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ABSTRACT

Carpal Tunnel Syndrome is caused by compression of the median
nerve in the carpal tunnel of the wrist. Increases in tunnel'p;essure
or direct impingement of the finger flexor tendons may contribute
to this compression. This paper investigates the contribution of
wrist size to flexor tendon geometry and high force loads on the ten-
dons. An investigation is also made to determine if several chosen
wrist bone dimensions are indicative of CTS cccurrence. The major
findings of the report show that tendon geometry and force loadings
on the tendons change with wrist thickness, and that the chosen

wrist dimensions are not indicative of CTS occurrence.
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I. INTRODUCTION

1.1 PURPOSE OF REPORT

It is the intention of this report to focus on Carpal Tunnel
Syndrome (CTS) as an occupational injury related te the structural
characteristics of the individual human wrist. The report contains
two main areas of analysis. The first involves a cadaver study to
determine the geometry of the finger flexor tendons as they pass
through the carpal tummel of the wrist. The purpose of this section
is to show different tendon curvatures and force loadings along
the tendons in the carpal tunnel for different wrist sizes. Large
force loadings may be an indicator that small wrist structures are
predisposed to tenosynovitis and Carpal Tunnel Syndroﬁé.

The second section of the'feport is concerned wifh the bone
structure of the wrist as seen in radiographs of CTS and normal
populations. The purpose of this section is to discover a relation-
ship between various bome sizes, especially those sizes which detef—

mine carpal tumnel dimensions, and the occurrence of CTS.-

1.2 RATIONALE FOR REPORT

This paper is written in conjunction with a National Institute
for Occupational Safety and Health (NIOSH) traineeship grant and as
a part of a research project sponsored by NIOSH and a private local
industry. The research was conducted at the Human Performance and
Safety Laboratory in the Industrial and Operations Engineering Depart-

ment at the University of Michigan in Ann Arbor, Michigan. A two part



study is in process at the laboratory in an attempt to determine the
etiology of CTS in the occupational environment. One aspect of the
project is a field study which seeks to determine the relationships
between the activity of the worker and the occurrence of CTS. The
second aspect of the study focuses on the anatomical characteristics
of the human wrist that may indicate which populations of workers
are more prone to CIS. It is the second objective with which this
paper is concerned.

It is hoped that the personal attributes found in this paper
will be a foundation for predictive models and guidelines to be

used in the industrial workplace to avert the occurrence of CTS there.



I1. BACKGROUND

2.1 THE WRIST: ANATOMICAL DESCRIPTION

The long finger flexor tendons of the human hand allow for
the powerful grasping and pinching motions which are so essential
to everyday life. The wonderful engineering of the hand puts
the mechanical devices, which facilitate finger flexion and power
grip, away from the fingers in the upper forearm. This facilitates
the functioning of small local finger muscles which give the hand
its amazing dexterity. The fingers are flexed mainly by tw; groups
of muscles, the flexor digitorum superficialis (FDS) and flexor
digitorum profundus (FDP), which are located on the dorsal side of
the arm. The superficialis attaches to the proximal areas along
the radius and ulna, From the muscle mass in the forearm, the
muscles are attached to the fingers by the long finger flexor tendons.
These pass along the distal ends of the radius and ulna, over the
carpal bones to the metacarpals, where they branch to each digit.
Each of the digits 2 through 5 receive two of the tendons, one FDS
and ocne FDP. The profundus tendon attaches to the distal phalange
while the superficialis tendon, passing over the profundus, branches
at the proximal~phalangeal joint and attaches to the middle phalange
(Figure 2-1).

The first digit receives only one long tendon from the pro-
fundus group and is called the flexor policus longus (FPL). The
FPL attaches to the distal phalange of the thumb. Unlike digits 2

through 4, the first digit is aided by a powerful local muscle'group '



Figure 2-1: Tendon Attachment To Phalanges (Cailliet 1975)



which is located palmar to the first metacarpal called the thenar
muscles. The thenar muscles are extremely important in such motions
as pinching, grasping, pulling, and other motions which require
strength in the opposing digit.

The flexor tendons are each encompassed by a thin sheath of
synovium (Figure 2-2). The flexor synééium acts as a lubricating
sleeve to allow smooth movement of the tendon between adjacent
structures and over hounding structures of the wrist during exten-
sion and flexien.

The path of the flexor tendons from the point of the distal
radius and ulna, over the carpal bones to the proximal end; of the
metacarpals, is of special interest in this report; the tendomns
at this point pass through the structure of the carpal tunnel. The
carpal tunnel is bounded on the dorsal side of the wrist by the two
rows of carpal bones and on the palmar side by a tough ligament
called the flexer retinaculum.

The carpal hones of the wrist are arranged in two rows; one
diséal row and one proximal row (Figure 2.3). The distal row con-
sists of the hamate, capitate, pisiform, trapezoid, and trapezium
bones. The proximal row consists of the triquetrum, lunate, and
scaphoid bones. The pisiform of the distal row is a sesamoid bone
which lies palmar to the hamate~triquetrum articulation.

The flexor retinaculum provides a less rigid palmar border of
the carpal tumnel than the carpal bones.' This band of fascia is

divided into the palmar carpal ligament proximally and the eransverse
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Figure 2-2: Flexor Tendon Sheaths (Cailliet, 1975)
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Figure 2-2: Flexor Tendon Sheaths (Cailliet, 1975~ cont.)
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Figure 2-3: Bones of the Forearm, Hand, and Wrist (R.N. Gray, 1969)

carpal ligament distally. The palmar carpal ligament attaches
laterally to the distal end of the ulna and medially to the radial
styloid process. The ligament merges on its distal border with
the transverse carpal ligament. The transverse carpal ligament
attaches to the pisiform and hook of the hamate medially and to
the tubercle of the trapezium and scaphoid laterally.

The carpal tunmel includes a major nerve, the median nerve,
which innervates a large portion of the palmar side Qf the hand.
The median nerve passes along the forearm between the flexor digi-
torum superficialis and profundus tendon groups. The nexrve
becomes superficial to both groups of tendons at the flexor reti-

naculum. In the distal portion of the carpal tunnel, the nerve



flattens and splits into three branches. These branches, the loca-
tion of which have been shown to vary considerably (Ulrich, 1977),

continqe on to inmervate muscles of the thenar eminence, the index

and middle fingers, and the radiazl side of the ring finger (Figure

2-4).

A cross section of the carpal tunnel reveals the configuration
of the flexor tendons and the median nerve as they pass through the
carpal tunnel (Figure 2-5). The FPL lies most radial of the tendons
and it has been proposed that the flexor tendons of the third and
fourth digits lie directly beneath the median nerve (Smith, et al.,
1977, Figure 2-6). When the wrist is flexed, the flexor tendoas
in the carpal tumnel impinge directly on the median nerve, pressing
it against the flexor retinaculum. When the wrist is extended,
large pressures are generated in the carpal tunnel. Brain (1947)
has estimated that pressure within the carpal tunnel is increased
three times over the pressure generated when the wrist is flexed
(Figure 2-7). It has been proposed that this increased pressure
leads to an ischemic median nerve when the hand is used in a stren-

uous manner {(Sunderland, 1975).

2.2 THE WRIST: BIOMECHANICAL DESCRIPTION

When the wrist is flexed or extended, the finger flexor tendons
pass against and around the bounding structures of the carpal tunnel.
The tendons pass over the carpal bones during extension and over

the flexor retinaculum during flexion (Armstrong and Chaffin, 1977).
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Figure 2-7: Carpal Tunnel Pressure Changes During Extension and
Flexion (Cailliet 1975)
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These structures may be described as trochlea (anatomical pulley)
for the tendons during wrist extension and flexiom.

With the wrist extended or flexed, the carpal bones or flexor
retinaculum may be described as an arc of a pulley, and the ten-
dons are loaded with forces similar to a rope over a pulley.

The load generated along the length of the tendon, which is

against the carpal bones, is described by Leveau (1977) as:

Load (force/arc lemgth) = F:eu 8

(2.1)

T
where:

t = tendon tension

D
[}

angle of wrist deviation
r = radius of the trochlea
The coefficient of friction (u) between the tendon and carti-

lage has been estimated to be about .02 (Levéau, 1977). At this
small value the frictionm component of the load may be omitted. The
expression for load then reduces to:

Load (force/arc length) = Ft

Kl (2.2)

This relationship shows that load will increase as joint thickness
decreases. (Figure 2-8)

The resultant force exerted on the tendon by the trochlea is

described by Leveau (1977) as:
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r = e (sin c%)_ ) 2.3)

where:

r = resultant force on tendon

tendon tension

rt
H

<
(]

angle of wrist deviation

This relationship shows that the resultant force on the tendon will

increase as joint angle increases. (Figure 2-9)

LOAD= Fy ¢ 4@

r

WHERE: r = RADIUS OF PULLEY

9= INCLUDED ANGLE OF THE
AREA N CONTACT.

p= COEFFICIENT OF FRICTION.
F,; & F, = BELT TENSION

ndN = FORCE' OF FRICTION.

Figure 2-8: Belt and Pulley - Free Body Design
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S~ RESULTANT

FORCE (F,)

Fp = 2F, (sn( @/ 2))

WHERE: @ = ANGLE OF WRIST
DEVIATION.

F? = TENOON TENSION

Figure 2-9: Area of Tendon Comtact

By combining equations (2.2) and (2.3}, the resultant force on
the tendon may be described as a function of wrist thickness and
wrist angle:

F_ = 2 load (sin &)
r ——————— r—
r 2

(2.4)

Two main conclusions may be drawn from equation (2.4): the re-
sultant force exerted by the trochlea on the tendoms (1) increases
as wrist thickness decreases and {2) increases as joint angle of the
wrist deviates from neutral. Therefore, tendons will be acted upon
with highest resultant forces by the trochlea in small wrists that

are hyper-extended or hyperflexed.
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2.3 CARPAL TUNNEL SYNDROME

Carpal Tunnel Syndrome is a compression neuropathy of the
median ner&e as it passes through the carpal tunnel of the human
wrist. It is the most common peripheral neuropathy, and it generally
effects women more than men at ratios of from 2:1 to 4:1 (Brain, Wright
and Wilkinson, 1947; Tanzer, 1959; Kendall, 1960; Cseuz, et al., 1966;
Hymdvich and Lindholm, 1966; Phillips, 1967; Chamberlain and Corbett,
1970; Phalen, 1972; Barenko and Strelka, 1976; and Gainer, 1977). The
pain usually occurs in the evening and often wakes the affected person
_from sleep. In advanced cases, atrophy of the thenar eminence will

occur resulting in loss of motor control of the thumb.

Diagnosis

Diagnosis of CTS in advanced cases may be done quickly. Phalen
(1966) states that CTS is indicated in any person with:
"hypesthesia or paresthesia in the distributiom
of the median nerve in the hand or in any patient
who has weakness or paralysis of the abductor pol-
licis brevis or opponens pollicis."”
Less advanced cases may be determined through simple clinical

tests. Barenco and Strelka (1975) outline four clinical tests:

1. nocturnal pain which disturbs sleep, usually
associated with paresthesias, and

2. positive Tinel's test, and
3. positive Phalen's test, and

4., weakness in thumb opposition and abduction or
atrophy of the thenar eminence.
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Phalen (1972) has also observed that CTS is indicated by swelling

on the volar side of the forearm just proximal to the wrist crease.
Generally, X-rays are not a helpful method of diagnosing CTS uﬁless
prior history of bone damage is available (Phalen, 1972). Latency
in nerve conduction tests has been well documented as an indicator

of CIS (Barmes and Currey, 1967; Kemble, 1968; Plata, 1971).

Treatment

Relief from CTS has been accomplished using steroids injected
into the wrist and by splinting the wrist in 3 neutral position
(Phalen, 1972). In more advanced cases, particularly when thenar
atrophy has occurréd, surgical methods are frequently used. The
methods involve secticning the flexor retinaculum to relieve the

pressure in the carpal tunnel (Barenco, 1975; Curtis, 1973; Phalen, 1972).

Etiology

Several causes have heen propased for CTS including pregnancy
(Nicholas, 1971), rheumatoid arthritis (Herbison, 1973), congenital
anomalies (Phalen, 1966), and ischemia of the median nerve tissues
(Eversmann, 1978; Kendall, 1960). Phalen (1%72) and Tanzer (1959)
discovered cases where nerve compression was linked to inflammation
and thickening of the synovial membranes of the finger flexor tendoms,.
The pressure of flexor tendons against the median nerve during wrist
flexion may be a contributing factor in the onset of CTS (Brain, et

al., 1947; Smith, 1977)}.
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CIS may~oécur due to extensive use of the hand in tRe industrial
workplace. Tt has been linked to Bighly repetitive movements of the
hand (Gainer, 1977; Hymovich, 1966; Tichauer, 1966). It has alsc been
linked to strenuous hand use and occurs most frequently in the domi-
nant hand (Phalen, 1972). Welch (1972) has proposed various factors
in the industrial enviromment which predispose the worker to tend-
synovitis. He includes parameters such as hand movements and forces
used with tools and machinery contrels. Mohr (1977) and Raybourn (1977)
suggest the possibility of a relationship between CTS and job factors
such as force of exertion, wrist deviation and hand position. Tichauer
(1966) proposed that large stresses occur in the connective tissue of
the human arm during industrial work performance. He has cited some
causes of high stress as equipment control design and hand tool‘design.

He also proposes changes which will alleviate the imposed stress.

2.4 SUMMARY AND HYPOTHESIS

CTS is a widespread problem in and out of industry. It occurs
when the median nerve is compressed in the carpal tunnel of the wrist.
The result of the compression is hand pain and possible atrophy of
the thenar eminence resulting in complete median nerve dysfunction.
COnce diagnosed, the solution may be as simple as to discontinue heavy
use, or it may require surgery to relieve pressﬁre in the carpal tun-
nel. The exact conditions which evoke the problem have not been
determined. Compression of the median nerve, however, may result
from any factor which increases the pressure in the carpal tuﬁnel and,

specifically, pressure on the median nerve in the tunpel.
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In industry CTS may be due to repetitive hand motions and forcéful
exertions. This movement predisposes the worker to tenosynovitis,
the inflammation from which will cause increased pressure in the carpal
tunnel with resulting chronic pressure on the median nerve. During
forceful exertions with the hand in the flexed position, the finger
flexor téndons directly impinge on the median nerve pressing it against
the flexor retinaculum. This acute pressure on the median nerve or
chronic pressure from tenosynovitis may directly result in Carpal Tunnel
Syndrome in the workplace.

Forces on the tendons during wrist extension and flexion are
related to the wrist size and degree of joint rotation. The hypothesis
that will be tested in this paper is:

INTRA-WRIST FORCES IMPCSED ON THE TENDON AS IT
PASSES THROUGH THE CARPAL TUNNEL DURING WRIST
EXTENSION AND FLEXION INCREASE SIGNIFICANTLY AS
THE WRIST THICKNESS DECREASES DUE TO CHANGES IN
TENDON GEOMETRY, VARTATIONS IN WRIST STRUCTURE
ARE AN ETICLOGICAL FACTOR IN THE OCCURRENCE OF
CTS.

High forces on the flexor tendons in the wrist increase the pro-
bability of structural damage to soft tissues and pathclogy to those
tendons, especially if repeated hand movements are used. Pathology
such as tenosynovitis increases chronic pressure on the median nerve.
When the wrist is flexed, acute forces are placed directly upon the
median nerve.

This report will also attempt to show two distinct methods of

determining flexor tendon geometry and compare the results of the

two methods.
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III. EXPERIMENTAL DESIGN

3.1 ANATOMICAL SEGMENT

The first portion of this report is concerned with the geo-
metry of the curvature of the finger flexor tendons as they pass
over the trochlea of the wrist. This geometry was estimated using
two different methods. The first method used a relatiohship between
the change in joint angle of the wrist and resulting displaceﬁent
of the flexor tendon to determine the radius of curvature of the
tendon as it passes over the trochlea. This radius of curvature is
shown by equations 2.2 and 2.3 to be inversely related to the load
and resultant force imposed on the tendon by the trochlea at a given
tendon tension.

The second method involved the dissection of human cadaver
limbs and direct measurement of the location of the tendon in space.
Polynomials were fitted to the data and the radius.of curvature of

the tendon in the vicinity of the trochlea was determined.

3.1.1 TENDON-JOINT DISPLACEMENT

BACKGROUND

As described in section 2.2, the finger flexor tendons of the
hand pass against the carpal bones when the hand is extended and
against the flexor retinaculum when the hand is flexed. These
structures then act as trochlea for the flexor tendons when the wrist
is deviated from the neutral position (Figure 2-9). Landsmeer (1960)
has proposed that the tendons passing against an articular surface
of a joint displace as a function of the joint rotation. This

relationship is described by;
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(3.1)
where:

displacement of the tendon

»
]

r = radius of curvature of the
tendon over the articular
surface of the joint

@
]

angle of joint rotation from
the neutral position

Landsmeer also proposed two alternative models which have been shown
not to apply to the interphalangeal joints (Armstrong and Chaffin,

1977).

Anatomical Materials

Four unembalmed cadaver limbs were analyzed for this report.
Three hands were female, and one was male. The hands were made avail-
able from anatomical donations by the Department of Anatomy at the
University of Michigan. The hands were chosen in an attempt to encompass
the sizes of a diverse population of wrist sizes. The dimensions and

percentile rankings of selected dimensions are listed in Table 3-1.

Egquipment

A rigid metal structure was used to mount the hands. Light steel
connecting line was used to link tendons to a one kilopond weight.
Lead shot in a tin can served as the weight which provided teandon
tension. Masking tape contorted into the shape of 2 marker served

as an indicator of tendon displacement. Heavy carpet tape and wooden
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Table 3.1 - Cadaver Hand Subject Wrist Thickness and Percentile

Ranking
Wrist * o Wrist &fist

Subject Thickness, | Percent. Breadth Circum.

No. (mm) Ranking Percent. {mm}¥Percent.(mm)

1 36.0 31.4 55.0 146.0

2 38.0 35.7 54.0 147.0

3 A% 46.0 80.0 68.0 168.0

4 31L.5 3.0 53.0 137.0

* Percentile estimated from standard wrist circumference in
Garfett (1970). Circumference calculated from wrist thickness
and breadth using equatiom: »

c=mT (a” + 52) /Z

*% Male Subject

tongue depressors served to splint the fingers in a rigid position.
A metric ruler and goniometer were used to measure tendon displace-
ment and joint angle respectively.
Method

Each hand to be analyzed was mounted on a rigid structure in
such a way as to allow free movement of the hand in extension and
flexion (Figure 3-1). Before any experiments were done on the hands,
all material up to approximately two inches proximal to the wrist
crease was removed. The nine extrinsic finger flexor tendons were
then isolated and a piece of light steel connecting line was attached
to each tendon. The fingers of the hand were then splinted into a

rigid position to insure no additional tendon displacement would



Figure 3~1:
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occur due to finger flexion or extension. Directly proximal to the
hand a metric ruler was secured on the structure in the same plane as
the palmar side of the wrist joint.. A locating device was attached
to the steel connecting line above the ruler to be used as an indica-
tor of tendon displacement (Figure 3-2). A one kilopond weight was
attached to the steel conmecting line to provide tendon tensioﬁ.

Two experimenters were used during the actual recording of data.
The first experimenter used a goniometer to position the hand at the
required angle of extension or flexion. The second e#perimenter
recorded the position of the indicator on the metric ruler, Each
tendon was tested separétely for three to five trials. The displace-
ment of the tendon was recorded with the hand extended fifty degreees,
forty degrees, and twenty degrees, then flexed twenty degrees and
forty degrees. This method gave consistent results with negligible
error. Figure 3-2.5 shows the resulting recorded points in each of
the three positions for hands three and four.

3.1.2 TENDON LOCATION

To gain a more direct measure of the geometry of tendon curva-
ture through the carpal tunnel, a direct anatomical mapping of the
tendon path through the carpal tunnel was attempted. The poinfs
describing this path may then be fitted with curves by the method
of stepwise polynomial regression. After choosing a curve which best
fits the data, the radius of curvature of the tendon through the carpal
tunnel may be determined, and the forces acting on the tendons in this

portion of the wrist may be described using equations 2.2 and 2.3,
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SLOPE =y =8

SLOPE=r = 9.5

Figure 3.2.5: Plotted Tendon-Joint Displacement Points and
Regression Line

Equipment

A three dimensional point encoder was used to gathef tendon loca-
tion data (Figure 3-3). This encoder consists of a series of three
position transducers which located points in space in spherical
coordinates. Two of the transducers put out a changing voltage as
they ars turned and were used to measure the angular components of
spherical coordinates. The third transducer is a linear differential
position transducer which was used to measure the radial component
of spherical coordinates.

A control box in conjunction with an A.C. voltmeter were used

to monitor the output voltages of the three position transducers
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as they were sent to a Hewlett Packard 2100A computer to encode
a point in space. It also generated an operator controlled signal

to stop the encoding process.

Method

Each hand was again mounted on the rigid structure shown in
Figure 3-4. Incisions were made approximately every one centimeter
proximal to the wrist crease and the flexor tendons palpated. One
incision was made directly between the pisiform and the hook of the
hamate making a lateral section through the flexor retinaculum.

Care was taken not to damage the median nerve which lies directly
beneath the flexor retingculum at this point. A final incision was
made approximately one centimeter distal to the distal wrist crease.
The flesh was removed from the palm of the hand in such a way that

the tendons were exposed and structural alterations were avoided.

The palmar aponeurosis was exposed and removed, and the flexor tendomns
in the hand were palpated.

The three dimensifonal point encoder, control box, and voltmeter
were arranged as shown in Figure 3-4. Three points around the hand
were first encoded to represent the X, Y and Z axis for the three-
spaces in which the tendon and median nerve encoded points would be
located. A reference point was then encoded which marked the location
of the radial styloid pfocess. Each tendon was then connected to a
one kilopond weight. Points were encoded along the tendon beginning
on the proximal end and moving distally. Each tendon path was encoded
twice with the hand flexed forty-five degrees, neutral, and extended

forty-five degrees (Figure 3-5).
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The encoding of a point on the tendon consisted of entering the
tip of the encoder into an incision, palpating the tendon to be
encoded, and placing the tip of the encoder on the most palmar edge
of the tendon. Then the verbal order to "encode point" was given,
and an assistant experimenter pushed the button on the control
box to allow the computer to accept the voltages from the encoder.
These voltages were them transformed intc the spherical coordinates
by the computer.

Data was also collected describing the path of the median nerve
through the carpal tunnel. A light weight was attached to the proximal
end of the nerve to keep it taunt, but avoid damaging it of upsetting
its natural path. The encoding procedure for the median nerve was
identical to that for the flexor tendons. After all points were en-

coded, the data was stored for future analysis.
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3.2 RADIOGRAPHIC SEGMENT

The investigation that this report is concerned with is part
of a larger project in the Human Performance Laboratory in the In-
dustrial and Qperations Department at the University of Michigan.
The project has also conducted a field study in two automobile up-
holstery manufacturing plants to determine the etiology of carpal
tunnel syndrome in industrial workers (Mohr, 1977; Rabourn, 1977).
That study has generated radiographs of subjects who have a history
of CTS_and those who do not have a history of CTS. As part of this
report, these radiographs were analyzed with two purposes in mind:
to attempt to (1) discover a relationship between some bone sizes,
which determine the dimenéions of the carpal tunnel and the hand, and
the occurrence of CTS; and (2) to determine relationships between
bone lengths and link lengths for the phalanges and metacarpals of the

hand for future biomechanical models.

Equipment
Mitutoyo calipers were used to take measurements off of the

radiographs. The radiographs were illuminated with a flourescent

light viewing table. Carpal angle was measured with a goniometer.

Method
The following five measurements were chosen in an attempt to
characterize the volume of the carpal tunnel and relate bone struc-

tures of the hand and wrist to the occurrence of CTS (Figure 3-6):
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FLEXED 435 dagrees

NEUTRAL

EXTENDED 485 degrees

Figure 3-3: Hand Positions for Collection of Tendonr Location Data
(Adapted from Armstrong, 1975)

1. The distance from the medial edge of the
radius to the lateral edge of the ulna at
widest point. (This measurement was selected
to give an indication of wrist widtﬁ,)

2. The distance from the lateral edge of the tubercle
of the trapezium to the medial edge of the hook of
the hamate. (This measurment was selected as an
indicator of carpal tunnel width.)



Figure 3-6:
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The distance from the medial edge of the trapezium

to the lateral edge of the hamate. (This measurement
was selected as a second indicator of carpal tunnel
width.)

The distance from the distal edge of the radius
at the anteroposterior ridge to the distal edge
of the third metacarpal. (This measurement was
selected as an indicator of hand length.)

The carpal angle. The carpal angle is the angle
formed by a line drawm tangent to the lateral
edges of the lunate and trequetrum, and the line
drawvn tangent to the medial edges of the lunate
and scaphoid. (This measurement was taken as an
indicator of the formation of bony structures of
the wrist, Harper, et al., 1974).

i RADIUS = ULNA WIDTH.

2 HOOK OF HAMATE TO TUPERCLE
OF TRAPEZLM.

3 HAMATE - TRAPEZIUM WIDTH.

4 RADIS TO THIRD METACARPAL
LENGTH,

5 CARPAL ANGLE.

Wrist and Hand Measurements
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These five measurements were taken off of each radiograph for each
Vsubject. A1l of the radiographs were 1l:1 scale,

The bone lengths of each of the phalanges and metacarpals
were measured for each subject (Figure 3-7). The lengths were mea-
sured from the distal end of the bone to the proximal end as described
by Poznanski (1974). The corresponding link lengths were also
measured. The joint centers were estimated by observing a skeletal
structure of the hand, determining where the joint centers were for

each bone and relating this location to the radiographs (Figure 3-8).

Figure 3-7:. Phalange and Metacarpal Bone Length Measurements
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The joint center for the wrist was taken as the lateral point of the
lunate-capitate articulation. These measurements were to be used to
develop a predictive model of link length from bone length for the

phalanges and metacarpals of the hand.

Figure 3-8: Corresponding Phalange and Metacarpal Link Length
Measurements
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IV. RESULTS

4.1 ANALYSIS OF DATA

Data were collected for this report using three different methods,
and the analysis of the data are designed to best accomplish the
specific objective of each method. The data from éendon-joint dis=
placement measurements and tendon location measurements were analyzed
in an attempt to characterize the radius of curvature of the tendon
as it passes through the carpal tunnel. Measurements from radio-
graphs of hands and wrists of subjects with CTS and those without
the syndrome were analyzed (1) in an attempt to correlate the bome
structure of the wrist with the occcurrence of CTS, and (2) in an
attempt to develop a predictive model of link length from bone length
as seen in the radiographs. All statistical analysis was done with

the aid of the Michigan Interactive Data Analysis System (MIDAS).

4.1.1 TENDON-JOINT DISPLACEMENT .

Tendon displacement was recorded as a function of wrist joint
rotation for each hand. This was done in an attempt to determine
the radius of curvature for each tendon from equation 3.1. The data
were separated into two groups corresponding to when the hand was
flexed and extended. Armstrong and Chaffin (1977) have shown that
the radius of curvature for the flexor tendons differs between
extension and flexion. Least squares linear regression through the
origin was used to find a relationship between tendon displacement
and joint rotation. The resulting radius of curvature (r) values

for each tendon of each hand are showm in Table 4-1 through Table 4=4.
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Table 4-1 Sagittal Planer mm Valve Observed from Tendon-Joint
Displacement Measurements for Hand 1.

Extended Wrist Flexed Wrist
| pigit FDS FDP FDS FDP
*
1 NA 11.46mm NA 13.56mm
2 10.47mm 12.78mm 13.89mm 12.41mm
3 9,5lmm § 7.64mm 11,46mm 13,.75mm
4 10.65 . 6.37mm 13.37mm 15.47mm
5 * " 6.78mm * 15.0%mm

#The FDS 5 tendon was not analyzed because of its small size and
lack of contribution to carpal tunnel pressures.

Table 4~2 - Sagittal Plane (mm) values from tendon-joint displacement
measurements for Hand 2.

Extended Wrist Flexed Wrist
Digit FDS FDP FDS FDP
1 NA 10.85 NA 15.28
2 11.05 9.89 17.00 17.57
3 11.32 8.80 18.72 16.23
4 8.73 7.43 16.43 15.85
5 o* 6.96 * 14.52
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Table 4-3: Sagittal Plane r (mm) values from Tendon-Joint Displacement
Measurements for Hand 3 ’
Extended Wrist Flexed Wrist
FDS - FDP FDS FDP
Digit
1 NA 10.74 NA 22.92
2 11.94 10.37 21.00 18.53
~3 11.53 10.50 17.38 17.38
4 9.69 9.21 19.67 19.67
5 * 8.66 * 18.91

* The FDS 5 tendon was not analyzed because of its small size and

lack of contribution to carpal tunnel pressures.

-Table 4-4: Sagittal Plane r (mm) values from Tendon-Joimt Displacement
Measurements for Hand 4
Extended Wrist Flexed Wrist
Digid FDS FDP FDS FDP

1 NA 11.75 NA 9,63

2 9.64 9,40 11.19 10.84

3 10.03 9.84 10.21 10.01

4 8.98 9.36 9.02 8.72

5 9.17 7.83 9.54 9.97
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Armstrong and Chaffin (1977) also showed common trends in r
values for FDS and FDP tendons in both flexion and extension. He
proposes a predictive'model to determine tendon displacement as

a function of wrist angle and wrist thickness:

Average Radius of () = 1.507 + 2.89 W
Curvature 2 (4.1)
W2 = yrist thickness (CM)
W3 = () - extension/l - flexion
W, = 0 - superficialis/1 - profundus

Table 4.5 shows average r values for FDS and FDP in extended and

flexed positions in comparison with predicted r values from equation 4.1.

Table 4.5: Sagittal Plane Radius of Curvature (mm) Observed from
Tendon-~Joint Displacement. Measured and Calculated from

Eq. 4.1%
Extended | Flexed
Superfi- Superfi=-
cialis| Profundus cialis Profundus
Observed 10.2 mm 9.0 mm 12,9 m |} 14.1 mm
Hand 1
) Predicted 11.8 mm 9.9 mm 17.9 mm 16.0 mm
jObserved 10.4 8.8 17.4 15.9
Hand 2
Predicted { 12.4 1o.3 18.5 16.4
|Observed 11.0 9.9 19.4 19.5
Hand 3
Predicted | 14.7 2.2 20.8 ¥ 18.2
Observed { 9.5 9.6 10.0 9.8
Hand 4
Predicted 10.6 8.9 16.7 14.9

* Radius of curvatures in mm
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4,1.2 TENDON LOCATION

Points were encoded along the path of each flexor tendon as the
hand was flexed forty~five degrees, neutral, and extended forty-
five degrees. Figure 4~1 shows a plot of points along the FDP tendon
for digit five and the FPL tendon for hand number 1. These points
are superimposed upon an outline of hand number 1 taken from a
radiograph of that hand., These points describe the medial and
lateral boundries of the carpal tunnel as seen from the palmar
view.

The flexor tendons ware analyzed and the minimum radius of
curvature was determined in two planes corresponding to a coronal
(palmar) and sagittal (lateral) view of the wrist (Figure 4-2).

The radius of curvature which is reported for each tendon-was cal-
culated from the individual curve which was fitted to each tendon.

The equation for the radius is:

R = 1y’ )2 )L3

y)!!

Where: y{x)' = first derivative of fitted curve

y(x)'' = second derivative of fitted curve

Figure 4~3 shows a simulated path of the tendon as it passes
through the carpal tunnel. The tendon curves in the coronal plane
(XY) as well as the sagittal plane (XZ). The radius of curvature

for each tendon is calculated along the path of the tendon im the
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Figure 4-1: FDL and FDP5, Tendon Paths Bounding the Carpal Tunnel

<

3
!

\

FDP
-]

sagittal plane for the wrist flexed, neutral, and extended and it is
calculated in the coronal plane for the wrist neutral.

Table 4-6 shows the minimum radius of curvature (rmin) as given
by third, fourth, and fifth order polynomials when fitted to the
encoded data points of hand 2. The polynomials were fitted to the
points in the vicinity of the radial styloid process to facilitate
a good fit of the curves at the trochlea, which is the location of
interest. Least squares polynomial regression was used to fit the

curves to the data. The error of regression along with the minimum
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Figure 4-2: Coronal (XY) and Sagittal (XZ) Planes -

AXIS (2)

SAGITAL
AXS (X)

A

SAGITAL VIEW (XZ)

CORONAL
AXIS ()

. - TRANSVERSE
AXg (Y)

i
'
i
!
I
{
{
]
i
{
{

CORONAL VIEW (XY)

radius of curvature and the location of that minimum along the

tendon is recorded for the hand in the flexed, neutral, and ex-

tended position. Where no minimum radius of curvature was indicated

by the fitted curves in the area of interest on the tendon, an asterisk
(*) is placed above the recorded rmin' The r value in these cases was
taken as representative of r values in the vicinity of the trochlea.
Table 4=-6 also shows the minimum radius of curvature, location of that

minimum, and the error of regression when piecewise polynomials were
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of Curvatures in X and XZ Planes

Tendon Radius

Figure 4=3:
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Table 4-6 - Sagittal Plane Flexor Tendon-Geometry of Hand 2 -
Data in Cm.

POLYNOMIAL SPLINES
drist ixd_Qrde 4ch Orde Sth Order eery
Position | Tendon| R-xz Krow |Error|Rx~-z [Xrmw [ErrorjRx-z %rmw Errod Rx~2z | Xruw 1érror ™)
26,28 na.0 1 258 {15,895 12,4 1,080 H4.2402,2 1 04816 46] 13.61.046 §1.70
314,30 Ni.o 1,052 15,36 1312.2 1,044 fl3,.97132.1 1.03912.78] .. 1036 1. 87
9 ata 57 10,0 033 15,45 112.3 1,.0%3 3,912, 1 225 L2 -1 04s L4
=
3
Flexion
1{7.00 J1.0 }.050 [6.11 {12.5 1.048 |} 6.23{12.6 | .050] 6.34} 14.5].039 [1.53
215.39 j1.0 |.068 |5.4% J11.0 }.06% }] 3.95]12.0 | .066} 3.02} 12.2}1.064 [1.76
E 3{6.10 |L4.10}.085 |5.08 |13.3 (.085 |} 3.94113.5 | .085| 2.33f i<. L8 J1.62
447.80 1.3.50{.083 {5.33 |12.9 |.081 {{4.8613.3 { .081)2.76j 12 |.082 }1.39 |
5{6.32 [L3.7 }.048 ]4,58 {12.6 [.062 || 3.88]12.0 | .040} 3,02, 12.:}.030 |L.45
|
2]33.0% k4.6 |.060 |23.30]15.7 |.061 {{8.87[14.5 | .055] 13 o 16.1[.047 ?
%1 3{32.77414.6 {.034 [36.6%]14.6 $.035 |} 15.5|12.9 4 .036) 10.3§ 14.11.037 !
= 4118.9* 4.6 j.112 {8.18 f15.1 [.107 {1 8.06]15.0 | .111| 6..4 16.8].102 AT
; é
Neutral 1{75.0% 15.0 {.055 |105.2% 15.0{.56 28.0% 14.4 ) .05623.6%; 14.0].05 i
2115.86414.6 |.052 {13.03]|14.2 ].052 {} 16.94* 14.¢f .054) 4.07 16.0l.075
£13152.2* 5.0 }.072 {29.8 f14.9 {[.071 }§ 10.7% 14.3}.070} 8.56 13,91.067
. 4§22 6% f14.6 [.051 {13.24115.3 [.051 )} 12.14 16.01 .053| 8.24: 16.2}.051
5}41.0% 4.6 3.070 {12.84|15.1 |[.070 |} 13.294 13.7 | .068} 9.17- 17.3(.059
213.72 {13.2 }.076 {3.40 |13.9 |.076 |} 3.78{14.5 | .077 2.70: 15.00.055% {1 11
3{1.72 f12.8 §.123 [2.45 §14.0 }.103 {} 2.79}J14.0 }.106} 1.98, 14.31.068 |1.32
a]al1.68 f2.5 }.082 [2.80 J13.4 [.069 J[2.41]13.5 }.o72) 1.82% 14.4).051 ] .87
Exr:enw- = 5 !
sion
1{1.89 H®3.0 }.152 31.35 312.0 (.117 {§ 0.82§12.4 | .108} 2.76; 15.14.095 {1.09
213,79 4.1 ].064 |2.94 F14.2 [.061 |} 3.02415.0 | .059] 2.85] 13.94.050 | .99
% 1.3{2.30 ‘%gég_gjg3 2.41 413.7 {.127 {} 3.01}p4.7 | .116§ 2.81) 14.5],079 | .88
- 412,46 R2.5 f.101 [2.59 J14.0 }.076 {}2.57]13.9 |.079] l.o . 14.30.065 } .74
513.34 Q2.0 ].069 ]3.90 ]13.2 §.065 J} 5.041{14.8 ] .068] 2.59f 14.~]1.049 J.70
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fitted to the data. This method is called the method of splines
and is described by Lee (19785. Splines facilitates the analysis
of the data by allowing the placement of knots at desired intervals
along the path of the data points. Between each pair of knots, a
third order polynomial was fitted to the data. Points which occur
on the knots are included in the polynomials on either side of the
knot. Finally, Table 4-6 gives the radius of curvature indicated
by the tendon-joint desplacement analysis for hand 2 to facilitate
comparison of the three methods used to descrive the radius of
curvature of the flexor tendons in the vicinity of the trochlea.

Tables 4 through 9 show the minfmum radius of curvature, lo-
cation of that minimum and the error of regression for polynomial
regression, and the method of splines applied to hands 1, 3, and &
respectively. The data are in the sagittal plane, and the poly-
nomials are third order. Again, where no r min was found, an aste-
risk (*) indicates a representative T in value.

Table 4-10 gives the minimum radius of curvature, the location
of that minimum, and the error of regression for the data points in
the coronal (XZ) plane. All four hands are given in the neutrai
position, and again, third order polynomials and the method of splines
are used.

The corresponding sagittal plane location data for the median
nerve of each hand are given in Table 4-11. 1Its geometry is described
with the hand in the flexed, neutral, and extended positions for all
four hands. Figure 4-4 shows a coronal plane plot of the FDP tendons
for digits 2 through 4 and the median nerve with the hand in a

neutral position.
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Table 4-7 - Sagittal Plane Flexor Tendon Geometry, Hand 1 - Data in Cm.

Polynomial Splines
3rd Order
RMW XRMW {Error|IRMIN |XRMW |Error
DS 2 l10.48{17.5 |.048 {|7.43 {16.3 |.041
3 l11.61]13.0 |.023 #8.94 {16.8 |.025
1 le.92 116.4 }.031 fl5.37 J16.1 }.022
Flexion FDP
2 la.62 §12.8 }.033 483 |15.1 |.022
3 |3.69 j12.2 |.038 ]4.86 13.7 {.030
2 {20.78{14.3 J.034 #7.7 |17.4 }.023
FDS
3 |20.88%16.0 |.025 ||18.93}18.3 |.023
Neutral 1 |9s.2*}16.0 |.022 ias.l 13.9 |.016
FDP
2 147.76%16.0 |.030 }f20.1 {16.9 |.025
3 123.95416.0 |.072 96.9 |16.0 |.069
i
2 {3.05 116.0 {.028 {{2.19 |16.5 | .044
DS
3 |3.79 116.3 |.039 Y|2.88 {17.2 |.037
Extension 1 Is.71}17.0 1.046 [I3.70 |16.8 |.032
2 12.14 {15.0 |.038 z.04 {15.9 {.053
FDP
3 |3.18 {14.1 }.037 3.62 |16.2 |.071
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Table 4-8 - Data from Sagittal Plane Flexor Tendons, Hand 3, in Cm.

POLYNOMIAL
3rd ORDER SPLINES
RMW |XRMW [ErrorffRMw {XRMW |[Error
2 |3.76 |13.6 | .108 J4.09 [12.5 |.063
S 13 J1.45 [11.5 ] .081 fl2.07 [12.7 [ .050
Flexion b s 13.03111.00.103 fl4.06 |11.1 |.084
1 I3.58 133.2 | .068 J2.73 [12.1 |.045
Lz L. 12.62] .048
3 12,7 1,059
4 2.5 Los |
5 12.2 |.064
3 12.0 |.083
4 12,9 |.041
Neutral 1 Be.49 16,1 1,073
2 12,3 1.047
TP 1 3 |29.16l34.0) 008 ¥ 8.6 112.1 [.083
L4 t22.4sl14.0! 049 36,6 |12.1 |.050
. 5 t23.71114.0] 061 § 4.97117.8 | 070
2 | 3.21411.7 .oesg 3,14112.7 | .061
s | 3 | 3.79{10.5] .081 § 2.57{12.6 |.070
4 | 2.58{11.8] .061 § 2.84{12.5 |.085
1 | 2.47112.00 .038 ¥ 3.14l12.5 |.048
Extension | ppp | o | 2.20012.2{ .060 § 4.01l13.1 {.082
3 2.29 055
4 3.7 .040
5 3ﬁ

043



47

Table 4=9: Sagittal Plane Flexor Tendon - Geometry, Hand 4, in Cm.

SPLINES OLYNOMTIALS
3rd ORDER
RMW RMW _EIIoT KRMW_JError]
2 2.131} 19.81 .090 h8.5 |.063
FDS
3 4,151 12.02] .058{15.08 2.8 |.098
Flexion
2 4.46| 14.55] .128§§1.75 [JL1.6 |.042
FDP
3 3.73] 12.89 .06302.17 [11.0 }.081
E
2 | 64,661 23.1 '044i13'5* 13.0 |.094
FDS , :
3 340.9* 12.2 1} .027#45.6 [11.0 }.032
Neutral ) :
2 | 19.89] 12.0 .103535.9* 13.0 {.019
FDP :
3 [236.9*] 15.19 .046q154.5ﬂ 13.0} .050
2 2.93] 14.04 .08683.69 | 12.6{.210
FDS
3 2,951 12.57 .052§5.38 | 12.7{ .060
Extension
2 3.68] 12.57 .044f4.37 | 12.6f .099
FDP
3 3.02) 12.34 .088}1.89 |10.90f.171
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Table 4-10 - Coronal Plane Tendon - Geometry, Hands 1-4 in Cm.

POLYNOMTAL SPLINES
3rd ORDER
Hand Tendon [Fingey RMW [XRMW {Error {{RMW Error
DS 2 188.624 15.0).066 }{65.58 |17.0 |.041
3 {11.3%| 15.0}.072 }|59.64 {17.0 |.067
1 | 6.50] 18.0].051 || 1.99 |18.46.033
1 FOP 1 5 h3.124 15.01.057 || 9.07 f15.89.057
3 h1.004 15.0}.116 {les.2 h7.0].119
2 |s3.144 15.0].078 {{12.88 f13.67 .051
DS 3 fos.534 15.0] .068|95.23 f14.11 .067
4 f12.9%] 15.0| .085.}] 5.44{16.8} .051
ol L 771 L 15,01 (10841 2,22 315,63 073
2 DP 2 J44.524 15.0 .095}] 8.27{12.17 .087
3 l4.114 15.0] .090(]11.19 j16.8d .095
4 |6.78{12.8] .088| 3.28 {16.14 .098
5 |6.67]13.8] .107]| 3.36116.37 .094
2 is8.854 15 g} oagd] == 1= | --
FDS 3 {0.49 | 15.0] .088{|25.89 f12.04 .083
5 4 [20.1x | 15.0} .060 ||16.51 {12.864 .041 |
1_16.10415.9] .109]j 2.84 l16. 0d .07
op 2 B6.32915.0) 0701106 0231 047
3 fo4.6415.0f .098 || 8.57 h2.12l .083
4 _Po0.6% |15.0] .079 H16.57 f£2.09 .050
> 17.52 |16.0| .099 |} 4.97 16,75 .070
oS _2_&@_@__&1_1,9 22.16421.9 | .86
3 B7.0%{12.0] .064l|36.9 (12,21 .078
> hi.e l13.8) .025ll1s.03415.4] 077
4 fop | 3 b3.3x|12.0f .088{|22.33 f1.8 | .122
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Table 4-1F SagittaIPlaonedign Nerve - Geometry, Hands 1l-4

.Flexion Neutral Extension
Hand RMW XBMW)Error(] RMW | XRMW}{Error KMW XRMW [Error
1 6,73 {17.831.041 {B.72 |16.441.043 | 2.34]15.311.047
2 3.18 ]12,00|.109 {|5.78 114.13].059 | 3.08{16.54].049
3 2.45 {14.30}.088 .6.91_ 12.25(.051 | 1.92]12.35}.088
4 5.61 {8.15 |.211 {k.85 | 8.68 .164 |} 8.79 8.57].048

4.1.3 RADIOGRAPH MEASUREMENTS

Wrist Measurements

Radiographs of ninety-six CT$, control and other normal subjects,

-

were analyzed from populations described in section 3.2 of this report.

Five measursments were taken which define bone dimensions of the wrist

(see section 3.2.1). Since the bohe structures form much of the

Boundary of the carpal tunnel, bone structures may reveal an etio-

logical factor in the occurrenceof CIS. A summary of the mean dimen-

sions and standard deviation error are given in Table 4-12.

sions for pooled populations of CTS and control subjects are listed

The dimen-

" in Table 4-13. The level of significance (a) from a paired t-test for

testing the null hypothesis that the dimensions of the two populations

are the same is listed next to the control and CTS means for plant

and pooled populations.

Bone and Link Lengths

From the radiographs of the populations described above, the bone




Table 4-12 - Wrist and Hand Dimension Statistics for Plants I & 1IX

PLANT I TECUMSEH B II. LIVONIA
Measurement Pooled Pooled
(mm) €18 Control 0‘I Normal §Normal CTS Control alTINormal Normal
Radlus-Ulna [47.03 40.66 48,00  [47.27 %5.87 [46.67 46.95 %6,
1. | width Yog9 | FToss |77 Yool To77 JfFsos|Fass |8 | Yass
Hook Hamate 32.52 31.97 33.20 32.53 31.54 | 31.32 31,14 31,16
2. [tub- Trapeziudt ;3 | Y160 .33} Y160 {t174 Y TasofTase |geftame | T
Ham - Trap. 47.49 46.68 47.67 47.13 48.82 | 49.66 49.53 49.51
o fpiden 1 e | aes P Taue [T 503 [ Yosa|Tae [ tre | Y33
95.95 93,75 97.33 95.39 95,10 95,82 9%. 56 96.76
4, Jcarpal #3 1engi.+ + .51 + + + .70 + +
Carpal Z3.79 1% 5.6} T4.33 17531 Ta2alt Tt ¥ 3o
] angle (neg) tza.z 124.4 18 129.7 126.8 133.0 127.5 15 i34.2 131.3
i 9.3 - 9.8 - 11.2 < 10.6 Z8.564- 8.6 = 8.4 Z 9.3

Table 4-13 -~ Wrist and Hand Dimension Statistics for Plants I & II, Pooled

Plants T & IT Pooled

Measurement (mm) CTS Pooled [ignif
an&;Hls ol & I1
1 Radius-Ulna +4h.32 +lob.67
- Wideh - 2.96 - 2,40 .96
Hook Hamate 32.06 31.76 15
2, }Tub. Trapezium [+ 1.67 + 1.56 '
) 3‘:‘;1; frap 47.74 47.79
) <2.37 +3.45 .91
| Radius = Meta- *
4. carpal #3 leng] 3_4'81 34'52 .68
~3.90] - 4.84
s.fatpal Angle 129.8 125.8 .05
(neg.) + +
-.9.0 - 9.4

18
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lengths and corresponding link lengths for the five metacarpals, five
proximal phalanges, four middle phalanges, and five distal phalanges
of the hand were measured and recorded. This collection was done
in an attempt to construct a predictive'model of link length from
the corresponding measured bone length.

Five models were used to develop a predictive model for link
length from bone length:

Model I: Simple linear regression model (SLRM).

Model II: Stepwise selective linear regression testing the
significance of the constant (intercept) difference
in link length among the five digits.

"Model ITII: Stepwise selective linear regression testing the
significance of the rate of change (slope) difference
in link length among the five digits.

Model 1IV: Stepwise selective linear regression testing the
significance of constant and rate of change differences
in link length among the five digits fitting the re-
sulting regression line through the origin.

Model IV: Stepwise selective linear regression testing the
significance of constant and rate of change dif-
ferences in link length among the five digits.

The general multivariate equation from which models II through V

were derived is:

» = 5
Link Length (mm) bo + b,BL + 5 bi+l (pi - D3) +SE b

i=1 i+6

(Di - DB) BL - error

bi(i=6-9) = Difference in slope between digit
X SLRM and digit 3 SLRM

] BLx>= Bone length variable (in .Llmm)

Dj~-D3 = Partial regression coefficient
main effects

BL(Dj~D3) = Partial regression coefficient interactions

G =1-5)
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The five models above were applied to the distal, middle and proxi-
mal phalanges and to the metacarpals., The resulting coefficients
are listed in Tables 4-14 through 4-17, respectively. Significant
coefficients are listed, and insignificant coefficients are listed
as zero. Coefficients not applicable tec a given model are shaded.
The standard error of regression in .lmm is also listed under the

coefficients for each model.
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Table 4-14 - Link Length Predictor Models for Distal Phalange

Model I Model II Model III Model IV Model V
Variable
Constant 2,12 74.08 73.84 t:i::i::i::; 70.61

A
BL 1.37 .973 975 1.39 0.99
"
DL - D3 sk 14,92 / 0.00 14.01
/
D2 - D3 k% -6.33 0.00 -6.21
D& - D3 k% -4.92 //// 87.93 0.00
D5 - D3 Rk -19.07 /// 60.00 0.00
11
~
BL (D1 - D3) o / / .070 0.00 0.00
BL (D2-D3) k% ////‘-.039 0.00 0.00
A
va
BL (D4 - D3) Hk /—.029 -.528 -0.03
BL (D5 ~ D3) *k 7///~.122 -. 454 -0.12
A
Standard 10.34 7.62 8.77 7.58
Error
2

roe. .92 .96 .96 .94 .96

%% These variables not considered in this model.
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Table 4-15 Link: Length Predictor Models for the Middle Phalange

Model I Model II | Model III |Model IV Model V
v
Constant 2.96 0.94 1.15 /j::::;:::/ 0.94
/]
BL 1.04 1.06 1.04 1.05 1.04
7 7
/] /|
7 7
D2 - D3 //// 4.20 //// 4.27 4.20
/ /|
v4 7
Dé - D3 //// 0.00 ,://// 0.00 | 0.00
/ / 7 yd
5 - D3 //// . /// 0. 0.0
D5 - D g 0.00 '/ 00 0
Y
BL (D1 - D3 0.00 0.00 0.00
oo Ay ) o
BL (D2 - D3 //// /// 0.02 0.00 0.00
( ) 4 /{ /
BL (D4 - D3) / /
N /1 0.00 0.00 0.00
> 4
BL (D5 - D3) /////// 0.00 0.00 0.00
v g
Standard
Error (1lmm( 6.61 6.37 6.38 6.36 6.37
2 .98 .98 .98 .98 .98
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Table 4-16 - Link Length Predictor Models for the Proximal Phalange

T

Variable Model T Model II Model III |Model IV Model V
7
Constant ~1.41 14.58 14.13 //// 14.13
/]
BL 1.07 1.03 1.03 1.07 1.03
w2 Z
D1 - D3 ///’/ -10.12 1//1::%:::)ﬁ 42,62 0.00
/ /
) Y
D2 - D3 ,//jj 0.00 1/’:::i::i: 0.00 0.00
. V4 >
D4 - D3 ,/:::::;i::’A -4,13 )j::i::fj:// 0.00 0.00
/” /]
D5 - D3 - 0.00 0.00 0.00
7 7
AN
BL (D1-D3) ,//::::::j: ////// A -0.03 -0.16 -0.03
4 7
BL (D2 - D3 (fj:::::::::: 1,/1::5:;i: 0.00 0.00 0.00
YA
BL (D4 - D3) ’/,// ///// -0.01 -0.01 -0.01
> /f, /]
BL (D5 - D3) (i::i::i::>4;:::::;:::/ﬁ 0.00 0.00 0.00
4 V4
Standard Error
(.1lmm) 10.39 9.79 9.75 9.80 .75
2 .97 .98 .98 .98 .98
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Table 4 - 17 ~ Link Length Predictor Models for the Metacarpal

Variable Model I Model II Model III Model IV Model V
4
Constant 361.47 138.5 144,79 A 138.51
BL 0.66 1.01 1.00 1.23 1.01
L/ /
DL - D3 / 111.24 A 227.31 111.24
L/ /
D2 - D3 / 0.00 A 134.80 0.00
D4 - D3 7 / 0.00 7/// 109.81 0.00
DS - D3 /// 0.00 ///// 106.93 0.00
Z
A
BL (D2 - D3) /// /// 0.00 -0.21 0.00
/ y.
BL (D4 0 D3) /// /// 0.00 -0.16 0.00
Vi
/ L/
BL (D5 - D3) / / 0.00 -0.15 0.00
A /
Standard Error 36.15 17.15 17.28 17.37 17.15
(:lmm)
r? .72 .94 .94 .94 .94
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V. Discussion

5.1 EFFECTS OF TENDON GEOMETRY

The geometry of the flexor tendons as they pass over the carpal
bones or .the flexor retinaculum will determine the force loadings on
the tendon when it is wrapped over the trochlea. The relationship be-
tween radius of tendon curvature and load on the tendon is an inverse
one as described by equation 2.2. Table 5-1 presents a summary of the
mean radius of curvature of the flexor tendons in the flexed and ex-
tended positions. Tendon;joint displacement estimates of the radius
of curvature are average values over the angle of extension or flexion.
The tendon location estimates of the radius of curvature are values
from data with the hand positioned at forty-five degrees extended or
flexed. The two methods, then, are not comparable; however, they do
suggest the range in which the radius of tendon curvature must £3ll.

Table 5-2 presents data from the smallest subject hand (3 percentile
female) and the largest subject hand (80 percentile male). The tendon-
joint displacement radius of curvature values are given, and the force
loadings on the tendons were predicted using equation 2.2. It can
quickly be seen that this load almost doubled between the two subjects
for the FDP tendons when the wrist is flexed. The FDS tendon results
show the same effect during flexiomn, yet during extention the FDP and
FDS tendons show more comparable force loading between the twc subject
hands.

An extrapolation to fifth and ninety-fifth percentile male and
female tendon force loadings are given in Table 5.2.5. as radius of

curvature value from equation 2.2, This equation is reasc:ble to use
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as shown by Figure 5-1. The predicted r values frpm equation 2.2
correlate well (r2= > .82 except hand 2) with the observed values
from the four hands used in this report. Again, the trend to higher
force loading on the tendon is seen as the wrist thickness decreases.
The predicted values from Armstrong and Chaffin (1977), however, do
not change with wrist anthropometry as dramatically as the observed
values in Table 5-2. The load values predicted from observed data
double between 3 percentile female and 80 percentile male in flexed
wrist, while load values predicted from calculated tendon geometry
increase only about twenty percent between 5 percentile female and
95 percentile male wrists in the £lexed position.

The increase in force loading as wrist size decreases has impli-
cations on the environment to which the median nerve is subject in
the carpal tunnel in the wrist. For example, the ischemic conditions
described by Sunderland (1976) may be a product of direct impingement
of the flexor tendons on the median nerve and the surrounding blood
vessels. The load on those tendons is then an indicator of the de-
gree of the impingement, Results shown in Table 5-2 and Table 5-2a
give an indication of the environment around the median nerve. Larger
force loading in smallef wrists may imply greater susceptibility to
median nerve ischemia and CTS symptoms.

As reported by Armstrong (1975), the FDS tendons tend to have a
larger radius of curvature value than the FDP tendons during extension
and flexion as given by the tendon-joint displacement measurements,
yet there are deviations from this trend (Table 5-1). The tendon
location data do not show any general relationships between FDS and FDP

tendons during extension or flexion.
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Predicted Radius of Curvature from Equation 4.1.
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Table 5-1: Summary of Average Radius of Curvature Values for 3 Methods
of Approximation in Cm.

Extended Flexed
1=
Type FDS FDP FDS FDP
Ipisplacemend 1.02 .90 1.29 1.41
Location '
Hand Polynomial | 3.42 3.68 11.0 5.1
1 -
Location
Splines 2.54 3.12 8.20 1 5.0
T-J
R 1.04 .38 1.74 1.59
Disp.
Hand Location 2.37 2.76 4.38 6.52
2 Polvnomial
Location 3.00 2,55 4,04 3.49
Splines
T -J 1.10 .99 1.94 1.95
Displ.
Hand Locatiag 3.19 2.75 2.75 4.36
Polynomial
3
) . 2.85 3.09 3.3¢ 3.82
Location
Splines
T-J ’
Displ. .85 .96 1.00 .98
Hand Location
4 Polynomial 4.54 3.13 3.74 1.96
Location
Splines 2.9 3.35 3.14 4,10
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Table 5-2: Radius of Curvature and Resulting Calculated Load on
Tendon from Eq. 2.2

Extended Flexe&
FDS FDP FDS FDP
T=-J
Hand Displ - R .95 .96 1.00 .98
(Cm.)
4 Load
(Flar Leng.)
{( K Pond) 1.05 L 1.04 1.00 1.11
T -J (Cm.) '
Displ - R 1.10 .99 1.94 1.95
Hand
Load .91 1.01 .52 .51
(K Pond)
3
Percentile Load (Eilop?nd/ ARC Length) = Ft/i
Male Ft 1 Kilopond

Table 5-2-5: Radius of Curvature from Equation 4-1 and Resulting Calculated
Load on Tendon from Equation 2-2

Extended Flexed
| (Cm. *)
Wrist
Thick- FDS FDP FDS FDP
ness
(cm) 1.07 .89 1.68 1.50
Percentile
Female 3.18 Load B
Kp/ARC lengi .93 1.12 .60 .67
1.14 .95 1.74 1.56
Percentile
Female |3.43 Load .88 1.05 .57 .64
Percentile [Placement 1.18 .98 1.78 1.59
Male 3.55
Load .85 1.02 .50 .63
Kan 1.44 1.20 2.05 1.81
95%
Male 4.48 IK plarc Leng. .09 .83 .49 .35
Load

* Wrist Thickness Estimated from Garrett (1970) Using Formula for Cir. of Ellipse.
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Figure 4-~1 shows the location of the resulting minimum radius
of curvature values as given by the splines method of polynomial
curve fitting. The minimum radius of curvature for the flexor tendons
during wrist extension was found to be in a more distal portion,
distal to the flexor retinaculum of the carpal tunnel than during
wrist flexion at thé distal edge of the flexor retinaculum. As dem~
onstrated above, small radii of curvature imply high force loadings
on the tendon and induce an enviromment which may contribute to
ischemia of the median nerve and median nerve lesions.

The results showing the location of the minimum radius of curva-
ture then correlate with results by Tanzer (1959) and Smitﬁ, et al.,
(1977), who showed that compressive force was higher in the distal
portion of the carpal tunnel during wrist extension and in the proxi=-
mal portion during wrist extension and flexion.

Both - the tendon-joint displacemenf data and the tendon location
data indicate a smaller radius of curvature &uring extension than during
flexion, which agrees with data from Armstrong (19735). The splines
method of fitting polynomials to the data generally gave a smaller
radius of curvature for a givem tendon than direct polynomial fitting
with comparable error (Table 4-6). The resulting radius of curvature
and error of regression generally decreased as the order of the poly-
nomial increased (Figure 5-2). This result might be expected due to the

greater degrees of freedom of the higher order polynomial.
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3.2 WRIST SIZE CONTRIBUTION TO CTS

The results in Table 4-13 show the mean results for five measure-
ments of wrist bone structure as described In section 3.2. When the
pooled control and CTS data are compared for the five measurements
with a paired t-test, no significant difference is found in any of
the measurements between the two sample population. Only carpal
angle is shown to be statistically significant (p<.05). This re-
sult indicates that observation of bone structure as seen in a radio-
graph in terms of gross size differences may not be indicative of
"a predisposition to CTS. These bone sizes were oiiginally-chosen
to represent a direct indication of carpal tunnel volume. Therefore,
changes in these bone structures should indicate a change in carpal .
tunnel volume. By comparing bone structures of CTS subjects and non-
CTS subjects, an attempt was made to relate the occurrence of CTS
to carpal tunnel volume. Again, the results showed no relationship
from the measurements used. This method did not show any significant
differenceé between CTS and non-CTS for a population of a single

gender, but may show differences between male and female populations.

5.3 PREDICTIVE MODELS FOR HAND LINK LENGTHS

Tables 4-14 through 4-17 present five models for the prediction
of 1link length from bone length for the distal, middle, and proximal
phalanges and the metacarpals respectively. Model II seems to give

the best results for the distal phalange and the metacarpals as
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indicated by the standard error of regression. Model IV gave a
similar error for these phalanges and the metacarpals. Model II tested
only for differences in intercepts among the simple linear regression
models for the five digits. Model IV tested for differences in both
slope and intercept among the simple linear regression models for the
five digits. Modei IV gave the best results ior the middle phalanées
according to the standard error of regression. Model IV tests for
differences in both slope and intercept among the simple linear re=-
gression models for the five digits fitting the resulting line through
the origin. Models IIT and V gave best results‘for the proximal
phalange. Model V performs the same analysis as Model IV without
restricting the constant term to zero. These models may be used in
constructing biomechanical simulations of the hand as well as pre-
dicting the capabilities of disabled and handicapped workers in the

occupational environment.
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VI. SUMMARY AND CONCLUSIONS

6.1 SUMMARY

Carpal Tunnel Syndrome results from compression of the median
nerve in the carpal tunnel. The compression may be caused by anything
which increases the pressure in the carpal tunnel or by direct im=-
pingement of the finger flexor tendons on the nerve. ~ CTS may occur
in the industrial environment due to repeated hand motions and es-
pecially when high forces are required of the hand.

- This report has shown that the radius of curvature of the finger
flexor tendons may range from about .9 centimeters to 4.0 centimeters
and the radius of curvature is larger during flexion than extension.

A smaller radius of curvature implies higher force loadings on the
tendon during extension and flexion of the wrist joint. This reporé
has also shown that five bone dimensions which indicate wrist size
and hand length do not indicate a predisposal of the wrist to CTS.

Included in this report was a predictive model of link 1ené£h
from bone length for the phalanges and metacarpals of the hand. Sever-
al multivariate regression models were tested, and the models which
minimized the standard error of regression were chosen as representa-

tive of predictors of link length.

6. 2 CONCLUSIONS AND RECOMMENDATIONS

6. 2.1 CONCLUSIONS

Through the experimentation and results discussed in this report,
the original hypothesis that intra-wrist forces on the tendon increase

significantly as joint thickness decreases has been shown to be true
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for the tendons during wrist flexion, but not for wrist extension.
The hypothesis that wariations in wrist structure, as indicated by
five chosen dimensions, are an etiological factor in the occurrence
of CTS has been shown to be false. No significant difference was
found between wrist bone measurements of normal control and CTS
subjects, except in the carpal angle.

6.2.2 RECOMMENDATIONS FOR FURTHER STUDY

Further cadaver study should be done to determine if the values
obtained for radius of curvature may be replicated. In creating
a larger data base from the cadaver study, perhaps a reliable model
of tendon geometry may be developed. Also, a‘thorough study should
be done to define the characteristics of the splines method of
approximating tendon radius of curvature with the present data.
The radiographs which are available may be put to further use by
studying other dimensions of the wrist and hand in an attempt to

relate wrist bone structure to CTS.
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