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Background: Thiel cadavers have been reported to have lifelike flexibility and mechanical properties, but whether they are useful
for measurement of the ulnohumeral joint space (JS) is unclear. The contributions of the third and fourth digits and the second and
fifth digits of the flexor digitorum superficialis (FDS) to elbow valgus stability are also unknown.

Purpose: To (1) clarify whether Thiel cadavers can be used for JS measurement on ultrasound and (2) identify the contributions to
valgus stability of the third and fourth digits and the second and fifth digits of the FDS.

Study Design: Descriptive laboratory study.

Methods: In experiment 1 (12 elbows from human volunteers and 12 elbows from Thiel cadavers), valgus stress was increased
gradually from 0 to 30 to 60 N, and the JS was compared on ultrasound between groups at each load. In experiment 2 (13 elbows
from Thiel cadavers), specimens were divided into 2 groups, and the JS was measured for group 1 with the FDS intact, with
tendinous insertions of the third and fourth digits cut (3/4-cut state), and with tendinous insertions of all fingers cut (all-cut state);
and for group 2 at intact FDS, with tendinous insertions of the second and fifth digits cut (2/5-cut state), and at all-cut.

Results: In experiment 1, the rate of change of the JS increased significantly with elbow valgus stress in both humans and Thiel
cadavers, with no significant difference between groups. In experiment 2, the JS was significantly greater in the 3/4- and 2/5-cut
states compared with the intact state at both 30 N (Az/4-cut vs intact = 0.23 mm [P = .01]; Ao/s-cut vs intact = 0.32 mm [P = .02]) and 60 N
(Az/4-cut vs intact = 0.33 mm [P = .002]; Ao/s-cut vs intact = 0.37 mm [P = .04]). There was no significant difference in JS measurements
between the 3/4- and 2/5-cut states at any load.

Conclusion: Thiel cadavers showed JS changes similar to those of humans when valgus stress was applied. The third and fourth
digits and the second and fifth digits of the FDS were involved in valgus stability, and there was no difference in their respective
contributions.

Clinical Relevance: This study may help in identifying function of the FDS based on structure.
Keywords: baseball; rehabilitation; ultrasound; finger

Ulnar collateral ligament (UCL) injury is one of the most
frequent sports injuries in throwing athletes.* UCL injury
is thought to occur as a result of repeated elbow valgus
stress.'® In anatomical studies,>®2%?2 biomechanical stud-
ies, 19202430 4nd studies using ultrasonography,'®2° the
forearm flexors have been found to be important for reduc-
ing elbow valgus stress on the UCL. In particular, the flexor
digitorum superficialis (FDS) muscle has been reported to
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be the most important of the forearm flexors for reducing
elbow valgus stress on the UCL.13:25:3%

With regard to the contribution of the FDS to elbow
valgus stability, Hoshika et al'® measured the ulnohum-
eral joint space (JS) when elbow valgus stress was applied
to humans; in their study, the second, third, and fourth
digits of the FDS were contracted individually. The
authors reported that all digits were involved in elbow
valgus stability, especially the second and third digits.
Furthermore, with regard to the anatomy of the FDS, it
has been reported that the third and fourth digits origi-
nate from the radius, the anterior common tendon (ACT),
and the posterior common tendon (PCT) in all cases, and in
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most cases the second and fifth digits originate from the
ACT, the PCT, the anterior bundle of the UCL, and other
soft tissues of the elbow.?! From the anatomical findings,
it is presumed that the third and fourth digits of the FDS
are involved in ulnohumeral joint stability via the ACT
and PCT, and the second and fifth digits of the FDS are
involved in ulnohumeral joint stability via the ACT, PCT,
and the anterior bundle of the UCL. However, differences
in their contributions to elbow valgus stability have not
been examined.

With regard to the examination of elbow valgus stability,
previous studies have measured changes in the elbow val-
gus angle and the JS when the soft tissue of the elbow joint
was removed in fresh cadavers.2?43° Fresh cadavers have
the disadvantage of high infection risk, limited supply, and
short preservation periods.'® On the other hand, Thiel
cadavers have been reported to have low infection risk and
long preservation periods.'>'®2° In addition, the prepara-
tion of Thiel cadavers has been reported to result in a fix-
ation method that can maintain lifelike flexibility and
mechanical properties'!*6'822 and to allow reliable ultra-
sound imaging.'%?2 However, it has not been demonstrated
whether Thiel cadavers are considered appropriate for JS
measurement. In addition, ligaments and tendons have vis-
coelastic properties such as cyclic creep with increased
strain when repeated stress is applied, as in the fatigue
test.®1° Therefore, JS stress in Thiel cadavers should also
be affected by repeated elbow valgus stress, but this has not
been reported.

This study consisted of 2 experiments. The purpose of
experiment 1 was to clarify whether the JS of human
volunteers and of Thiel cadavers show similar changes
with increasing elbow valgus stress as well as repeated
elbow valgus stress. The purpose of experiment 2 was to
clarify the contributions of the third and fourth digits
and the second and fifth digits of the FDS to elbow val-
gus stability using the Thiel cadaver. It was hypothe-
sized that in experiment 1, JS would show similar
changes in human volunteers and Thiel cadavers and
that in experiment 2, both the third and fourth digits
and the second and fifth digits would be involved in
elbow valgus stress.

METHODS
Participants

This study was performed in accordance with the Declara-
tion of Helsinki after approval by the ethics committee of
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our institution. In experiment 1, we evaluated 12 elbows
from 6 healthy male adult volunteers (mean age, 21.8 + 1.2
years) and 12 elbows from 6 Japanese Thiel cadavers (mean
age at death, 87.8 + 5.8 years; 4 male, 2 female). In exper-
iment 2, we evaluated 13 elbows from 7 Japanese Thiel
cadavers (mean age at death, 88.8 + 6.4 years; 7 sides from
men, 6 sides from women; 7 right sides, 6 left sides). All
Thiel cadavers were obtained from the anatomy program
of our university. Human volunteers with a history of
orthopaedic disease in the elbow joint and those with elbow
joint pain at the time of measurement were excluded, and
Thiel cadavers with osteophytes or a surgical history were
excluded.

Ulnohumeral JS Measurement

All JS measurements were performed by a physical ther-
apist (K.M.) experienced in ultrasound. The human volun-
teers sat in a chair with the shoulder abducted and in
external rotation of 90°, with the elbow flexed to 30° and
forearm supination in a Telos stress device (Aimedic
MMT) (Figure 1A). The Thiel cadavers were placed in the
supine position, with the shoulder abducted and in exter-
nal rotation of 90°, with the elbow flexed to 30° and fore-
arm supination in the Telos device (Figure 1B). The wrist
joint was fixed in the middle position of palmar-dorsal
flexion, and the fingers were fixed in the extended
position.

JS measurement was performed using ultrasonogra-
phy (LOGIQ eV2; GE Healthcare) with a 12-MHz linear
probe. As per a previous study by Ciccotti et al,® the
probe was placed on the medial side of the elbow joint,
and the anterior bundle of the UCL was visualized with
the trochlea of the humerus and the sublime tubercle of
the ulna as landmarks. Using the calipers of the ultra-
sonography device, the JS was measured as the distance
between the distal-medial corner of the trochlea of the
humerus and the proximal edge of the sublime tubercle
of the ulna (Figure 2).

Experimental Procedures

Experiment 1. For the measurement protocol, the Telos
device was first set to 0 N, and 3 ultrasound images of the
medial part of the elbow were taken. The load was then
increased gradually at 10 N/s, and when 30 N and 60 N
were reached, 3 ultrasound images were taken within 10-
second intervals (Figure 3). The average value of the JS
from the 3 images at each load was used. The same protocol
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Figure 1. Measurement positions for ultrasound imaging. (A) The volunteer sat in a chair, with the shoulder in abduction and
external rotation of 90°, with elbow flexion of 30° and forearm supination in the Telos stress device. (B) The Thiel cadaver was
placed in the supine position with the shoulder in abduction and external rotation of 90° and the elbow at 30° of flexion and forearm
supination in the Telos stress device. The arrow indicates the elbow joint.

Figure 2. Ultrasound measurement of the ulnohumeral joint space (JS) in (A) a human volunteer and (B) a cadaveric specimen.
Using the calipers of the ultrasound device, the JS was measured as the distance between the distal-medial corner of the trochlea
of the humerus and the proximal edge of the sublime tubercle of the ulna (asterisks). MEC, medial epicondyle of the humerus; ST,

sublime tubercle of the ulna; TR, trochlea of the humerus.
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Figure 3. Interval measurement protocol of the ulnohumeral
joint space (JS). First, the Telos device was setto O N, and 3
ultrasound (US) images of the medial part of the elbow were
taken. The load was then increased gradually at 10 N/s, and,
when 30 and 60 N were reached, 3 US images were taken
within 10 seconds at each point. The mean JS value from the
3 images at each load was used.

was used for the cadaveric measurements, but in addition,
loading was repeated 3 times to examine the effect of
repeated elbow valgus stress on the JS. The measurement
interval between the 3 consecutive measurements was 15
minutes (Figure 3).

We examined the intersession reliability of the JS
measurements in the human participants by retesting
after an interval of 2 to 7 days. In the cadaveric speci-
mens, the values of the first and second of the 3 consec-
utive measurements were used to test intersession
reliability.

Experiment 2. The skin of the specimens was incised, 3
cm long by 4 cm wide, at the wrist joint, subcutaneous tis-
sues were removed, and the tendinous insertions of the FDS
were dissected carefully. The intact state was defined as the
state when the tendinous insertions of the FDS were
dissected.

The 13 elbows were divided into 2 groups. In group 1 (n =
7; 4 right and 3 left elbows), the JS was measured in
the order of intact FDS, with the tendinous insertions of
the third and fourth digits cut (3/4-cut state), and with the
tendinous insertions of the third and fourth digits and the
second and fifth digits cut (all-cut state). In group 2 (n = 6;
3 right and 3 left elbows), the JS was measured in the order
of intact FDS, with the tendinous insertions of the second
and fifth digits cut (2/5-cut state) and the all-cut state. The
measurement protocol for each state was performed as in
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TABLE 1
Intersession JS Measurement Reliability and MDDgs"

JS Measurement, mm

Load First Session Second Session ICC(1,3) MDDgs
Human volunteers
ON 4.82 + 0.66 4.80 + 0.61 0.97 0.32
30N 5.32+0.76 5.16 £ 0.65 0.90 0.65
60 N 5.61+0.71 5.62 + 0.65 0.87 0.70
Thiel cadavers
ON 3.94+0.84 4.03 +0.83 0.98 0.36
30N 4.38+0.99 4.42 + 0.86 0.96 0.53
60 N 4.82+1.03 4.87+1.03 0.98 0.28

“Data are reported as mean + SD. ICC, intraclass correlation
coefficient; JS, joint space; MDDgs, minimal detectable difference
at the 95% CL.

experiment 1, and the measurement interval under each
condition was 15 minutes.

Statistical Analysis

Experiment 1. Intersession JS measurement reliability
was assessed using the intraclass correlation coefficient
(ICC), in which the ICC values were interpreted according
to the criteria of Landis and Koch!”: <0.00 = poor reliabil-
ity; 0.00-0.20 = slight; 0.21-0.40 = fair; 0.41-0.60 = moder-
ate; 0.61-0.80 = substantial; and 0.81-1.00 = almost perfect.
The minimum detectable difference at the 95% CI (MDDgs)
was calculated using the following equation®”: MDDg; =z x
standard error of measurement x /2, where z is 1.96 and
the standard error of measurement is SD,/(1-ICC). The
MDD expresses measurement error in the same unit as the
original value, which facilitates clinical interpretation.?® If
the difference between 2 measurements is within the range
of the MDDy, it is within the measurement error by 95%.

The rate of change of the JS was calculated by normaliz-
ing the measured values at 30 and 60 N with the value at
0 N. To examine whether the JS showed similar changes
with increased elbow valgus stress regardless of patient
type (humans vs cadavers), a split-plot analysis of variance
(ANOVA,; patient type x load size) was performed for the
measured values and the rate of change of the JS. In addi-
tion, a post hoc analysis of load size was performed using
1-way repeated-measures ANOVA with Bonferroni correc-
tion or the paired ¢ test. The Student ¢ test was used to
analyze patient type. To examine the effect of repeated
elbow valgus stress on the JS of the Thiel cadavers, a 2-
way repeated-measures ANOVA (measurement session X
load size) was performed. In addition, a post hoc analysis of
load size was performed using 1-way repeated-measures
ANOVA with Bonferroni correction. For all analyses, the
level of significance was set at P < .05.

Experiment 2. The measured values of the JS were used
for statistical analysis. To examine the effect of group, a
Student ¢ test was performed to compare the JS between
groups 1 and 2 in the intact and all-cut states. To examine
whether the third and fourth digits and the second and fifth
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TABLE 2
JS Measurements and Rates of Change
in Human Volunteers and Thiel Cadavers®

0N 30N 60 N

JS Measurement, mm
Human volunteers 4.82+0.66° 5.32+0.76>¢ 5.61+0.71%%¢
Thiel cadavers 3.94+0.84 4.38+0.99° 4.82+1.03

Rate of change, %
Human volunteers
Thiel cadavers

Reference 10.24 +3.01 16.94 + 8.25%
Reference 11.10+8.60 22.62 +11.33"

“Data are reported as mean = SD. Rate of change was calculated
by normalizing the JS values at 30 N and 60 N with that at 0 N. JS,
joint space.

5P < .05 vs Thiel cadavers.

‘P < .001vs ON.

4P < .05vs 30 N.

‘P < .01vsON.

P < .001vs 30 N.

8P < .01 vs 30 N.

digits of the FDS were involved in elbow valgus stability,
the paired ¢ test was performed for the JS between the
intact state and the 3/4-cut state in group 1 and between
the intact state and the 2/5-cut state in group 2. To compare
elbow valgus stability related to the third and fourth digits
with that related to the second and fifth digits, the Student
t test was performed to compare the JS of the 3/4-cut and 2/
5-cut states. For all analyses, the level of significance was
set at P < .05.

RESULTS
Experiment 1

JS Measurement Reliability and MDDgys. The ICC (1,3)
for the intersession JS measurements was 0.87 to 0.98,
indicating almost-perfect reliability (Table 1).7

JS Measurement in Humans and Cadavers. Table 2 lists
the JS measurements and rates of change by load size and
patient type. Split-plot ANOVA for JS measurements
showed no interaction effect [F' (2, 34) = 0.63; P = .49;
partial #2 = 0.02]. There was a main effect of patient type
[F(1,22) = 6.12; P = .02; partial 42 = 0.21] and of load size
[F (2, 34) = 81.58; P < .001; partial #> = 0.78]. Post hoc
analysis showed that the JS was significantly greater in
human volunteers than in Thiel cadavers at 0, 30, and 60
N (P = .01, .02, and .04, respectively). In addition, the JS
was significantly greater at 30 versus 0 N and at 60 versus
0 and 30 N in both humans and cadavers (humans: P <
.001, <.001, and <.05, respectively; cadavers: P < .01,
<.001, and <.001, respectively).

Split-plot ANOVA for the rate of change showed no inter-
action effect [F (1, 22) = 2.70; P = .11; partial 5> = 0.10], and
no main effect of patient type [F (1, 22) = 1.01; P = .32;
partial 42 = 0.04]. There was a main effect of load
size [F (1, 22) = 38.68; P < .001; partial 2 = 0.63]. Post hoc
analysis showed that the change in JS was significantly
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greater at 60 versus 30 N in both humans (P = .008) and
cadavers (P < .001).

Effect of Repeated Elbow Valgus Stress on Cadaveric JS.
Table 3 shows the JS measurements in Thiel cadavers after
repeated elbow valgus stress. Two-way repeated-measures
ANOVA showed no interaction effect [F' (4, 44) = 0.29; P =
.88; partial n° = 0.02] and no main effect of measurement
session [F (1, 22) = 1.43; P = .25; partial 2 = 0.11]. There
was a main effect of load size [F (2, 22) = 45.04; P < .001,
partial 4% = 0.80]. Post hoc analysis showed that the JS was
significantly greater at 30 versus 0 N and at 60 versus 0 and
30 N (first session: P = .002, <.001, and <.001, respectively;
second session: P = .002, <.001, and .005, respectively; third
session: P = .002, <.001, and <.001, respectively).

Experiment 2

There were no significant between-group differences in the
JSat0, 30, or 60 N in either the intact (Figure 4A) or the all-
cut (Figure 4B) state. The JS was significantly greater in
the 3/4-cut and 2/5-cut states than in the intact state at

TABLE 3
Effect of Repeated Elbow Valgus Stress
on the JS of Thiel Cadavers®

JS Measurement, mm ON 30N 60 N

3.94+0.84 4.38+0.99° 4.82+1.03%¢
4.03+0.83 4.42+0.86° 4.87+1.03°°
3.99+0.76 4.40+0.88° 4.89+1.03%¢

First session
Second session
Third session

“Data are reported as mean + SD. The interval between the
3 consecutive measurements was 15 minutes. JS, joint space.

®P < .01vsON.

‘P <.001vs ON.

9P < .001vs 30 N.

‘P < .01vs30N.

A Intact

m

Joint space (mm)

ON 30N 60 N
mGroup1 mGroup 2
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both 30 N (A3/4-cut vs intact = 0.23 mm [P = 01]7 A2/5-cut vs
intact = 0.32 mm [P = .02]) and 60 N (Ag/s-cut vs intact = 0.33 mm
[P = .002]; Agss.cut vs intact = 0.87 mm [P = .04]) (Figures 5A
and 5B). There were no significant differences in the JS
between the 3/4-cut state and 2/5-cut state at 0, 30, or 60
N (Figure 5C).

DISCUSSION

Our experiments demonstrated similar JS changes with
increasing elbow valgus stress between human volunteers
and cadavers treated with the Thiel method. We also
found that the third and fourth digits and the second and
fifth digits of the FDS contributed similarly to the stability
of the elbow undergoing valgus stress. To the best of our
knowledge, no studies have examined whether JS mea-
surements in Thiel cadavers is useful, and none have
examined the contributions of the third and fourth digits
and the second and fifth digits of the FDS to elbow valgus
stability.

Based on the results of experiment 1, the measured value
and rate of change of the JS increased significantly with
elbow valgus stress in both humans and cadaveric speci-
mens. The measured values of the JS were significantly
greater in the humans than the cadavers, but there was
no significant difference in the rate of change between the
groups. Considering these results, Thiel cadavers appear to
be as useful as fresh cadavers for evaluating elbow valgus
stability.?'2 In addition, there was no significant difference
in the JS values of cadaveric specimens between measure-
ment sessions. Therefore, repeated elbow valgus stress in
Thiel cadavers appears unlikely to have affected the JS in
the present study.

Based on the results of experiment 2, there were no
significant differences in the JS between groups 1 and 2
in the intact and all-cut states. Therefore, there appears to
be no effect of individual specimens between groups. At
0 N, there were no significant differences in the JS

B All cut

T 1

Joint space (mm)
“w

ON 30N 60 N
mGroup1 mGroup 2

Figure 4. Comparison of joint space between groups 1 and 2 in the (A) intact state and (B) all-cut state, in which the tendinous
insertions of the third and fourth digits and the second and fifth digits of the flexor digitorum superficialis (FDS) were cut.
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A

Group 1: Intact vs 3/4 cut

Joint space (mm)

ON 30N 60 N
o lintact @ 3/4 cut

C
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Joint space (mm)
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-

o

B

Joint space (mm)
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Group 2: Intact vs 2/5 cut

ON
o Intact

30N
# 215 cut

60N

3/4 cut vs 2/5 cut

ON

30N

60N

C03/4 cut m2/5cut

Figure 5. Changes in the joint space made by cutting the tendinous insertions of the FDS. Comparison between (A) intact versus
third and fourth FDS digits cut (3/4 cut), (B) intact versus second and fifth FDS digits cut (2/5 cut), and (C) 3/4-cut versus 2/5-cut.
Significant difference: *P < .05, paired t test; TP < .01, paired t test. FDS, flexor digitorum superficialis.

between either the 3/4-cut and intact states or the 2/5-cut
and intact states. On the other hand, at 30 and 60 N, the
JS was significantly greater in the 3/4- and 2/5-cut states
than in the intact state. Therefore, the third and fourth
digits and the second and fifth digits of the FDS may be
involved in elbow valgus stability. In addition, there were
no significant differences in the JS between the 3/4- and 2/
5-cut states at 0, 30, or 60 N. The muscle force was
reported previously to be proportional to physiological
cross-sectional area,'® and a previous study suggested
that there may be no difference between the physiological
cross-sectional area of the third and fourth digits and the
second and fifth digits of the FDS.2! Considering these
results, there appears to be no difference in the contribu-
tion to elbow valgus stability between the third and fourth
digits and the second and fifth digits of the FDS.

For stabilization of the medial side of the elbow, the pro-
nator teres muscle, the FDS, the flexor carpi ulnaris mus-
cle, and the brachialis muscle are thought to work together
to transmit the muscle power to the ulnohumeral joint via
the ACT and PCT.'* In addition, it has been suggested that

the contraction of all fingers can be involved in
ulnohumeral joint stability via the ACT and PCT, because
all digital muscle fibers of the FDS originate from the ACT
and PCT.2! A previous study reported that injury care pro-
grams should incorporate FDS exercises of these fingers
because they, particularly the index and middle fingers,
contribute the most to stabilization against valgus stress.'3
However, considering the origin structure of the FDS 2! and
the results of the present study, from the viewpoint of
transmitting muscle force to the ACT and PCT, it appears
necessary to perform exercises for all digits of the FDS in
a well-balanced manner, rather than specific finger
exercises.

This study has several limitations. First, the dominant
hand of the donors was unknown, and whether donors had
been involved in overhead sports during their lifetime was
also unknown. A previous study reported that the differ-
ence in the JS between valgus stress and no valgus stress
was significantly higher in the dominant arm than in the
nondominant arm.2® A previous study also reported that
the JS of professional pitchers was significantly greater in
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the dominant arm than in the nondominant arm.® In the
present study, the numbers of left and right samples were
balanced as much as possible to minimize these effects.
Therefore, the effects of the dominant arm and involvement
in overhead sports were thought to have been minimized.
Second, the measurement position was a limitation. Ini-
tially, the plan was to take measurements of both the Thiel
cadavers and the human participants in the seated posi-
tion. However, because it was not possible to fix the upper
limb in the cadavers, measurements were performed in the
supine position. Although the measurement positions were
different, we believe that the effect was small because the
JS is determined by the positional relationship between the
upper arm and forearm. Third, it has been reported that the
mechanical properties of Thiel cadavers are different to
those of living humans, depending on the part measured.”
Therefore, it will be necessary to compare various para-
meters in different joints between Thiel cadavers and living
humans.

CONCLUSION

The results of this study indicate that Thiel cadavers show
JS changes similar to those of humans when elbow valgus
stress is applied. Results also indicate that the third and
fourth digits and the second and fifth digits of the FDS both
contribute to elbow valgus stability, and that there may be
no difference in the amount of their respective contributions.
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