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Fig.1. Photographs of the modified Galveston reconstruction (MGR) and the triangular frame reconstruction (TFR) structures using
polyurethane models. (A) MGR model. After the placement of pedicle screws into the 3rd-5th lumbar vertebrae and two bilateral iliac
screws into the two iliac bones, these screws are connected using two spinal rods. (B) TFR model. The spinal column is pulled down and
the 5th lumbar vertebra (L5) is fixed to the bilateral ilium with a sacral rod extending into the L5 vertebral body. Another sacral rod
extending into the pelvis is connected to the spinal rod, which is affixed to the pedicle screws of the 3rd, 4th and 5th lumbar vertebrae.
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Fig. 2. Diagram of the experimental setup of the compressive
loading test. A weight is placed on the cross head. The
compressive load is applied vertically to the upper surface of
the 3rd lumbar vertehral body by a load punch with a steel
ball. The bottom of the pelvis is fixed to a wooden box with
plaster.
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Fig. 3. Photograph of strain measurement in the TFR structure
under a compressive load. Strain at the instruments is
measured in both the MGR and TFR structures. Polyurethane
models of the lumber spine and pelvis are used.

Fig.4. Schemes representing locations of the strain gauges. (A) MGR model, (B) TFR model. rod 1, measuring point on the rod between
the pedicle screw of the 4th lumbar vertebra (1L4) and that of the 5th lumbar vertebra (L5); rod 2, measuying point on the rod between the
pedicle screw of L5 and the iliac screw; screw, measuring point on the neck of the bottom iliac screw; rod 3, measuring point on the rod
between the pedicle screw of the 3rd lumbar vertebra and that of L4; rod 4, measuring point on the rod between the pedicle screw of 14
and that of L5; rod 5, measuring point on the rod under the pedicle screw of L5.



518 &)

ThEBHEELA, SOIIBEIYERE, ZIIMGRDL L
CETFRTAVOLNE A YAV LAY Fealik, BREE
FEETC, BEBEOAMERET VERTREE7 (H54,
5B). ERSEHTIE, SHIMEENE, BLU6HIMESHEDES
WHOVY » FERFAVWTWA., B, BTy FBLIUN
FHy FOEREIZ6mm, FF X AN—ATRs ¥ —DHEER
3mm, HEHA 7 ) 2—-DEEFEIZ65mm, BERA 72—
EEIE8mm & L7z gL /-0 FHERE S OESE1.5mm,
BAMOE S I Imm T—F L FBE LY, MBI BT 2 MM
DESIE10mmE Lz, £/, BREEGOE S S 3mmT—
EHzLBLDELTWD, BB X UEREGDKEHH
(ER) O S 1/2 5@ E L7z, MGRTIIREZ
MAT6446, BEFHKII 4912 T, TFRTIIARET S 26357, #
EHEHII4854TH 5.

Table 1. Material properties in the clinical model

Young’s modulus

Material properties Poisson ratio

(MPa)
Cortical bone 12000 0.30
Cancellous bone 100 0.20
Bony posterior elements 3500 0.25
Cartilaginous endplate 24 0.40
Annulus fibrosus 42 0.45
Nucleus pulposus 1667 0.48
Instruments (stainless steel) 210000 0.30
Instruments (titanium alloy) 110000 0.30
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Fig. 6. Strain at each instrument point in the MGR and TFR models. (A) Titanium alloy MGR model, (B) Stainless steel TFR model. rod 1,
measuring point on the rod between the pedicle screw of the 4th lumbar vertebra (I4) and that of the 5th lumbar vertebra (L5); rod 2,
measuring point on the rod between the pedicle screw of L5 and the iliac screw; screw, measuring point on the neck of the bottom iliac
screw; rod 3, measuring point on the rod between the pedicle screw of the 3rd lumbar vertebra and that of 14; rod 4, measuring point on
the rod between the pedicle screw of 14 and that of L5; rod 5, measuring point on the rod under the pedicle screw of L5.
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Fig. 5.  Anterior oblique view of finite element mesh in the MGR and TFR models. (A) MGR model, (B) TFR model. Pink, orange, red,
dark blue, ocher, olive and sky blue represent cortical bone, cancellous bone, bony posterior elements, cartilaginous endplate, annulus
fibrosus and nucleus pulposus, respectively. The finite element mesh indicating the instruments are added to the geometrically
constructed finite element mesh of the vertebrae and the pelvis, simulating the operations of both the MGR and TFR.

B

Fig. 7. Finite element analysis of the titanium alloy MGR model. The right-half model is shown. Color.scale to the right represents stress
magnitude. (A) Posterior view of the MGR structure. P, maximum stress observed on the pelvis under compressive loading. V,
maximum stress observed on the vertebrae. (B) Posterior view of instruments applied to the MGR structure. The maximum stress is
observed at a point on the spinal rod between the pedicle screw of the 5th lumbar vertebra and the iliac screw (D).



520 Ff

v F3), 0.2704 X 107% (T » F4), 0.2487 X 1072 (0 v F5) T
H0, BREHOAEZXOVTHEED - (T6B).

I. FEMIZ & 2 BEBEED H PR

1. MGRF¥ 7 > &&EFN

BRICBTAERKEHIE, THOBERZ ) 2 —1EAH O
HEEEFRELTBY, TORNEIXI138 AT AT N
(megapascal, MPa) T o7 (H74). ZOBERAY ) 2 —%E
AEN TV EEOEREOLHICELTIE, A7) 2 —-0OW
WICHBHEVCIEHRRELTWBEL00, BRTLFORN
EiZ4.7MPaThot. THE5ERICBITAIERENE
96MPaThorz. 1 YAV WA FTIE, Bigu vy FOESE
HHEBRRA ) 2 —LBBEAZ Y 2—-BI21042MPa D IS £
FHE 5N ([7B).

2. TFRAT v VAEETFIV

Lo
(MPa)

0
(MPa)

FHRIIBVTIE, BERAUEEED, E5EHEZEVTH
iETy FIBASRTVBHAICKEREHBRGN, 22
TORKILTIL118MPaTH o7z (K 8A). #5ERADESL
FIL73.0MPaT®H o7z (H8B). /24 Y AV VA Y M,
EoBEEEAE TV AIBU Yy FOESEREBEEMNIC
229MPa, 72554, SIEEHBEOBHED v FIZ212MPadis sk
AT S 5Nz (K8C).

3. TFR¥ % v &&ETN

BRIBUIBRRKEIORENBIEIAT VY LAHEFIVER
CREBIcdH o728, ZOEIZ126MPat 27 LASFET L L
NYEFECEHERLE (M9A). E5EHICBTARKEH
1392.8MPaTdH o7 (K9B). /oA YAV VALY FTIZAT
YV AT TV E R DAL E RN 222MPa, 159MPa Ok
HEED (FIC).

0
(MPa)

Fig. 8. Finite element analysis of the stainless steel TFR
model. The right-half model is shown. Color scale to the right
represents stress magnitude. (A) Anterior view of the
stainless steel TFR structure. Excessive stress above the yield
stress of cortical bone occurs at the interface between the
pelvis and the upper sacral rod (P). (B) Lateral view of lumbar
vertebrae in the TFR structure. V, maximum stress observed
on the vertebrae under compressive loading. (C) Anterior
oblique view of instruments applied to the TFR structure. The
maximum stress on the instruments is observed on the sacral

" rod under compressive loading (I). S, maximum stress
observed on the sacral rods.
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Fig.9. Finite element analysis of the titanium alloy TFR model.
The right-half model is shown. Color scale to the right
represents stress magnitude. (A) Anterior view of the titanium
alloy TFR structure. Excessive stress above the yield stress of
cortical bone occurs at the interface between the pelvis and
the upper sacral rod (P). (B) Lateral view of lumbar vertebrae
in the TFR structure. V, maximum stress observed on the
vertebrae under compressive loading. (C) Anterior oblique
view of instruments applied to the TFR structure. The
maximum stress on the instruments is observed on the sacral
rod under compressive loading (I). S, maximum stress
observed on the sacral rods.
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Abstract

When a sacral tumor involves the first sacral vertebra, a total sacrectomy is necessary. It is mandatory to reconstruct the
continuity between the spine and the pelvis after a total sacrectomy. No previous studies have performed a mechanical
analysis of this type of reconstruction. In this study, the strain and stress on the instruments and the bones were evaluated for
two reconstruction methods. One method was a modified Galveston reconstruction (MGR), which has been performed at other
institutions. After the placement of pedicle screws into the 3rd, 4th and 5th lumbar vertebrae and two bilateral iliac screws into
the two iliac bones, these screws were connected by two spinal rods. The other method was a triangular frame reconstruction
(TFR), was developed by Tomita. The spinal column was pulled down and the 5th lumbar vertebra (L5) was fixed to the
bilateral ilium with a sacral rod.» Another sacral rod extending into the pelvis was connected to the spinal rod, which was
affixed to the pedicle screws of the 3rd, 4th and 5th lumbar vertebrae. Compressive loading tests on the MGR and TFR
structures were performed using polyurethane vertebral models. A compressive load was applied to the upper surface of the
3rd lumbar vertebral body. Strain was measured using a strain gauge. Additionally, a finite element model of a lumbar spine
and pelvis was constructed from computed tomographic scans. Then, three-dimensional MGR and TFR models were
reconstructed and finite element analysis was performed to account for the stress on the bones and instruments. ITn MGR,
excessive stress was concentrated at the spinal rods since all of the compressive load is transmitted to the pelvis by the spinal
rods. There is a strong possibility that the rod between the spine and the pelvis might fail under such conditions. In TFR, on
the other hand, the compressive load was transmitted to the iliac bone through the anterior sacral rod and spinal rods.
Although there was no stress concentration on the instruments, excessive stress on the iliac bones around the sacral rod was
above the yielding stress of the iliac bone. Such stress may cause a loosening of the sacral rod from the iliac bone or the 5th
lumbar vertebral body. If the patient were to stand or sit immediately after MGR or TFR, instrumentation failure or loosening
may occur. These results suggest that the patient should avoid weight-bearing stress until the grafted bone is fused.



