Joint Surgery, Inc.) requires copyright
permission since we previously published in J. Bone Joint Surg.
Am. [54]. The thBMP-2/PLA-DX-PEG composite was placed in
the pores the HA block, which was inserted in the back muscle of
mice. (A) Soft X-ray radiograph showed the new bone surrounding
HA at 3 weeks. (B) Histologic examination also showed new bone
within the pores of the HA. :

of the canine spine. Six weeks later, new bone had
formed, bridging between the vertebrae anteriorly
(Fig. 8). If a pneumoscopic technique were used
jointly, anterior spinal fusion might be accomplished
by a less invasive approach.

4.3. Combination of the rhBMP-2/polymer composites
with other materials

The hydrophilic nature of the PLA-DX-PEG
polymer causes it to swell on contact with water.
This physical property provides an additional advant-
age for use of the polymer in combination with porous

materials. When a solid implant with pores filled with
the thBMP-2/PLA-DX-PEG composite is implanted,
the composite -will swell, extruding itself from the
pores to form a layer of composite.

To test this property, a combination of the thBMP-
2/PLA-DX-PEG composite with porous hydroxyapa-
tite (HA) was used [54]. The rhBMP-2/PLA-DX-PEG
composite was placed in the pores of an HA block,
which then was inserted into the back muscle of mice.
Over 3 weeks, new bone had formed to surround the
HA. Histologic examination showed new bone
formation within the pores of the HA as well (Fig. 9).

Next, thBMP-2 (120 pg) was mixed with the
polymer (120 mg) and impregnated into titanium
fiber-mesh cylinders [59]. Three 5-mm cylinders were .
placed end-to-end to fill'a 15-mm defect created in the
humerus of adult rabbits and stabilized with an
intramedullary rod. In controls, the titanium fiber-
mesh cylinders contained the polymer but not thBMP-
2. Six weeks after implantation, new bone had formed
on the surface of the implant and had bridged the

A

-Control

rhBMP-2.
120 ug

- Fig. 10. Repair of a bone defect with a titanium syringe implant with

the thBMP-2/PLA-DX-PEG composite (reprinted from [59], with
permission from 6 Wiley) requires copyright permission since we
previously published in J. Biomed. Mater. Res. [59]. A bone defect
of 1.5 cm was created in the humerus of rabbits, and three 5-mm
implants were placed in it. These were stabilized with an
intramedullary rod. (A) While the bone defect was not repaired in
control groups, the defect was restored in the 120 pg rhBMP-2
group after 5 weeks. (B) Histologic examination showed that new
bone also had formed within the titanium mesh (Ti), and that new
bone had formed adjacent to the host bone. Hematoxylin and eosin
stain.
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defect. Defects treated with control implants were not
repaired (Fig. 10). These results provide strong
evidence that composite implants using thBMP-2,
synthetic degradable polymers, and compatible mate-

rials provide enhanced regenerative potential for the -

repair of a large bone defect. These techniques can
repair bones whose function requires great strength, as
a combination of thBMP-2/PLA-DX-PEG composite
with HA or titanium represents a mechanically
durable osteoinductive material.

4.4. Development of a new artificial joint that restores
a bone defect

Total hip arthroplasty (THA) has become essen-
tially the standard procedure for treatment of various
hip lesions. However, one limitation of this operation
has been the eventual loosening of the prosthesis from
periprosthetic bone loss. At revision surgery, various

. degrees of bone defect, both in the proximal femur

rhBMP-2
PLA-DX-PEG

A B

Control

Fig. 11. Repair of a periprosthetic bone defect using PLA-DX-PEG/
rhBMP-2 composite adherent to the prosthesis (reprinted from [60],
with permission from Elsevier) requires copyright permission since
we previously published in Biomaterials [60]. (A) Twelve weeks
after implantation, the implant with rhBMP-2/PLA-DX-PEG
showed new bone formation at the defect site. In the control group
without hBMP-2, only a scant amount of new bone was seen at the
cut ends of the defects, which were not repaired. (B) By
microscopic examination of sections in the thBMP-2 treatment
group, the new bone on the surface of implants showed normal
histology with hematopoietic marrow and bony trabeculae. New
bone formation also was observed within the pores of the titanium
mesh. Hematoxylin and eosin stain.

and the acetabulum, often are encountered; these
present challenges for sufficiently solid fixation of a
new prosthesis. Alternative approaches aimed at
overcoming this problem have included special design
of the revision prosthesis and allo- or autogeneic bone
grafting in combination with or without materials such
as hydroxyapatite. If such bone loss can be repaired
with use of thBMP-2, revision surgery might be made
more effective.

To address the problem of loosening of the
prosthesis, we developed a new prosthesis combined
with thBMP-2/PLA-DX-PEG composite [60]. We
tested efficacy of the thBMP-2-containing prosthesis
in reconstructing a bone defect in a canine model
where the medial half of the proximal femur was
resected to create a defect that was repaired with
rthBMP-2/PLA-DX-PEG composite. Twelve weeks
after implantation, the original bone defects in the
thBMP-2 treatment groups showed repair (Fig. 11).
Thus, this type of hybrid prosthesis may represent a
new modality for repair of bone defects or restora-
tion of lost bone mass encountered in revision
arthroplasty.

5. Conclusions

A new delivery system using PLA-DX-PEG
enabled creation of various osteoinductive materials
that could be used to heal fractures and repair large
bone defects. Importantly, this new rhBMP-2 delivery
system was developed using synthetic biodegradable
polymers, avoiding potential risks of disease trans-
mission or immunogenicity associated with use of
animal collagen or allogeneic bone grafts. Moreover,
this system avoids problems of autogenous bone
grafts such as limited supply of donor bone and the
need for additional surgery to harvest the bone, with
the risk of additional morbidity.

In summary, this new thBMP-2 delivery system
represents an innovative potential therapy that is
safe, efficacious, and less invasive than current
approaches for repair of damaged bone. Further
work will be necessary to determine whether the
biocompatible and biodegradable properties exhibited
by the PLA-DX-PEG polymers in these studies are
replicated during the practical application of thBMP-
2 in patient care.
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CLOSED RUPTURE OF THE FLEXOR TENDONS OF THE
LITTLE FINGER SECONDARY TO NON-UNION OF
FRACTURES OF THE HOOK OF THE HAMATE

H. YAMAZAKI, H. KATO, Y. NAKATSUCHI, N. MURAKAMI and Y. HATA

From the Department of Orthopaedic Surgery, Shinshu University School of Medicine, Matsumoto City, Nagano, Japan and the
Department of Orthopaedic Surgery, National Nagano Hospital, Ueda City, Nagano, Japan

We report six patients with closed flexor tendon rupture affecting the little finger, occurring
secondarily to non-union of the hook of the hamate bone. The ununited fragments were separated
from the basal part of the hook by more than 1 mm. The fragments were also rounded and showed
marginal sclerosis. Non-union was located in the middle part of the hook in three patients, the tip in
two, and the base in one. At operation, the fragments were removed in all patients. Five patients
were treated by free tendon grafts using three palmaris and two plantaris grafts and one underwent
tendon transfer. Postoperative total range of active motion of the little finger averaged 218° (range
185-265°). All patients returned to their original employment. This series would suggest that flexor
tendon rupture can occur after fracture of the hook of the hamate bone, even when the ununited

fragment is small and/or rounded.
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INTRODUCTION

Fractures of the hook of the hamate are rare, accounting
for less than 2% of all carpal fractures (Andress and
Peckar, 1970; Dunn, 1972). Some of these fractures
occur in sports while swinging a baseball bat, golf club,
or racquet ( Bishop and Beckenbaugh, 1988; Stark et al.,
1977). Others are caused by falling on the palm, or by a
crush injury to the hand (Bishop and Beckenbaugh,
1988). These fractures are often neglected because
routine anteroposterior and lateral roentgenograms of
the wrist fail to detect them (Murray et al., 1979; Stark
et al., 1989) and disability is minimal, or inapparent, in
comparison with other fractures of the carpus. In
approximately 14% of hamate hook fractures, non-
union of the hook may escape discovery until it,
eventually, causes closed rupture of the flexor tendons
of the little or ring finger (Boulas and Milek, 1990). To
date, 26 such cases of tendon rupture have been reported
in the English literature ( Bishop and Beckenbaugh,
1988; Boyes et al., 1960; Clayton, 1969; Crosby and
Linscheid, 1974; Foucher et al., 1985; Futami et al.,
1993; Hartford and Murphy, 1996; Milek and Boulas,
1990; Minami et al., 1985; Stark et al., 1977, 1989;
Takami et al., 1983; Teissier et al,, 1983; Yang et al,,
1996), mostly as case reports. Only six reports have
described the site of the fracture (Foucher et al., 1985;
Hartford and Murphy, 1996; Milek and Boulas, 1990;
Minami et al., 1985; Takami et al., 1983; Yang et al,,
1996). No reports have described the roentgenographic
features of the non-union of the hook of the hamate
associated with the tendon rupture.

This study reviews six cases of closed rupture of the
flexor tendons of the little finger secondary to non-union

of the hook of the hamate, describing characteristic
clinical and roentgenographic features of hook non-
union causing tendon rupture. The results of tendon
reconstruction in these cases are also discussed.

PATIENTS AND METHODS

Between 1990 and 2002, we treated six patients with
closed rupture of the flexor tendons of the little finger
secondary to non-union of the hook of the hamate
(Table 1). The mean age of the patients was 59 (range
35-73) years. All patients were male. Five were manual
labourers and the other was an amateur golfer. In four
patients, a mild resistance force applied to the little
finger precipitated the rupture; in the other two, rupture
apparently occurred spontaneously. One of the latter
two patients noted gradual progressive inability to flex
the little finger; the other noted, one morning, that he
could not flex the little finger. At presentation, four of
the patients hiad palmar pain after attempting to flex the

- little finger. No patient had difficulty flexing the ring

337

finger and no patient had ulnar nerve palsy. The grip
strength was recorded in three patients and was an
average of 83% of the strength of the contralateral hand
(range 71-90%). Three patients had a past episode of
trauma to the palm but none had been diagnosed with
hamate fracture at the time. Wrist pain had subsided
within 3 months of the injury. Three of the four patients
whose rupture was precipitated by force had no
symptoms referable to the wrist until tendon rupture
occurred. The other patient noted mild pain in the palm
while playing golf. The period from palmar injury to
tendon rupture ranged from 6 months to 25 years. Two
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