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Reusing Cadaveric Humeri for Fracture Testing
After Testing Simulated Rotator Cuff Tendon Repairs
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Abstract

The financial cost of using human tissues in biomedical testing and surgical reconstruction is predicted to
increase at a rate that is disproportionately greater than other materials used in biomechanical testing. Our
first hypothesis is that cadaveric proximal humeri that had undergone monotonic failure testing of simulated rota-
tor cuff repairs would not differ in ultimate fracture loads or in energy absorbed to fracture when compared to
controls (i.e., bones without cuff repairs). Our second hypothesis is that there can be substantial cost savings if
these cadaveric proximal humeri, with simulated cuff repairs, can be re-used for fracture testing. Results of frac-
ture tests (conducted in a backwards fall configuration) and cost analysis support both hypotheses. Hence, the
bones that had undergone monotonic failure tests of various rotator cuff repair techniques can be re-used in frac-
ture tests because their load-carrying capacity is not significantly reduced.
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Introduction

The burgeoning use of human tissues in biomedical
testing and surgical reconstruction is predicted to con-

tinue to increase their cost at a rate that that is disproportion-
ately greater than other materials used in biomechanical
testing.1–10 Our first hypothesis is that cadaveric proximal
humeri that had undergone monotonic failure testing of rota-
tor cuff repairs would not differ in ultimate fracture loads or
in energy absorbed to fracture when compared with controls.
Our second hypothesis is that there can be substantial cost
savings if these cadaveric proximal humeri can be reused
without significantly impacting the data obtained from sub-
sequent fracture tests.

To test these hypotheses, we used cadaver proximal hu-
meri from middle-aged and elderly cadavers that were
used previously in strength testing of repairs of simulated
full-thickness supraspinatus tendon tears.11,12 We also an-
alyzed the data to determine potential influences of: (1)
proximal humerus density and volume, (2) fracture patterns,
and (3) the proximity of fracture surfaces to the drill holes
of the tendon repairs. The cost savings analysis was based
on currently available prices of synthetic bones and cadaver
bones.

Methods

Specimens and preparation

With IRB approval from our institution, thirty-two fresh-
frozen cadaver shoulders (mean age 60 years, range 42–78,
18 female and 14 male) were separated into four groups:
group 1, control bones with no cuff repairs (n = 8); group 2,
transosseous suture-only repair (n = 6); group 3, single-row
anchor-only repair (n = 6); and group 4, quasi double-row
using TOAK repairs (n = 12) that combined the techniques
used in groups 2 and 3: transosseous sutures laterally and
Mitek� metal or Panalock� bioabsorbable suture anchors
medially (DePuy Mitek, a Johnson and Johnson company,
Norwood, MA)12 (Fig. 1). These double-row repairs are
referred to as TOAK (transosseous anchor double knot)
(Fig. 1)11,12 repairs, which resemble other ‘‘suture bridge’’
methods.13,14 There were no specimens with naturally occur-
ring rotator cuff tears, arthritis, or gross pathology.

For each group, all of the soft tissues of the shoulder were
removed except the supraspinatus tendon and muscle. In
order to simulate a repair, the supraspinatus was reattached
to the bones in groups 2–4. A burr was used to make a shal-
low, broad, roughened area (12–14 mm wide) that slightly
exposed cortical bone porosity. The roughened area extended
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from the bicipital groove to 30 mm in the posterior direction.
The detached supraspinatus tendon of each bone was then
reattached using one of the three techniques.12

Repair of cuff tear

A 2.9-mm drill bit was used for anchor insertion near the
original bone–cartilage junction; a 1.5-mm drill bit was used
for the transosseous holes. Three transosseous tunnels
(10 mm apart on center), had been made in the specimens
for group 2, three suture anchors (10 mm apart on center)
in group 3, and three transosseous tunnels combined with
three suture anchors (TOAK technique, also 10 mm apart
on center) in group 4. The repaired supraspinatus tendons
were then tested to ultimate failure at a slow rate of loading
(6 mm/min), which simulated activities during active-assisted
motion during early post-operative rehabilitation.11,12

Bone density and volume analysis

Prior to testing, a simple radiographic densitometry method
was used to help detect between-group differences in the min-
eral content of each specimen.11 This method provided a bone
density score based on X-ray density (expressed in mm of alu-
minum [mmAl]) of the central portion of the humeral head di-
vided by the anterior–posterior diameter of the head (as seen
in anteriorposterior radiographs). This method evaluated the
central portion (10 mm · 10 mm) of the humeral head, where
age-related osteopenia first becomes apparent in radio-
graphs.15,16 Using digitized X-rays, density of the bone regions

and mmAl were expressed as mean gray levels using described
methods.17

Dual-energy X-ray absorptiometry (DEXA) measurements
(QDR-2000 Plus; Hologic Inc., Waltham, MA) were made to
assess bone mineral content (BMD, g/cm2) of the entire prox-
imal humerus (the entire head and including the upper 2 cm
of the metaphysis/diaphysis).18 The volume of each proxi-
mal humerus (entire head and upper 2 cm of metaphysis/
diaphysis) was determined by water displacement in a graduated
cylinder (precision error – 0.5 cm3). Whole-bone (‘‘bulk’’) den-
sity was calculated as the total grams of the area scanned in the
DEXA analyses divided by the submerged volume. The BMD,
volume, and bulk density data were incorporated in the statisti-
cal analyses in order to assess potential effects of bone size and
mass on fracture load data.19

Fracture testing

Each proximal humerus was loaded in a manner that sim-
ulated a backwards fall on the hand with the arm extend-
ed.20,21 The fracture load was applied with a dish-like
stainless steel device (2.5 cm diameter and 6.0 cm radius of
curvature) that contacted the posterior-superior humeral head
(Fig. 2).22 The perimeter of contact area was 10–15 mm from

FIG. 1. Transosseous anchor double knot (TOAK) fixa-
tion. This construct is effectively a quasi double-row repair
with a suture bridge. The inset drawing shows the superficial
suture of the trans-osseous component of the TOAK con-
struct. A metal anchor is depicted in this illustration.

FIG. 2. (A) Diagram of load orientation; a left humerus
is depicted in lateral view. A, anterior; P, posterior. (B)
View of the superior humeral head showing location of an-
chors (medial row) and area where the force was applied to
the posterior-superior aspect of the humeral head. A, anterior;
M, medial.
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the posterior drill holes of the repair. Force was applied in
displacement control (Bionix 858; MTS Inc., Minneapolis,
MN) at a rate of 2 mm/sec until fracture occurred.23,24 Test
data were recorded on load-deformation curves. The parame-
ters analyzed included: (1) ultimate fracture load (N) (i.e.,
peak of the load-deformation curve); and (2) energy absorbed
to peak failure load (N-m) (i.e., area under the load-deformation
curve to peak load).

Fracture patterns/locations were characterized numeri-
cally for statistical analysis: (1) two-part anatomical neck
fracture or other two-part (non-neck) without greater tuber-
osity fracture, (2) greater tuberosity fracture, (3) three-part
fracture, (4) four-part fracture, (5) head split fracture, (6)
some combination of fracture patterns 1–5 without a greater
tuberosity fracture, or (7) some combination of fracture pat-
terns 1–5 with a greater tuberosity fracture.25,26

Cost benefit analysis

Cost benefit was determined by gathering data on the mate-
rial cost of synthetic and cadaveric humeri. The cost of addi-
tional cleaning, preparation, and storage of the cadaver
bones was also considered. Cadaver bone prices were obtained
from The National Disease Research Interchange (Philadel-
phia, PA) and Musculoskeletal Transplant Foundation (Edison,
NJ). Synthetic bone prices were obtained from Sawbones
(Pacific Research Laboratories, Inc., Vashon, WA; www
.sawbones.com/products/productlist.aspx?111; accessed June
2014). The amount of cost savings was calculated as if 24
bones (the number used herein) were purchased. This analysis
was also expanded to determine the cost of obtaining 80 bones
(40 pairs), which reflects the number we have stored in an-
ticipation that they can be reused in fracture tests.

Statistical analysis

The data were analyzed using commercially available soft-
ware (NCSS 6.0, Number Cruncher Statistical System�,

Kaysville, UT) with normality tests,27 A power analysis per-
formed prior to this study indicated that six specimens in each
group provided 80% power (b = 0.2) to detect a 600 N reduc-
tion in mean fracture load (*15%) when comparing the cuff
repair groups with controls. Differences between mean frac-
ture loads and other parameters of the experimental
groups were evaluated using one-way analysis of variance
with Fisher’s protected least significant difference test. Results
are expressed as means plus or minus one standard deviation
(SD), and p < 0.05 was considered statistically significant.

Results

There were no significant differences measurable between
the three cuff-repair groups and the control group in ultimate
fracture load (all p-values > 0.50) (Table 1). The ultimate
fracture load of group 1 was 4176 – 2003 N, the transosseous
suture-only group fractured at 4041 – 1568 N, which was
not significantly different from the single-row anchor-only
(3,885 – 1,170 N) ( p = 0.9) or quasi double-row TOAK re-
pairs (3,700 – 1,227 N) ( p = 0.7). The latter two groups
were also not significantly different ( p = 0.8). Additionally,
combined data from both single-row repairs (transosseous-
only and anchor-only) versus the quasi double-row repairs
showed no statistically significant difference ( p = 0.6).
There were no significant differences in energy absorption
(N-m) in all possible comparisons (all p values > 0.2).

There were no age, bone mass, or bone volume differences
between the four groups (all p values > 0.2). Groups 3 and 4
had an equal number of males and females; in the other
groups, group 2 had 4 females and 2 males and group 1
had 5 females and 3 males. None of the fracture lines/
surfaces were within 5 mm of the anchor drill holes. How-
ever, the fracture surfaces in 3 of 18 (17%) cases were in
close proximity or entered the transosseous drill holes.

The fracture patterns are shown in Table 1. Statistical
analyses were rerun after omitting the 12 specimens that

Table 1. Group Fracture Data and Other Characteristics

Groupsa

Ultimate
fracture

loadb (N)

Energy
absorbed

(N-m)

X-ray density
(central head

region) (mmAl)

X-ray
density
scoreb

BMDb

(g/cm2)

Proximal
humerus

volume (cm3)

Bulk
density
(g/cm3)

Fracture
patternc

Group 1 (control, n = 8) 4176 10.7 8.0 0.18 0.38 67.7 0.13 1, 2, 5, 6,
6, 6, 7, 7(2003) (7.0) (2.2) (0.04) (0.13) (16.5) (0.04)

866–6853 2.7–21.6 4.9–11.6 0.12–0.25 0.08–0.49 43–89 0.03–0.18

Group 2 (n = 6) 4041 11.8 7.3 0.17 0.24 77.8 0.08 1, 1, 1,
1, 3, 7(1568) (8.5) (1.5) (0.03) (0.07) (22.1) (0.02)

2224–6673 3.6–26.3 5.4–8.8 0.13–0.22 0.12–0.31 56–108 0.05–0.12

Group 3 (n = 6) 3885 7.7 6.2 0.15 0.27 70.8 0.11 1, 2, 5,
7, 7, 7(1170) (3.4) (0.8) (0.02) (0.06) (20.2) (0.03)

2714–5694 3.9–11.8 5.5–7.4 0.12–0.18 0.19–0.35 55–109 0.07–0.14

Group 4 (n = 12) 3700 10.8 6.2 0.14 0.35 86.6 0.12 1, 1, 1, 1,
3, 5, 5, 5,
6, 6, 7, 7

(1227) (5.2) (1.2) (0.03) (0.10) (17.6) (0.03)
2091–6183 3.0–18.5 4.6–8.7 0.10–0.19 0.14–0.51 60–118 0.07–0.17

Mean, (standard deviation), and range provided for each category.
aGroup 1, control bones (no rotator cuff repair); Group 2, transosseous suture-only repair (single row); Group 3, anchor-only repair (single

row); Group 4, double-row TOAK repair.
bFracture load measured in Newtons (N); X-ray density score calculated as [central head density/anteroposterior breadth; (mmAl/mm)]

bone mineral density (BMD) from dual-energy X-ray absorptiometry analysis.
cFracture pattern numerical designation described in methods section. All data are shown for fracture pattern.
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incurred fracture at a low level of energy. Although statisti-
cal power is reduced in these statistical reruns, there were
still no significant differences in all comparisons (all p val-
ues > 0.6). These results show that even though there is a
trend toward an increased proportion of the presumably
lower energy fracture patterns in the non-control groups (es-
pecially in the transosseous group), this did not significantly
influence the between-group differences in fracture data.

Cost analysis revealed that the price of a cadaveric hu-
merus is approximately $400 U.S. dollars (USD). Our insti-
tutional fees and additional cost of cleaning and storing is
approximately $50 USD per bone. When compared with pur-
chasing unused cadaveric humeri, the cost savings would be
approximately $450 per bone when reusing our cadaveric hu-
meri. Approximately $11,000 USD would be the total sav-
ings when reusing the 24 cadaveric humeri in this study.

The cost of a synthetic humerus (designed for mechanical
testing) is nearly $200 USD, which includes our taxes and in-
stitutional fees. When compared with purchasing synthetic
bones the cost savings when reusing the 24 cadaveric humeri
in this study would be nearly $5,000 USD.

Discussion

These results show that there is significant savings when
reusing cadaver bones for fracture tests that were initially
used for testing rotator cuff repairs at a low rate of loading.
Clearly, it would not be possible to achieve this cost savings
without first showing that the bones could be reused in failure
testing. This was demonstrated by the results showing no sig-
nificant differences in ultimate failure (fracture) loads or in
energy absorbed to ultimate failure between control bones
and the other groups.

The substantial cost savings also extends beyond the scope
of the tissues used in this study. For example, in our labora-
tory storage freezer we have an additional 80 humeri that
could similarly be reused for fracture testing. The savings
from reusing these bones would be approximately $36,000
USD when compared with purchasing unused cadaver
bones. The savings would be nearly $16,000 USD when
compared with purchasing synthetic bones.

Our review of the English language publications/literature
revealed nearly 110 studies in the past 10 years that used ca-
daveric bones in ways that might allow for their reuse in bio-
mechanical testing. Consequently, the findings of this study
can be more broadly generalized because many bioengineer-
ing laboratories are faced with the substantial financial cost
of allograft tissues. The magnitude of savings when reusing
our stored 80 humeri could fund additional laboratory staff,
students, and/or equipment. For example, this could fund a
biomedical engineering technician position, which according
to the U.S. Bureau of Labor Statistics, earn a mean annual
wage of approximately $54,000 USD (www.bls.gov/oes/
current/oes_nat.htm#17-0000; accessed June 2014).

An advantage of synthetic bones is their uniformity in struc-
ture and material organization and composition. However, this
would be a disadvantage for applications that warrant analyz-
ing natural or pathologic differences in bone quality and struc-
ture (e.g., age- or osteoporosis-related changes). We speculate
that even when rotator cuff repairs are previously tested with
cyclic loading (which is commonly done), this will not ad-
versely affect fracture data, similar to what is shown by our re-

sults. This is because failure in cyclic testing is often measured
as gapping at the repair site rather than disruption/pullout of
the anchors or sutures from the bone.28–30 However, some in-
vestigators may want to reuse cadaveric humeri following cuff
repair testing at relatively higher loads and/or loading rates,
whether monotonic, cyclic, or mixed. In these cases where
the bone strength might be significantly compromised, me-
chanical tests on a subset of specimens would be needed to de-
termine if the bones can be reused.

One limitation of our study is the fracture loading rate.
While our relatively low rate or loading is within the
range employed in fracture studies of proximal humeri and
femora,22,24,31–35 varying rates may yield varying results.
Differences in loading rate and/or loading mode may affect
the validity of bone reuse, and hence they should be tested
on a subset of the sample.

Acknowledgments

The authors thank Casey Kiser and Peter O’Rourke for
their assistance with mechanical testing and Kendra Keenan
for criticisms of the manuscript.

Author Disclosure Statement

No competing financial interests exist.

References

1. Potter BK, Adams SC, Pitcher JD, Jr., Malinin TI, Temple
HT. Proximal humerus reconstructions for tumors. Clin
Orthop Relat Res. 2009;467:1035–1041.

2. Nandi SK, Roy S, Mukherjee P, Kundu B, De DK, Basu D.
Orthopaedic applications of bone graft & graft substitutes: a
review. Indian J Med Res. 2010;132:15–30.

3. Urabe K, Naruse K, Uchino M, et al. The expense for one
implantation of a banked bone allograft from a cadaveric
donor and the issues affecting current advanced medical
treatment in the Japanese orthopaedic field. Cell Tissue
Bank. 2009;10:259–265.

4. Bloebaum RD, Lauritzen RS, Skedros JG, et al. Roentgeno-
graphic procedure for selecting proximal femur allograft for
use in revision arthroplasty. J Arthroplasty. 1993;8:347–
360.

5. Bostrom MP, Seigerman DA. The clinical use of allografts,
demineralized bone matrices, synthetic bone graft substi-
tutes and osteoinductive growth factors: a survey study.
HSS J. 2005;1:9–18.

6. Brydone AS, Meek D, Maclaine S. Bone grafting, orthopae-
dic biomaterials, and the clinical need for bone engineering.
Proc Inst Mech Eng H. 2010;224:1329–1343.

7. Calori GM, Mazza E, Colombo M, Ripamonti C. The use of
bone-graft substitutes in large bone defects: any specific
needs? Injury. 2011;42:S56–63.

8. Urabe K, Itoman M, Toyama Y, et al. Current trends in bone
grafting and the issue of banked bone allografts based on the
fourth nationwide survey of bone grafting status from 2000
to 2004. J Orthop Sci. 2007;12:520–525.

9. Abbas G, Bali SL, Abbas N, Dalton DJ. Demand and supply
of bone allograft and the role of orthopaedic surgeons. Acta
Orthop Belg. 2007;73:507–511.

10. Abdeen A, Hoang BH, Athanasian EA, Morris CD, Boland
PJ, Healey JH. Allograft-prosthesis composite reconstruc-
tion of the proximal part of the humerus: functional outcome

REUSING CADAVER HUMERI FOR FRACTURE TESTING 253



and survivorship. J Bone Joint Surg Am. 2009;91:2406–
2415.

11. Burkhead WZ, Skedros JG, Arcand MA, Krishnan SG,
O’Rourke PJ, Pierce WA. Transosseous anchor double
knot (TOAK) technique for rotator cuff repair. Tech Shoul-
der Elbow Surg. 2004;5:200–207.

12. Burkhead WZ, Jr., Skedros JG, O’Rourke PJ, Pierce WA,
Pitts TC. A novel double-row rotator cuff repair exceeds
strengths of conventional repairs. Clin Orthop Relat Res.
2007;461:106–113.

13. Dines J, Bedi A, ElAttrache N, Dines D. Single-row Versus
Double-row Rotator Cuff Repair: Techniques and Out-
comes. J Am Acad Orthop Surg. 2010;18:11.

14. Andres BM, Lam PH, Murrell GA. Tension, abduction, and
surgical technique affect footprint compression after rotator
cuff repair in an ovine model. J Shoulder Elbow Surg.
2010;19:1018–1027.

15. Hall M, Rosser M. The structure of the upper end of the hu-
merus with reference to osteoporotic changes in senescence
leading to fractures. Can Med Assoc J. 1963;88:290–294.

16. Barvencik F, Gebauer M, Beil FT, et al. Age- and sex-
related changes of humeral head microarchitecture: histo-
morphometric analysis of 60 human specimens. J Orthop
Res. 2010;28:18–26.

17. Bloebaum RD, Skedros JG, Vajda EG, Bachus KN, Constantz
BR. Determining mineral content variations in bone using
backscattered electron imaging. Bone. 1997;20:485–490.

18. Tingart MJ, Apreleva M, von Stechow D, Zurakowski D,
Warner JJ. The cortical thickness of the proximal humeral
diaphysis predicts bone mineral density of the proximal hu-
merus. J Bone Joint Surg Br. 2003;85:611–617.

19. Fankhauser F, Schippinger G, Weber K, et al. Cadaveric-
biomechanical evaluation of bone-implant construct of
proximal humerus fractures (Neer type 3). J Trauma. 2003;
55:345–349.

20. Bahrs C, Lingenfelter E, Fischer F, Walters EM, Schnabel
M. Mechanism of injury and morphology of the greater
tuberosity fracture. J Shoulder Elbow Surg 2006;15:140–147.

21. Palvanen M, Kannus P, Parkkari J, et al. The injury mecha-
nisms of osteoporotic upper extremity fractures among older
adults: a controlled study of 287 consecutive patients and
their 108 controls. Osteoporos Int. 2000;11:822–831.

22. Jiang C, Zhu Y, Wang M, Rong G. Biomechanical compar-
ison of different pin configurations during percutaneous pin-
ning for the treatment of proximal humeral fractures.
J Shoulder Elbow Surg. 2007;16:235–239.

23. Courtney AC, Wachtel EF, Myers ER, Hayes WC. Age-
related reductions in the strength of the femur tested in a
fall-loading configuration. J Bone Joint Surg Am. 1995;77:
387–395.

24. van der Steenhoven TJ, Schaasberg W, de Vries AC, Valstar
ER, Nelissen RG. Cyclic loading of fractured cadaveric fe-
murs after elastomer femoroplasty: an in vitro biomechani-
cal study. Clin Biomech (Bristol, Avon). 2012;27:819–823.

25. Neer CS, 2nd. Displaced proximal humeral fractures. I.
Classification and evaluation. J Bone Joint Surg Am. 1970;
52:1077–1089.

26. Flatow EL. Fractures of the proximal humerus. In: Frac-
tures in Adults, 5th ed., vol 1. Bucholz RW, Heckman JD.

(eds.) Lippincott Williams & Williams: Philadelphia, PA;
pp. 997–1040; 2002.

27. Sokal RR, Rohlf FJ. Biometry. The principles and practice
of statistics in biological research, 2nd ed. W.H. Freeman
and Co.: New York, 1995.

28. Behrens SB, Bruce B, Zonno AJ, Paller D, Green A. Initial
fixation strength of transosseous-equivalent suture bridge
rotator cuff repair is comparable with transosseous repair.
Am J Sports Med. 2012;40:133–140.

29. Barber FA, Drew OR. A biomechanical comparison of
tendon-bone interface motion and cyclic loading between
single-row, triple-loaded cuff repairs and double-row,
suture-tape cuff repairs using biocomposite anchors. Arthro-
scopy. 2012;28:1197–1205.

30. Tauber M, Hoffelner T, Penzkofer R, et al. Arthroscopic ro-
tator cuff repair: a biomechanical comparison of the suture-
bridge technique vs. a new transosseous technique using
SutureButtons(�). Clin Biomech (Bristol, Avon). 2011;
26:910–916.

31. Chappard C, Bousson V, Bergot C, et al. Prediction of fem-
oral fracture load: cross-sectional study of texture analysis
and geometric measurements on plain radiographs versus
bone mineral density. Radiology. 2010;255:536–543.

32. Bae JH, Oh JK, Chon CS, Oh CW, Hwang JH, Yoon YC.
The biomechanical performance of locking plate fixation
with intramedullary fibular strut graft augmentation in the
treatment of unstable fractures of the proximal humerus.
J Bone Joint Surg Br. 2011;93:937–941.

33. Instrum K, Fennell C, Shrive N, Damson E, Sonnabend D,
Hollinshead R. Semitubular blade plate fixation in proximal
humeral fractures: a biomechanical study in a cadaveric
model. J Shoulder Elbow Surg. 1998;7:462–466.

34. Koval KJ, Blair B, Takei R, Kummer FJ, Zuckerman JD.
Surgical neck fractures of the proximal humerus: a labora-
tory evaluation of ten fixation techniques. J Trauma. 1996;
40:778–783.

35. Osterhoff G, Diederichs G, Tami A, Theopold J, Josten C,
Hepp P. Influence of trabecular microstructure and cortical
index on the complexity of proximal humeral fractures.
Arch Orthop Trauma Surg. 2012;132:509–515.

Address correspondence to:
John G. Skedros, MD

Utah Orthopaedic Specialists
University of Utah

5323 South Woodrow Street
Suite 200

Salt Lake City, UT 84107

E-mail: jskedrosmd@uosmd.com

Abbreviations Used

DEXA¼Dual-energy X-ray absorptiometry
BMD¼ bone mineral content

TOAK¼ transosseous anchor double knot

254 SKEDROS ET AL.


