
Variable outcomes in the prosthetic reconstruction of 4-part
humerus fractures often can be attributed to inconsistent
and nonanatomic tuberosity placement. To compare the
effects of anatomic (anterior fin) versus nonanatomic (later-
al fin) tuberosity placement, we developed a dynamic
cadaver model for shoulder motion. With the use of a
robotically driven, computer-controlled articulator, we tested
external rotation torque in 5 fresh human shoulders. After
evaluation of the intact shoulders, we experimentally
induced 4-part humerus fractures in the specimens. These
were then repaired by hemiarthroplasty, with the use of
standard techniques to secure the greater and lesser
tuberosities in either anatomic or nonanatomic positions;
order was randomized. Nonanatomic tuberosity reconstruc-
tion led to significant impairment in external rotation kine-
matics and an 8-fold increase in torque requirements (P =
.001). In contrast, anatomic reconstruction produced results
indistinguishable from normal shoulder controls. This study
underscores the importance of rotational alignment of
tuberosities during reconstruction. Failure to properly posi-
tion tuberosity fragments in the horizontal plane may result
in insurmountable postoperative motion restriction. (J Shoul-
der Elbow Surg 2001;10:321-6.)

Prosthetic reconstruction for 4-part proximal humerus
fractures can often result in unpredictable shoulder
motion.1-6,8-13,15,16 This reported variability probably is
caused by the difficulty of obtaining adequate soft tissue
balance when reconstructing the rotator cuff mechanism.
Prosthetic height, prosthetic version, and the mechanism
of rotator cuff reattachment all vitally affect clinical out-
come. Current reconstructive techniques advocate reat-
taching tuberosities to the lateral fin of the prosthesis, but

techniques to facilitate anatomic reduction on the
tuberosities have not been emphasized.1-6,8-13,15,16 The
effect of malposition of the tuberosities and how this will
affect shoulder function is not known. This is of consid-
erable importance because tuberosity placement will
determine the tension within the rotator cuff complex,
thus dramatically affecting shoulder function. To investi-
gate the effects of tuberosity malposition on prosthetic
reconstruction for 4-part proximal humerus fractures, we
created experimental 4-part fractures, randomly recon-
structed the tuberosities with either anatomic or
nonanatomic reconstruction, and assessed required
torque to externally rotate each shoulder through a stan-
dard arc of motion.

MATERIALS AND METHODS
Five skeletally mature, fresh-frozen cadaveric shoulder

specimens from different individuals were used for this
study. The age range was 32 to 72 years, with an average
of 55 years. All shoulders had normal glenohumeral pas-
sive motion without crepitus and, when dissected, were
normal on gross inspection without evidence of rotator cuff
disease, arthritis, fracture, or prior surgery. Each shoulder
specimen included an entire scapula, distal clavicle, and
the entire humerus down to the articulation at the elbow
with an intact overlying soft tissue. After thawing, all soft
tissues superficial to the rotator cuff were removed. The
middle and distal humerus were exposed to the bone, the
distal humerus articulation was carefully identified, and the
orientation perpendicular to the epicondyles was marked.
We then measured from the superficial surface of the supe-
rior rotator cuff to 15 cm distally on the shaft and solidly
fixed an aluminum rod into the distal intramedullary canal
of the humerus. The rod—15 cm in length and 5 mm in
diameter—was placed parallel to the previously marked
position of the distal humerus articulation projection (des-
ignated as perpendicular to the axis of the epicondyles).
The humerus was then removed distal of the rod, thereby
rendering the specimens 15 cm in length.

Experimental design
A special apparatus was designed to attach the scapula

rigidly and allow the humeral shaft and the glenohumeral
joint to be freely mobile (Figure 1). This suspended the
scapula parallel to the ground, allowing the humeral shaft to
be perpendicular and the apparatus to maintain a neutral
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position of the humeral shaft relative to flexion/extension
and adduction/abduction. Additionally, a frame was made
of an aluminum housing to cradle the distal humerus. This
frame was freely moveable on hinges, so that a rotational
force could be placed on the outside of the frame and allow
a push on the distal humerus to rotate the entire humerus
through the previously placed metal rod. A digitized pinch
pad was placed between the distal humerus and the alu-
minum housing. An electrogoniometer was placed under-
neath the housing to measure its rotation accurately; this cor-
responded to the rotation of the humeral shaft testing appa-
ratus. A mechanical robot (SCORBOT Model ER III, Eshed
Robotec, Princeton, NJ) was used to provide precise appli-
cations of force to the mechanical housing for the specific
arc of motion. The arc of motion and the cycle speed were
selected by a computer to apply a constant displacement
force. The pressure pad was used between the steel rod and
the aluminum housing to transduce the force with real-time
accuracy (the inherent resolution of the pinch pad was
>1%). The accuracy and reproducibility of the pinch pad
with preliminary testing was consistent with manual mea-
surements that relied on pinch dynamometer. Centering and
alignment of the humeral head into the glenoid was per-
formed by adjustment of the frame. The zero position of rota-
tion was selected at the location where the humeral rod fell
before any testing. Hence, it was decided that each shoul-
der would begin this motion of rotation at zero degrees.

Testing procedure
Intact shoulders were initially tested and served as con-

trols. Each shoulder was prepared, as described in the
Materials and Methods section, and the robot applied a
force at a constant rate of 10° per second, for an arc of
50°, to the aluminum housing starting at the zero point for
each shoulder. The maximum force necessary to generate
this arc of motion was recorded in real-time during the arc

of rotation. We repeated the cycle and charted the data.
All shoulders were vented before the beginning of this test-
ing protocol. Preparation of the fracture was then followed
by arthroplasty with either the anatomic or nonanatomic
reconstruction. Testing of the anatomic or nonanatomic
reconstruction was done on each shoulder in a random-
ized order. The sequence was that the intact shoulder was
initially tested, and then both anatomic and nonanatomic
reconstructions were tested in random order.

Preparation of fracture
After the intact shoulder was tested, the preparation of the

4-part fracture was performed with the humerus in the testing
apparatus. This was done to minimize removing the shoulder
from the frame and repositioning it, because this might have
changed the testing parameters performed with the control
specimen. The biceps groove on each specimen was used as
an anatomic landmark. The greater tuberosity and the lesser
tuberosity were split at the biceps groove and the rotator
interval was also split to give access to the articular surface.7
A transverse saw cut was made at the surgical neck and at
this point, the articular segment was removed at the anatom-
ic neck site. Its position before removal was marked with
regard to the version of the articular segment to the diaphysis
of the humerus, as was the height of the prosthesis relative to
the neck of the surgical neck fracture. Offset was not taken
into account and was not addressed in any head of the spec-
imens in either the anatomic or nonanatomic reconstructions.
After removal, the articular segment was measured using
calipers for both diametrical size and height. The tuberosity
segments were then trimmed so that reattachment to the pros-
thesis could occur anatomically.

Reconstruction of 4-part fractures
After the fractures were created, a humeral stem com-

ponent of proper size, allowing for a 2-mm cement mantle,

322 Frankle et al J Shoulder Elbow Surg
July/August 2001

Figure 1 Setup of mechanical testing apparatus.



was cemented into the humeral shaft with the collar of the
prosthesis placed at the same site of the previously men-
tioned resected articular segment. Every effort was made
to place the humeral component in the same version of the
anatomic specimens. The lateral fin was placed approxi-
mately 8 mm posterior to the bicipital groove and the ante-
rior fins were placed over the bicipital groove.14 At this
point, two sutures of No. 2 Ethibond were placed at the
tendon/bone of the lesser and greater tuberosity frag-
ments. These sutures were then used to repair the tuberosi-
ties through either the anterior fin, which by virtue of the
placement would result in an anatomic reconstruction, or
the lateral fin, which would create a predictable non-

anatomic reconstruction. Testing was then performed, as
described above, with 6 cycles of an arc of 0° to 50°,
applying a force of 10° per second in a distal housing.

Data analysis
The average value of the 6 trials for each outcome vari-

able for (a) rotation for a native shoulder, (b) rotation for
anatomic reconstruction, or (c) rotation for nonanatomic
reconstruction was obtained for each of the 5 shoulders. The
standard deviation of these measurements was used as an
indication of precision. The effect of anatomic and
nonanatomic tuberosity attachments was analyzed by analy-
sis of variance. Outcome variables for intact shoulders were
compared individually with the controls and with each other.

RESULTS

Those specimens that underwent anatomic recon-
struction exhibited torque requirements that were iden-
tical to controls (P > .1), whereas nonanatomic attach-
ment of the tuberosity fragments exhibited an 8-fold
increase in resistance (P < .0001), as shown in Figure
2. Specific data for each of the 5 shoulders are pre-
sented in Tables I, II, and III, wherein control in anatom-
ic and nonanatomic shoulders is compared with angu-
lar torque (torque required/degree rotation).

DISCUSSION
In the reconstruction of 4-part humerus fractures, suc-

cessful proximal humeral replacement requires good
patient selection, proper rehabilitation, and correct 
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Figure 2 A comparison of torque required to achieve 50° of
external rotation for the control, anatomic reconstruction, and
nonanatomic reconstruction specimens.

Table I Torque values (voltage) at 50° external rotation for
each shoulder per trial

Voltage at 50°

c a na

1 1.123 1.199 8.569
1 1.134 1.264 8.246
1 1.323 1.141 8.232
2 0.695 0.824 7.305
2 0.725 0.8001 7.002
2 0.755 0.7562 6.549
3 0.968 1.11 8.235
3 0.932 1.231 8.244
3 1.057 0.951 7.956
4 1.568 1.568 9.001
4 1.578 1.621 9.564
4 1.659 1.897 8.954
5 0.921 0.894 7.568
5 0.996 0.939 7.981
5 0.978 1.265 7.577

Figure 3 Anatomic relation of bicipital groove to tuberosities.

Table II Torque ratios anatomic/control versus nonanatomic
control

Torque ratio at 50°

c a na

1 100 1.00670391 6.99636872
2 100 1.0943908 9.58896552
3 100 1.1132905 8.26344268
4 100 1.05848075 5.72715921
5 100 1.0701209 7.98825561



surgical technique. Correct surgical technique, in turn,
requires proper restoration of prosthetic height, proper
version, secure tuberosity attachment, and accurate soft
tissue balancing of the rotator cuff.1-6,8-13,15,16 One
complicating factor, of course, is that a change in rota-
tor cuff balance can lead to shoulder stiffness, making
clinical results unpredictable. For proper cuff balance,
anatomic reconstruction of the tuberosity fragments is
critical. Historically, a significant emphasis has been
placed on securing correct version and height in pros-
thetic reconstruction but less emphasis has been placed
on obtaining the correct rotation and alignment of the
tuberosity fragments.

The anatomic reconstruction of 4-part fractures can
be quite difficult. The traditional method of identifying
fracture lines and then aligning them like a puzzle—so
that the joint is anatomically reconstructed—is difficult
to achieve in the shoulder; soft tissues often obscure
some of the multiple fracture lines, and plastic deformi-
ty of the metaphyseal bone may make the accurate
placement of these fragments impossible. Additionally,
the loss of normal landmarks, such as the surgical neck
or the metaphyseal flair of the proximal humerus, fur-
ther complicates obtaining an anatomic reconstruction.

Traditionally, access to the articular segment is
achieved through the fracture site, between the tuberos-
ity fragments. The fragments are then mobilized; the

articular segment is removed; and reconstruction of the
fracture occurs by attaching the tuberosities to them-
selves as well as to the shaft. Anatomic reconstruction
can be difficult with this standard treatment because of
the aforementioned difficulty in seeing the fracture site
as well as losing any other reference points. The long
head of the biceps has been “the lighthouse” for ori-
enting the surgeon to the lesser and greater tuberosity
fragments and can be helpful in knowing where to
restore the proximal biceps groove between the tuber-
osity fragments to the biceps groove distally on the
shaft (Figure 3).

The placement of the humeral prosthesis, so that
proper version can occur, can be facilitated by identi-
fying the biceps groove on the humeral shaft and plac-
ing the lateral fin 8 mm posterior to this (Figure 4). In
prosthetic designs that have additional fins, the orien-
tation of the anterior fin does seem to lie over the
biceps groove, and therefore proper version can be
restored by either (a) placing the lateral fin 8 mm pos-
terior to the biceps groove or (b) putting the anterior fin
over the biceps groove. This relation of the prosthesis
to the proximal humerus anatomy can then facilitate the
reconstruction of the tuberosity/shaft fragments, as
does aligning of the biceps groove of the proximal
fragment to the biceps groove distally.

In our experimental model, we used this relation to
facilitate the reconstruction of anatomic and non-
anatomic reconstructions. We hypothesized that this is
what may occur in clinical situations in which 4-part
fractures do actually traverse the biceps groove. How
often these fractures occur through this extremely hard
bone is unknown and probably is not a common frac-
ture pattern. However, we have used this in a clinical
fashion to create an osteotomy through the biceps
groove, so that when we reconstruct our 4-part frac-
tures, we can attach them to the anterior fin and there-
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Figure 4 Relation of lateral fin to bicipital groove. Note posteri-
or position of lateral fin to bicipital groove.

Figure 5 Nonanatomic reconstruction: Lateral fin has displaced
lesser tuberosity in more posterior position, causing increased ten-
sion of subscapularis and anterior capsule. Furthermore, greater
tuberosity, posterior capsule, and infraspinatus are relatively lax.

Table III Statistical analysis of control versus anatomic ver-
sus nonanatomic

Mean Crit P
difference difference value

Control, anatomic –6.860 115.029 .8988
Control, nonanatomic –671.284 115.029 <.0001 S
Anatomic, nonanatomic –664.424 115.029 <.0001 S

Fisher protected least squares difference for torque ratio. Effect:
configuration; significance level: 5%.



by ensure that the tuberosity fragments will be attached
in an anatomic fashion.13

This study illustrates that nonanatomic reconstruc-
tions will be a significant cause of resistance to rotation
(8 times greater than anatomic reconstruction) (Figure
5). In fact, restoration of normal motion will be nearly
impossible if anatomic reconstruction does not occur.
There are multiple methods for reconstruction of proxi-
mal humerus fractures; therefore, we have used the bio-
mechanical information clinically to facilitate our
anatomic reconstructions by making an osteotomy
through the biceps groove, disregarding the previous
fracture site, and utilizing the osteotomy site as access
to the proximal humerus. This allows a convenient
method of reconstructing the tuberosities to the anterior
fin, which lies over the biceps groove distally, and facil-
itates anatomic reconstruction. We realize that skilled
and experienced surgeons, who can identify the frac-
ture fragments of 4-part humerus fractures, can anatom-
ically reconstruct these fractures with or without the use
of the prosthetic fins. Thus this is not a technique that is
invariably required but one that we have found useful
in reliably restoring normal rotation and alignment of
the tuberosities.

Although fractures like the one created in this study
are unlikely to occur through the biceps groove, we
have taken the liberty to do this to allow our experi-
mental design to be somewhat simplified. Although we
tested only external rotation, we think that the loss of
external rotation corresponds to overall global loss of
motion (Figures 6 and 7).

Finally, the clinical application of this biomechanical
data may explain that some cases, in which a lateral
fin was utilized as a fixation post, have produced a
malreduction of the tuberosities leading to some of the
erratic functional results reported for proximal humeral
head replacement for reconstruction of 4-part fractures.
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Figure 7 A, Open reduction and internal fixation of tuberosities
with humeral head replacement for 4-part fracture with anterior fin
resulting in anatomic reconstruction of tuberosities in horizontal
plane on this axillary radiograph. Patient exhibited a forward ele-
vation of 180° and external rotation of 60°. B, Axillary radio-
graph: Comparison of open reduction and internal fixation of
tuberosities with humeral head replacement for 4-part fracture of
tuberosities. Utilization of lateral fin resulted in nonanatomic
reconstruction and malreduction that greater tuberosity was pos-
teriorly displaced and abutted against glenoid (in horizontal
plane). Patient displayed forward elevation of 90° and an exter-
nal rotation of 0°.

Figure 6 Anatomic reconstruction: In contrast to nonanatomic
reconstruction, this allows restoration of correct position of reat-
tachment of calf musculature.
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