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Recommendations
There is no evidence that conflicts with the previous 

recommendations in the original version of the “Guide-
lines for the performance of fusion procedures for degen-
erative disease of the lumbar spine.”

Grade A
Following lumbar fusion surgery, static lumbar radio-

graphs are not recommended as a stand-alone method to 
assess fusion status.

Grade B 
Following instrumented posterolateral lumbar fu-

sions (PLFs), CT imaging with fine-cut axial and multi-
planar reconstruction views is recommended as a meth-
od to assess fusion status. When bilateral posterolateral 
intertransverse bridging bone is observed on CT scans, 
the presence of solid fusion is strongly suggested. For the 
determination of pseudarthrosis, the absence of bilateral 
facet fusion is more suggestive of true nonunion than the 
absence of PLF.

Following anterior lumbar interbody fusion (ALIF) 
with cage instrumentation, CT imaging with fine-cut axi-
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The ability to identify a successful arthrodesis is an essential element in the management of patients undergoing 
lumbar fusion procedures. The hypothetical gold standard of intraoperative exploration to identify, under direct obser-
vation, a solid arthrodesis is an impractical alternative. Therefore, radiographic assessment remains the most viable 
instrument to evaluate for a successful arthrodesis. Static radiographs, particularly in the presence of instrumentation, 
are not recommended. In the absence of spinal instrumentation, lack of motion on flexion-extension radiographs is 
highly suggestive of a successful fusion; however, motion observed at the treated levels does not necessarily predict 
pseudarthrosis. The degree of motion on dynamic views that would distinguish between a successful arthrodesis and 
pseudarthrosis has not been clearly defined. Computed tomography with fine-cut axial images and multiplanar views 
is recommended and appears to be the most sensitive for assessing fusion following instrumented posterolateral and 
anterior lumbar interbody fusions. For suspected symptomatic pseudarthrosis, a combination of techniques including 
static and dynamic radiographs as well as CT images is recommended as an option. Lack of facet fusion is considered 
to be more suggestive of a pseudarthrosis compared with absence of bridging posterolateral bone. Studies exploring 
additional noninvasive modalities of fusion assessment have demonstrated either poor potential, such as with 99mTc 
bone scans, or provide insufficient information to formulate a definitive recommendation.
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al and multiplanar reconstruction views is recommended 
as a method to assess fusion status. In this setting, the 
demonstration of bridging bone posterior to the cage 
(posterior sentinel sign) on CT scans correlates with the 
presence of solid fusion with a consensus of raters, but 
intraobserver variability limits the generalizability of a 
single rater assessment. The presence of bridging bone 
anterior to the cage (anterior sentinel sign) also correlates 
with fusion, with higher specificity but lower sensitivity.

Following uninstrumented lumbar fusion surgery, 
when noninvasive assessment of fusion status is desired, 
lateral flexion and extension lumbar radiographs are rec-
ommended. The lack of significant motion between verte-
brae is highly suggestive of successful fusion.

Grade C
Technetium-99 bone scanning is not recommended 

as a reliable method to assess fusion status following lum-
bar fusion surgery.

Several radiographic techniques such as static radi-
ography, lateral flexion-extension radiography, and CT 
imaging, often in combination, are recommended as op-
tions for the noninvasive evaluation of suspected symp-
tomatic lumbar pseudarthrosis. However, the sensitivity 
and specificity of these noninvasive radiographic tests are 
imperfect. The specific type of fusion and/or instrumen-
tation surgery, patient characteristics, and clinical scenar-
io can influence the choice of modalities.

Rationale
Lumbar fusion procedures are regularly used to help 

treat pain and other symptoms that can arise from lumbar 
degenerative disease. Surgeons performing these proce-
dures may use a number of intraoperative and postopera-
tive strategies to try to promote successful fusion. Solid 
bony fusion can be definitively determined with direct 
intraoperative assessment during a fusion exploration 
surgery. However, noninvasive methods of assessing fu-
sion status are clearly more practical. The radiographic 
fusion rate is an outcome measure frequently cited in 
studies evaluating lumbar fusion techniques. However, 
radiographic fusion is not consistently defined throughout 
the literature. A previous review examined the literature 
between 1966 and 2003 regarding the ability of various 
diagnostic techniques to assess fusion status after lumbar 
fusion surgery for degenerative disease.22 The purpose of 
the current review is to reexamine this topic, incorporat-
ing the more recent literature.

Search Criteria
For this update, a computerized search of the data-

base of the National Library of Medicine between July 
2004 and December 2011 was conducted using the search 
terms “lumbar spine fusion assessment,” “lumbar spine 
pseudoarthrosis,” or “lumbar spine fusion outcome.” 
(The spelling “pseudoarthrosis” was used in searching, 
but searching on this spelling also retrieves publications 
with the spelling “pseudarthrosis.”) The search was re-

stricted to references in the English language involving 
humans. This yielded a total of 1308 references. The titles 
and abstracts of each of these references were reviewed. 
Only papers concerned with the assessment of fusion 
status following arthrodesis procedures for degenerative 
lumbar disease were included. Additional articles were 
obtained from the bibliographies of the selected articles, 
and 17 new references were identified that provided either 
direct or supporting evidence relevant to the radiographic 
assessment of lumbar fusion status. These were consid-
ered in conjunction with the 45 references from a previ-
ous search of the literature published between 1966 and 
July 2003, which was conducted using the same search 
terms.22 Reports involving Level III or better medical evi-
dence relevant to the primary question are listed in Table 
1. Supportive data are provided by additional references 
listed in the bibliography.

Scientific Foundation
Open surgical exploration is the only method that al-

lows direct inspection of fusion integrity, and therefore it 
is considered the gold standard of lumbar fusion assess-
ment.9,11 Surgical exploration, therefore, is an appropriate 
benchmark to use in establishing the accuracy and predic-
tive value of noninvasive radiographic studies for the as-
sessment of fusion status following lumbar fusion surgery.

Plain Radiographs (Static)
Anteroposterior (AP) and lateral radiographs can 

demonstrate a continuous bone mass between adjacent 
vertebral segments following lumbar fusion. Because of 
the relatively low cost, widespread availability, and long 
history as a means of assessing fusion, plain spinal ra-
diography remains a common method of assessment of 
lumbar fusion.9 However, the limitations of static plain ra-
diography as a reliable test for determining the presence 
or absence of a solid fusion have been well documented. 
Brodsky et al. reported a 64% correlation between pre-
operative plain radiographs and surgical exploration in a 
retrospective study of 214 lumbar fusion exploration pro-
cedures in patients who had undergone prior PLF.3 Plain 
radiography had an 89% sensitivity and 60% specificity 
for predicting solid fusion. Static radiographs interpreted 
as demonstrating fusion had a positive predictive value 
(PPV) of 76%. Those predicting pseudarthrosis had a 
negative predictive value (NPV) of 78%. These data in-
dicate a 0.18 likelihood ratio for a false-positive result 
(chance of a pseudarthrosis being discovered at explora-
tion when radiography indicates fusion) and a 2.25 likeli-
hood ratio for a false-negative result (chance of a fusion 
being discovered at exploration when the radiography 
suggests pseudarthrosis). The study of Brodsky et al. pro-
vides Level I evidence regarding the use of plain lumbar 
radiography compared with open surgical exploration to 
assess fusion (see Table 1).

In a similar retrospective study of 75 patients, Kant 
and coworkers found a 68% correlation between static ra-
diography and surgical exploration of lumbar fusion (sen-
sitivity 85%, specificity 62%, PPV 76%, and NPV 54%).15 
The likelihood ratio for a positive result was 0.81, and the 



Part 4: Radiographic assessment of fusion status

25J Neurosurg: Spine / Volume 21 / July 2014

TA
BL

E 
1: 

Ra
di

og
ra

ph
ic 

as
se

ss
m

en
t: 

su
m

m
ar

y o
f e

vid
en

ce
*

Au
th

or
s &

 Y
ea

r
Le

ve
l o

f 
Ev

ide
nc

e
De

sc
rip

tio
n

Co
mm

en
t

Bl
um

en
th

al 
& 

 
 

Gi
ll, 

19
93

I
Re

tro
sp

ec
tiv

e s
tu

dy
 of

 49
 pt

s w
/ in

str
um

en
ted

 lu
mb

ar
 fu

sio
n w

ho
 un

de
rw

en
t e

xp
lor

ati
on

 to
 re

mo
ve

 in
-

str
um

en
ta

tio
n. 

Ap
pe

ar
s t

o b
e c

on
se

cu
tiv

e c
as

es
 th

ou
gh

 no
t e

xp
lic

itly
 st

ate
d. 

AP
 &

 la
ter

al 
ra

dio
gr

ap
hs

 
co

mp
ar

ed
 w

/ o
p fi

nd
ing

s, 
w/

 6
9%

 ag
re

em
en

t. A
cc

ur
ac

y a
mo

ng
 ob

se
rv

er
s r

an
ge

d f
ro

m 
57

%
 to

 77
%

. 
Fa

lse
-p

os
itiv

e r
ate

 42
%

; fa
lse

-n
eg

ati
ve

 ra
te 

29
%

. L
im

ite
d a

cc
ur

ac
y o

f p
lai

n r
ad

iog
ra

ph
s i

n a
ss

es
sin

g 
fu

sio
n s

ta
tu

s, 
w/

 lo
w 

va
lid

ity
 (la

rg
e i

ntr
a-

 &
 in

ter
ob

se
rv

er
 va

ria
tio

n).
  

Le
ve

l I 
ev

ide
nc

e b
ec

au
se

 st
ud

y u
se

d p
re

vio
us

ly 
de

ve
lop

ed
 

dia
gn

os
tic

 cr
ite

ria
 (w

/ p
lai

n r
ad

iog
ra

ph
s) 

in 
co

ns
ec

u-
tiv

e p
ts 

wh
o a

lso
 re

ce
ive

d t
he

 go
ld 

sta
nd

ar
d (

su
rg

ica
l 

ex
plo

ra
tio

n).

Ca
rre

on
 et

 al
.,  

 
20

07
I

Re
tro

sp
ec

tiv
e s

tu
dy

 of
 fin

e-
cu

t C
T 

w/
 m

ult
ipl

an
ar

 re
co

ns
tru

cti
on

s i
n 9

3 c
on

se
cu

tiv
e p

ts 
w/

 in
str

um
en

ted
 

PL
F 

wh
o u

nd
er

we
nt 

re
ex

plo
ra

tio
n (

16
3 l

ev
els

). 
CT

 sc
an

s e
va

lua
ted

 in
 bl

ind
ed

 fa
sh

ion
 by

 3 
sp

ine
 

su
rg

eo
ns

 fo
r p

re
se

nc
e o

r a
bs

en
ce

 of
 fu

sio
n i

n t
he

 rt
 &

 lt 
po

ste
ro

lat
er

al 
gu

tte
rs

 &
 rt

 &
 lt 

fac
ets

. In
ter

ob
-

se
rv

er
 va

ria
bil

ity
 lo

we
r f

or
 as

se
ss

me
nt 

of 
PL

F 
sta

tus
 (κ

 =
 0.

62
) t

ha
n f

or
 fa

ce
t f

us
ion

 st
atu

s (
κ 

= 
0.4

2)
. 

W
he

n P
LF

 w
as

 no
ted

 bi
lat

er
all

y, 
so

lid
 fu

sio
n a

t s
ur

ge
ry

 w
as

 8.
31

 tim
es

 m
or

e l
ike

ly 
th

an
 no

nu
nio

n. 
W

he
n f

ac
et 

fu
sio

n w
as

 ob
se

rv
ed

 bi
lat

er
all

y, 
so

lid
 fu

sio
n a

t s
ur

ge
ry

 w
as

 2.
90

 tim
es

 m
or

e l
ike

ly 
th

an
 

no
nu

nio
n. 

W
he

n u
nil

ate
ra

l P
LF

 w
as

 fo
un

d, 
fu

sio
n w

as
 5.

37
 tim

es
 m

or
e l

ike
ly 

th
an

 no
nu

nio
n. 

Ho
w-

ev
er,

 un
ila

ter
al 

ra
dio

gr
ap

hic
 as

se
ss

me
nt 

of 
fac

et 
fu

sio
n w

as
 no

t p
re

dic
tiv

e o
f f

us
ion

 at
 su

rg
er

y (
0.

55
 

lik
eli

ho
od

 ra
tio

). 
Fo

r p
re

dic
tin

g n
on

un
ion

, b
ila

ter
al 

ra
dio

gr
ap

hic
 ab

se
nc

e o
f fa

ce
t f

us
ion

 w
as

 m
or

e 
pr

ed
ict

ive
 of

 ps
eu

da
rth

ro
sis

 (5
.19

 lik
eli

ho
od

 ra
tio

) t
ha

n b
ila

ter
al 

ab
se

nc
e o

f P
LF

 (2
.9

0 l
ike

lih
oo

d r
ati

o).

Le
ve

l I 
ev

ide
nc

e b
ec

au
se

 st
ud

y u
se

d p
re

vio
us

ly 
de

ve
lop

ed
 

dia
gn

os
tic

 cr
ite

ria
 (in

ter
tra

ns
ve

rs
e &

 fa
ce

t f
us

ion
) in

 
co

ns
ec

ut
ive

 pt
s w

ho
 al

so
 re

ce
ive

d t
he

 go
ld 

sta
nd

ar
d 

(su
rg

ica
l e

xp
lor

ati
on

). 
M

od
er

ate
 to

 go
od

 co
rre

lat
ion

 of
 

CT
 w

/ o
pe

n e
xp

lor
ati

on
 (κ

 0.
42

–0
.6

2)
.

Ca
rre

on
 et

 al
.,  

 
20

08
7

I
Re

tro
sp

ec
tiv

e s
tu

dy
 of

 fin
e-

cu
t C

T 
w/

 m
ult

ipl
an

ar
 re

co
ns

tru
cti

on
s i

n 4
9 c

on
se

cu
tiv

e p
ts 

w/
 A

LIF
 w

ho
 un

-
de

rw
en

t r
ee

xp
lor

ati
on

 (6
9 l

ev
els

). 
CT

 st
ud

ies
 w

er
e e

va
lua

ted
 in

 bl
ind

ed
 fa

sh
ion

 by
 5 

sp
ine

 su
rg

eo
ns

 
fo

r f
us

ion
 st

atu
s &

 an
ter

ior
 &

 po
ste

rio
r s

en
tin

el 
sig

ns
. F

or
 fu

sio
n s

ta
tus

, s
en

sit
ivi

ty 
ra

ng
ed

 fr
om

 70
%

 
to 

90
%

 am
on

g r
ate

rs
 &

 sp
ec

ific
ity

 ra
ng

ed
 fr

om
 28

%
 to

 8
5%

 (κ
 =

 0.
25

, p
 <

 0.
00

01
). 

Us
ing

 m
ajo

rit
y 

co
ns

en
su

s, 
67

%
 of

 ca
se

s w
er

e c
las

sifi
ed

 co
rre

ctl
y a

s f
us

ed
 (9

3%
 se

ns
itiv

ity
, 4

6%
 sp

ec
ific

ity
). 

An
te

-
rio

r s
en

tin
el 

sig
n (

κ 
= 

0.
34

, p
 <

 0.
00

01
) s

ho
we

d 2
0%

 se
ns

itiv
ity

 &
 92

%
 sp

ec
ific

ity
. P

os
ter

ior
 se

nti
ne

l 
sig

n (
κ 

= 
0.

23
, p

 <
 0.

00
01

) s
ho

we
d 6

7%
 se

ns
itiv

ity
 &

 79
%

 sp
ec

ific
ity

.  

Le
ve

l I 
ev

ide
nc

e b
ec

au
se

 st
ud

y u
se

d p
re

vio
us

ly 
de

ve
lop

ed
 

dia
gn

os
tic

 cr
ite

ria
 (a

nte
rio

r &
 po

ste
rio

r s
en

tin
el 

sig
ns

) 
in 

co
ns

ec
ut

ive
 pt

s w
ho

 al
so

 re
ce

ive
d t

he
 go

ld 
sta

nd
ar

d 
(su

rg
ica

l e
xp

lor
ati

on
). 

Po
or

 re
lia

bil
ity

 of
 C

T 
to 

as
se

ss
 

fu
sio

n s
ta

tu
s (

low
 κ

). 
Po

ste
rio

r s
en

tin
el 

sig
n h

ad
 hi

gh
es

t 
se

ns
itiv

ity
 &

 sp
ec

ific
ity

 in
 pr

ed
ict

ing
 fu

sio
n f

oll
ow

ing
 

AL
IF

 bu
t h

ad
 po

or
 re

lia
bil

ity
 (lo

we
st 

κ)
 &

 th
er

efo
re

 m
ay

 
be

 le
ss

 va
lua

ble
 fo

r a
n i

nd
ivi

du
al 

ra
ter

. A
ss

es
sm

en
t o

f 
fu

sio
n w

as
 do

ne
 vi

a p
os

ter
ior

 ap
pr

oa
ch

 fo
r 4

4 o
f 4

9 p
ts 

w/
 A

LIF
, r

ais
ing

 qu
es

tio
n w

he
th

er
 th

is 
les

s d
ire

ct 
mo

de
 

of 
ex

plo
ra

tio
n i

s a
s a

cc
ur

ate
.

Bo
hn

sa
ck

 et
  

 
al.

, 1
99

9
II

Re
tro

sp
ec

tiv
e s

tu
dy

 of
 42

 pt
s (

40
 lu

mb
ar

) o
n u

tili
ty 

of 
pla

na
r 99

m T
c b

on
e s

cin
tig

ra
ph

y t
o a

ss
es

s f
us

ion
  

jus
t b

efo
re

 ad
mi

ss
ion

 fo
r h

ar
dw

ar
e r

em
ov

al.
 B

as
ed

 on
 sc

int
igr

ap
hy

 da
ta

, p
se

ud
ar

th
ro

sis
 w

as
 su

s-
pe

cte
d i

n 5
 (1

2%
) &

 co
nfi

rm
ed

 in
 4 

du
rin

g s
ur

ge
ry

 (1
0%

)—
2 d

iag
no

se
d &

 2 
un

dia
gn

os
ed

. A
cc

ur
ac

y 
of 

th
e m

eth
od

 w
as

 8
8%

, s
en

sit
ivi

ty 
50

%
, s

pe
cifi

cit
y 9

3%
, P

PV
 4

0%
, &

 N
PV

 9
5%

. S
en

sit
ivi

ty 
& 

PP
V 

of 
bo

ne
 sc

int
igr

ap
hy

 ar
e l

ow
 fo

r p
os

sib
le 

ins
ta

bil
ity

 af
ter

 sp
ina

l fu
sio

n. 
Th

e m
eth

od
 is

 no
t s

uf
fic

ien
t to

 
dia

gn
os

e p
se

ud
ar

th
ro

sis
 re

lia
bly

 af
ter

 ar
th

ro
de

sis
.

Ba
se

d o
n l

ow
 se

ns
itiv

ity
, b

on
e s

ca
n i

na
de

qu
ate

 to
 

dia
gn

os
e n

on
un

ion
. A

pp
ea

rs
 to

 be
 co

ns
ec

ut
ive

 ca
se

s 
th

ou
gh

 no
t e

xp
lic

itly
 st

ate
d.

Le
ve

l II
 ev

ide
nc

e b
ec

au
se

 us
ing

 te
ch

niq
ue

 w
/o 

pr
ev

iou
sly

 
de

ve
lop

ed
 di

ag
no

sti
c c

rit
er

ia.

Br
od

sk
y e

t a
l., 

 
 

19
91

II (
fo

r C
T)

,  
 

I (
fo

r  
 

oth
er

s)

Re
tro

sp
ec

tiv
e s

tu
dy

 of
 21

4 e
xp

lor
ati

on
s t

o r
em

ov
e i

nte
rn

al 
fix

ati
on

 de
vic

es
, b

at
ter

ies
, o

r f
or

 fa
ile

d b
ac

k 
su

rg
er

y i
n 1

75
 pt

s w
/ P

LF
. P

lai
n r

ad
iog

ra
ph

s, 
po

lyt
om

og
ra

ph
y, 

be
nd

ing
 fil

ms
, &

/or
 C

T 
sc

an
s w

er
e 

co
rre

lat
ed

 w
/ s

ur
gic

al 
fin

din
gs

. S
ign

ific
an

t in
ac

cu
ra

cy
 fo

un
d f

or
 al

l m
od

ali
tie

s: 
pla

in 
ra

dio
gr

ap
hs

 3
6%

, 
po

lyt
om

og
ra

ms
 41

%
, b

en
din

g fi
lm

s 3
8%

, &
 a

xia
l C

T 
43

%
 no

nc
or

re
lat

ion
s. 

Ax
ial

 C
T 

ha
d l

ow
es

t le
ve

l 
of 

ina
cc

ur
ac

y (
22

%)
, w

he
re

as
 be

nd
ing

 fil
ms

 ha
d t

he
 hi

gh
es

t (
38

%)
. 

Si
gn

ific
an

t in
ac

cu
ra

cy
 of

 pl
ain

 ra
dio

gr
ap

hs
, p

oly
tom

o-
gr

am
s, 

be
nd

ing
 fil

ms
, &

 a
xia

l C
T 

in 
as

se
ss

ing
 fu

sio
n 

sta
tu

s. 
Co

ns
ec

ut
ive

 pt
s. 

Lim
ita

tio
n f

or
 C

T 
be

ca
us

e C
T 

im
ag

ing
 ha

s s
ign

ific
an

tly
 ev

olv
ed

 si
nc

e s
tu

dy
. T

his
 st

ud
y 

us
ed

 a
xia

l im
ag

es
, o

nly
 w

/ m
uc

h t
hic

ke
r s

lic
es

 th
an

 
mo

de
rn

 C
T 

im
ag

ing
.

(co
nt

inu
ed

)



T. F. Choudhri et al.

26  J Neurosurg: Spine / Volume 21 / July 2014

TA
BL

E 
1: 

Ra
di

og
ra

ph
ic 

as
se

ss
m

en
t: 

su
m

m
ar

y o
f e

vid
en

ce
* (

co
nt

in
ue

d)

Au
th

or
s &

 Y
ea

r
Le

ve
l o

f 
Ev

ide
nc

e
De

sc
rip

tio
n

Co
mm

en
t

Ka
nt 

et 
al.

,  
 

19
95

I
Re

tro
sp

ec
tiv

e s
tu

dy
 of

 75
 pt

s w
/ in

str
um

en
ted

 lu
mb

ar
 fu

sio
ns

. S
ing

le-
bli

nd
ed

 ex
am

ine
r r

ev
iew

ed
 ra

dio
-

gr
ap

hs
 im

me
dia

tel
y b

efo
re

 ha
rd

wa
re

 re
mo

va
l &

 fu
sio

n e
xp

lor
ati

on
: 6

8%
 co

rre
lat

ion
 bt

wn
 ra

dio
gr

ap
hic

 
ev

alu
ati

on
 &

 in
tra

op
 ob

se
rv

ati
on

. S
en

sit
ivi

ty 
85

%
, s

pe
cifi

cit
y 6

2%
, P

PV
 76

%
, &

 N
PV

 5
4%

.

Le
ve

l I 
ev

ide
nc

e d
em

on
str

ati
ng

 lim
ite

d a
cc

ur
ac

y o
f p

lai
n 

ra
dio

gr
ap

hs
 (c

on
se

cu
tiv

e c
as

es
 us

ing
 pr

ev
iou

sly
 de

ve
l-

op
ed

 di
ag

no
sti

c c
rit

er
ia)

.
La

as
on

en
 &

  
 

So
ini

, 1
98

9
III

Re
tro

sp
ec

tiv
e s

tu
dy

 of
 4

8 p
ts 

w/
 pe

rs
ist

en
t p

ain
 af

ter
 lu

mb
ar

 fu
sio

n e
xa

mi
ne

d u
sin

g C
T 

(6
-m

m 
sli

ce
s, 

se
lec

tiv
e s

ag
itta

l re
co

ns
tru

cti
on

). 
15

7 fi
nd

ing
s i

nc
lud

ed
: f

ra
gm

en
ta

tio
n o

f f
us

ion
 m

as
s (

16
), 

ha
irli

ne
 

ps
eu

da
rth

ro
sis

 (9
), 

& 
sp

ina
l s

ten
os

es
 (8

). 
Th

e f
us

ion
 w

as
 ex

plo
re

d i
n 2

0 p
ts:

 21
 of

 27
 m

ain
 le

sio
ns

 
de

tec
ted

 by
 C

T 
we

re
 co

nfi
rm

ed
; 6

 C
T 

fin
din

gs
 w

er
e p

ar
tia

lly
 or

 to
ta

lly
 in

co
rre

ct.
 16

 (8
0%

) o
f 2

0 
co

rre
lat

ion
s o

f C
T 

& 
fu

sio
n a

ss
es

sm
en

ts.
 In

 2 
ca

se
s C

T 
su

gg
es

ted
 no

nu
nio

n b
ut 

fu
sio

n w
as

 so
lid

 at
 

su
rg

er
y, 

& 
in 

2 c
as

es
 C

T 
su

gg
es

ted
 un

ion
 bu

t p
se

ud
ar

th
ro

sis
 w

as
 fo

un
d a

t s
ur

ge
ry.

M
od

er
ate

 (8
0%

) a
cc

ur
ac

y o
f C

T 
in 

as
se

ss
ing

 fu
sio

n. 
No

nc
on

se
cu

tiv
e p

ts 
(2

0 o
f 4

8 h
ad

 re
op

er
ati

on
s).

 Le
ve

l II
I 

be
ca

us
e n

on
co

ns
ec

ut
ive

 pt
s, 

sm
all

 no
s.,

 &
 us

ed
 in

fer
ior

 
ra

dio
gr

ap
hic

 an
aly

sis
 of

 fu
sio

n.

La
rs

en
 et

 al
.,  

 
19

96
II

Pr
os

pe
cti

ve
 st

ud
y o

f 2
5 c

on
se

cu
tiv

e p
ts 

w/
 lu

mb
ar

 fu
sio

n. 
Al

l h
ad

 ha
rd

wa
re

 re
mo

va
l &

 fu
sio

n i
ns

pe
c-

tio
n. 

St
ud

ies
 to

 ru
le 

ou
t p

se
ud

ar
th

ro
sis

 in
clu

de
d p

lai
n r

ad
iog

ra
ph

y, 
fle

xio
n-

ex
ten

sio
n r

ad
iog

ra
ph

y, 
CT

, &
 bo

ne
 sc

int
igr

ap
hy

. E
ac

h s
tu

dy
 w

as
 ev

alu
ate

d i
n b

lin
de

d f
as

hio
n b

y r
ad

iol
og

ist
. A

t e
xp

lor
ati

on
, 

ins
tru

me
nt

ati
on

 w
as

 re
mo

ve
d &

 fu
sio

n i
ns

pe
cte

d. 
No

 st
ati

sti
ca

lly
 si

gn
ific

an
t c

or
re

lat
ion

 fo
un

d b
tw

n 
ra

dio
gr

ap
hic

 &
 su

rg
ica

l fi
nd

ing
s.

Si
ng

le-
ob

se
rv

er
 bl

ind
ed

 st
ud

y d
em

on
str

ati
ng

 no
 si

gn
ific

an
t 

co
rre

lat
ion

 bt
wn

 ra
dio

gr
ap

hy
 &

 ex
plo

ra
tio

n. 
Co

ns
ec

ut
ive

 
ca

se
s. 

Lim
ita

tio
n d

ue
 to

 sm
all

 no
s.

Ja
co

bs
on

 et
   

 
al.

, 1
99

7
III

US
G 

re
su

lts
 ev

alu
ate

d i
n 1

0 p
ts 

af
ter

 po
ste

ro
lat

er
al 

th
or

ac
ic 

or
 lu

mb
ar

 fu
sio

n w
/in

 1 
wk

 be
fo

re
 se

co
nd

-
loo

k s
ur

ge
ry.

 20
 si

tes
 ev

alu
ate

d f
or

 bo
ne

 gr
af

t, s
oli

d f
us

ion
, c

lef
ts,

 flu
id 

co
lle

cti
on

s, 
& 

ha
rd

wa
re

 vi
s-

ibi
lity

. U
SG

 &
 su

rg
ica

l fi
nd

ing
s w

er
e c

om
pa

re
d. 

In 
3 p

ts,
 st

an
da

rd
 ra

dio
gr

ap
hs

 w
er

e r
ev

iew
ed

 be
fo

re
 

US
G;

 bl
ind

ed
 U

SG
 ev

alu
ati

on
 w

as
 pe

rfo
rm

ed
 in

 th
e r

em
ain

ing
 7.

 U
SG

 co
rre

ctl
y i

de
nti

fie
d a

ll 1
0 s

ite
s 

of 
ps

eu
da

rth
ro

sis
 se

en
 in

tra
op

er
ati

ve
ly.

 O
f 1

0 s
ite

s w
/ s

oli
d f

us
ion

 at
 su

rg
er

y, 
US

G 
de

pic
ted

 6.
 A

t 
4 s

ite
s (

in 
2 p

ts)
, f

us
ion

 w
as

 m
ist

ak
en

 fo
r o

r o
bs

cu
re

d b
y h

ar
dw

ar
e. 

Ov
er

all
, s

en
sit

ivi
ty 

wa
s 1

00
%

, 
sp

ec
ific

ity
 6

0%
, &

 ac
cu

ra
cy

 8
0%

.

Le
ve

l II
I d

es
pit

e c
om

pa
ris

on
 w

/ g
old

 st
an

da
rd

 (s
ur

gic
al 

ex
plo

ra
tio

n)
 be

ca
us

e i
ntr

ao
bs

er
ve

r r
eli

ab
ilit

y d
at

a 
ar

e l
ac

kin
g &

 st
ud

y p
op

ula
tio

n d
oe

s n
ot 

ap
pe

ar
 to

 be
 

co
ns

ec
ut

ive
 pt

s u
nd

er
go

ing
 fu

sio
n e

xp
lor

ati
on

. R
ath

er,
 it 

se
em

s t
o c

on
sis

t o
f 1

0 p
ts 

wh
o a

ll h
ad

 be
en

 re
fer

re
d f

or
 

US
G 

tes
tin

g.

Fo
ge

l e
t a

l., 
 

 
20

08
III

 (C
T)

,  
II (

oth
er

s)
Re

tro
sp

ec
tiv

e s
tu

dy
 co

mp
ar

ing
 pl

ain
 ra

dio
gr

ap
hs

 w
/ th

in-
cu

t h
eli

ca
l C

T 
to 

as
se

ss
 fu

sio
n i

n 9
0 p

ts 
wh

o 
un

de
rw

en
t s

ur
gic

al 
ex

plo
ra

tio
n f

oll
ow

ing
 P

LIF
 us

ing
 in

ter
bo

dy
 ca

ge
 &

 P
LF

 (m
ea

n 2
7.2

 m
os

 fr
om

 
ind

ex
 pr

oc
ed

ur
e).

 A
ll 9

0 p
ts 

(17
2 f

us
ion

 le
ve

ls)
 ev

alu
ate

d w
/ s

ta
tic

 pl
ain

 ra
dio

gr
ap

hs
 re

ad
 by

 2 
ra

ter
s 

in 
bli

nd
ed

 fa
sh

ion
. 5

4 p
ts 

(10
9 f

us
ion

 le
ve

ls)
 ha

d fi
ne

-c
ut 

(1-
mm

) C
T 

stu
die

s w
/ m

ult
ipl

an
ar

 re
co

n-
str

uc
tio

ns
 ev

alu
ate

d i
n b

lin
de

d f
as

hio
n b

y 1
 of

 3 
ra

dio
log

ist
s. 

In
cid

en
ce

 of
 ps

eu
da

rth
ro

sis
 w

as
 2.

3%
 

(4
 le

ve
ls)

. S
en

sit
ivi

ty 
of 

bo
th 

CT
 &

 pl
ain

 ra
dio

gr
ap

hs
 w

as
 10

0%
. S

pe
cifi

cit
y w

as
 ne

ar
ly 

90
%

 &
 w

as
 

no
t d

iffe
re

nt 
bt

wn
 th

e 2
 ra

dio
gr

ap
hic

 te
ch

niq
ue

s. 
Au

th
or

s c
on

clu
de

d t
ha

t fo
llo

wi
ng

 P
LIF

 (w
/ c

ag
e)

 &
 

PL
F, 

pla
in 

ra
dio

gr
ap

hs
 (s

ta
tic

) &
 he

lic
al 

CT
 sc

an
s p

er
fo

rm
ed

 “v
er

y s
im

ila
rly

,” &
 th

at 
wh

en
 ra

dio
gr

ap
hs

 
sh

ow
 st

ro
ng

 ev
ide

nc
e f

or
 fu

sio
n o

r n
on

un
ion

, h
eli

ca
l C

T 
is 

un
lik

ely
 to

 pr
ov

ide
 us

ef
ul 

ne
w 

inf
or

ma
tio

n. 
Ho

we
ve

r, t
he

y a
ck

no
wl

ed
ge

d t
ha

t th
e v

er
y l

ow
 no

. o
f p

se
ud

ar
th

ro
sis

 le
ve

ls 
in 

th
e s

tu
dy

 is
 a 

lim
ita

tio
n.

Lim
ita

tio
ns

 of
 lo

w 
no

s.,
 lim

ite
d i

nte
ro

bs
er

ve
r r

eli
ab

ilit
y a

s-
se

ss
me

nt,
 &

 di
ffe

re
nt 

ra
ter

s f
or

 th
e 2

 st
ud

ies
. A

pp
ea

rs
 to

 
inc

lud
e a

ll 9
0 p

ts 
wh

o h
ad

 su
rg

ica
l e

xp
lor

ati
on

 fo
llo

wi
ng

 
fu

sio
n. 

Th
er

efo
re

, c
an

 be
 co

ns
ide

re
d c

on
se

cu
tiv

e f
or

 
pla

in 
ra

dio
gr

ap
hs

 (L
ev

el 
II e

vid
en

ce
 be

ca
us

e o
f li

mi
ta

-
tio

ns
). 

54
 (6

0%
) o

f 9
0 p

ts 
ha

d C
T 

stu
die

s, 
& 

th
er

efo
re

 
stu

dy
 w

as
 no

t c
on

se
cu

tiv
e f

or
 th

e C
T 

an
aly

sis
 (L

ev
el 

III
 

ev
ide

nc
e).

* 
AL

IF
 = 

an
ter

ior
 lu

mb
ar

 in
ter

bo
dy

 fu
sio

n; 
NP

V 
= n

eg
ati

ve
 pr

ed
ict

ive
 va

lue
; P

LF
 = 

po
ste

ro
lat

er
al 

lum
ba

r f
us

ion
; P

LIF
 = 

po
ste

rio
r lu

mb
ar

 in
ter

bo
dy

 fu
sio

n; 
PP

V 
= p

os
itiv

e p
re

dic
tiv

e v
alu

e; 
pts

 = 
pa

tie
nts

; 
US

G 
= 

ult
ra

so
no

gr
ap

hy
.



Part 4: Radiographic assessment of fusion status

27J Neurosurg: Spine / Volume 21 / July 2014

likelihood ratio for a negative result was 2.24. This study 
provides Level I evidence of the limited accuracy of plain 
radiographs.

Finally, in a study of 49 patients treated with PLF and 
posterior lumbar interbody fusion (PLIF) with internal 
fixation, Blumenthal and Gill compared findings on AP 
and lateral radiographs (interpreted by 2 surgeons and 2 
radiologists) with surgical exploration of the fusion mass 
at the time of reoperation for hardware removal.1 They 
reported a 69% agreement between the radiographic di-
agnosis and surgical findings. The accuracy among the 
4 physicians interpreting the radiographs ranged from 
57% to 77% (false-positive rate 42%, false-negative rate 
29%). These authors concluded that plain radiography has 
limited accuracy and validity for the assessment of lum-
bar fusion. Furthermore, they noted significant intra- and 
interobserver variation, indicating a lack of reliability (k 
0.4–0.7). Their study provides Level I medical evidence 
indicating that static radiography is only accurate in de-
termining fusion status in roughly two-thirds of cases. 
Therefore, based on these studies, static AP and lateral 
radiographs are not recommended as a stand-alone as-
sessment of the presence of a successful arthrodesis after 
lumbar fusion surgery for degenerative disease.

Flexion-Extension Radiography
In 1948, Cleveland et al. advocated the use of dy-

namic (flexion-extension) rather than static radiography 
for the diagnosis of pseudarthrosis following attempted 
lumbar fusion surgery.9 Other authors have also sug-
gested that lateral lumbar flexion-extension radiography 
has utility in lumbar fusion status assessment.4 There has 
been disagreement, however, on the number of allowable 
degrees of motion at the treated (fused) levels for deter-
mining the presence or absence of successful bone fusion 
following surgery.20

Brodsky et al. compared the findings of preex-
ploration lumbar flexion-extension radiography with sur
gical exploration in a retrospective series of 175 patients 
who underwent reoperation for various indications fol-
lowing instrumented and noninstrumented lumbar fu-
sion.3 They found a 62% correlation between preoperative 
flexion-extension radiography and intraoperative findings 
at exploration (specificity 37%, sensitivity 96%, PPV 70%, 
and NPV 86%). Their study provides Level I medical 
evidence that the absence of motion on flexion-extension 
radiographs is highly suggestive of a solid fusion. The oc-
currence of some degree of motion at the treated levels, 
however, does not necessarily indicate a pseudarthrosis.

Computed Tomography
Since its introduction in the 1970s, CT imaging has 

been used to assess lumbar fusion. Early studies involved 
axial sequences alone, with resolution far inferior to mod-
ern CT technology. Brodsky et al., in a Level II study, 
reported the use of 6-mm axial slice CT scans; there was 
a 57% correlation between fusion assessment based on 
these scans compared with direct surgical exploration in 
a retrospective series of 175 patients with 214 total opera-
tions.3 In that study, CT imaging demonstrated a sensitiv-

ity of 63%, specificity of 86%, PPV of 72%, and an NPV 
of 81% in the assessment of fusion status. Laasonen and 
Soini conducted a retrospective review of 20 patients who 
underwent CT scanning prior to surgical exploration and 
found an approximate 80% correlation between the CT 
study–based diagnosis of fusion and intraoperative di-
agnosis of fusion.16 Since the publication of these earlier 
studies, CT imaging technology has advanced. The use 
of thin-section axial sequences, improved resolution, and 
multiplanar imaging capability has enhanced the ability 
of CT scanning to assess lumbar fusion status.

Initial studies with these advanced CT scanning 
capabilities for lumbar fusion status assessment did not 
compare the results with the gold standard of direct surgi-
cal exploration. Rather, several Level IV or lower studies 
investigating the utility of CT imaging in lumbar fusion 
status determination used other radiographic techniques 
as the comparison group(s). Lang and colleagues found 
that the addition of thin-slice and multiplanar CT scan-
ning resulted in a higher rate of detection of pseudarthro-
sis compared with plain radiography.18 Similarly, Chafetz 
et al. demonstrated that direct coronal CT scanning may 
be more sensitive than 2D reconstructed coronal CT im-
ages for the detection of pseudarthrosis.8 Zinreich and col-
leagues reported that 3D CT reconstruction may be more 
sensitive than 2D CT reconstruction for the detection of 
pseudarthrosis.26 Siambanes and Mather demonstrated 
that multiplanar CT imaging detected pseudarthrosis in 
patients who had undergone PLIF, compared with plain 
radiography, which had suggested a solid fusion.25 San-
tos and colleagues examined 32 patients who underwent 
ALIF with carbon fiber cages.23 Plain static radiographs 
were interpreted to demonstrate fusion at 86% of the as-
sessed levels. Flexion-extension lumbar radiography sug-
gested fusion rates ranging from 74% to 96% in this same 
group of patients, depending on the method used to ana-
lyze the radiographs. The addition of thin-section helical 
CT scanning reduced the radiographic fusion rate to 65%. 
The authors concluded that CT scanning is more sensi-
tive than static or flexion-extension lumbar radiography 
for the detection of pseudarthrosis. Shah et al. reached a 
similar conclusion in their study of 155 patients who un-
derwent PLIF procedures.24 They found that CT scanning 
was more sensitive for the detection of abnormalities than 
plain radiography. These papers are considered to provide 
Level IV medical evidence on the utility of CT scanning 
for the diagnosis of pseudarthrosis following attempted 
lumbar fusion.

More recently, several studies have compared mod-
ern CT imaging with open surgical exploration in the 
assessment of fusion status following instrumented lum-
bar fusion surgery. Carreon et al. reported a retrospec-
tive study of 93 patients with instrumented PLF who had 
CT imaging (with fine axial cuts and multiplanar recon-
structions) prior to open surgical exploration (163 total 
levels, mean 49 months after initial fusion surgery).5 The 
CT studies were evaluated by 3 spine surgeons who were 
blinded to findings from the fusion exploration. At each 
level, the raters evaluated for presence or absence of fu-
sion in the right and left posterolateral gutters and right 
and left facets. The authors found that the interobserver 
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variability was lower for assessment of PLF status (k = 
0.62) than for facet fusion status (k = 0.42). When PLF 
was noted bilaterally on CT, the likelihood ratio for solid 
fusion at surgery was 8.31 times higher than nonunion. 
When facet fusion was observed bilaterally on CT, the 
likelihood ratio for solid fusion at surgery was 2.90 times 
higher than nonunion. When unilateral PLF was found, 
fusion was 5.37 times more likely than nonunion. Howev-
er, unilateral radiographic assessment of facet fusion was 
not predictive of fusion at surgery (0.55 likelihood ratio). 
For predicting nonunion, bilateral radiographic absence 
of facet fusion was more predictive of pseudarthrosis 
(5.19 likelihood ratio) than bilateral absence of PLF (2.90 
likelihood ratio). This study provides Level I evidence on 
the utility of CT imaging to assess fusion status following 
instrumented PLF.

In a similar study, Carreon et al. reported on 49 pa-
tients who had undergone ALIF with cage instrumenta-
tion and in whom CT imaging studies (with fine cuts and 
multiplanar reconstructions) were obtained prior to open 
surgical exploration (69 levels, mean 22 months after ini-
tial fusion surgery).7 The CT studies were evaluated by 5 
spine surgeons who were blinded to findings from fusion 
exploration. In addition to general assessment of fusion 
status, anterior and posterior sentinel signs were assessed. 
For fusion status, sensitivity ranged from 70% to 90% 
among raters and specificity ranged from 28% to 85% (k 
= 0.25, p < 0.0001). Using majority consensus, 67% of 
cases were classified correctly as fused (93% sensitivity, 
46% specificity). The anterior sentinel sign (k = 0.34, p < 
0.0001) showed 20% sensitivity and 92% specificity. The 
posterior sentinel sign (k = 0.23, p < 0.0001) showed a 
67% sensitivity and 79% specificity. The anterior sentinel 
sign was more specific (with low numbers) but had low 
sensitivity. The posterior sentinel sign had better sensitiv-
ity but poor reliability related to interobserver variability. 
This study provides Level I evidence on the utility of CT 
imaging to assess fusion status following ALIF with cage 
instrumentation.

Technetium-99m Bone Scan
Technetium-99m bone scanning has also been used to 

assess fusion status following lumbar arthrodesis surgery. 
Bohnsack et al. performed a retrospective study of 42 pa-
tients who had undergone prior lumbar fusion with inter-
nal fixation and who were candidates for reexploration. 
The authors obtained 99mTc bone scans before reoperation 
for hardware removal.2 The bone scans suggested pseud-
arthrosis in 5 patients (12%). Pseudarthrosis was found 
intraoperatively in 4 patients (10%), 2 of which cases were 
predicted based on the 99mTc scanning. The accuracy of 
99mTc bone scanning was 88%, with poor sensitivity (50%) 
but good specificity (93%). The PPV was only 40%, 
whereas the NPV was 95%. This study provides Level 
II medical evidence suggesting that 99mTc bone scanning 
is not sufficiently reliable to diagnose pseudarthrosis fol-
lowing a lumbar arthrodesis procedure.2

Roentgen Stereophotogrammetric Analysis
Roentgen stereophotogrammetric analysis (RSA) is 

a technique that uses radiopaque 0.8-mm tantalum mark-
ers implanted into each vertebral level at the time of sur-
gery (incorporated into the fusion). Johnsson et al. have 
described the details of the technique.14 Postoperatively, 
the patient undergoes computerized radiographic assess-
ment in which two 40° angled roentgen tubes are used. 
The radiographic imaging is performed with the patient 
in different positions (for example, supine and upright) to 
detect movement. The technique assesses the amount of 
movement between the fused vertebral bodies in multiple 
planes. The amount of allowable movement that deter-
mines fusion versus nonunion, however, is not well de-
fined. This modality has been evaluated in patients at sev-
eral centers. In a study of 11 patients treated with lumbar 
fusion, Johnsson and colleagues compared the results of 
RSA with those of plain radiography at several postopera-
tive time points.14 In 8 patients in whom plain radiography 
had demonstrated successful fusion, RSA revealed a pro-
gressive decrease in intervertebral movement over time, 
with achievement of “rigid fusion” within 3–12 months. 
In a follow-up study, Johnsson et al. performed RSA in 12 
patients with lumbar fusion at multiple postoperative time 
points.13 Fusion was determined by plain radiography to 
be present by the end of the study in all patients. For 6 
patients, the authors observed gradual reduction in inter-
vertebral movement over time similar to the other study. 
However, in the other 6 patients negligible movement was 
observed on assessment 1 month postoperatively. The fact 
that negligible movement was noted so soon after surgery, 
when fusion presumably has not yet occurred, is an in-
teresting observation. Pape and associates used RSA in 
10 patients following lumbar arthrodesis.21 Based on RSA 
criteria, fusion was thought to be present in all patients. 
This finding was confirmed with open surgical explora-
tion in all cases. Although this report supports the ac-
curacy of the positive correlation between RSA and suc-
cessful lumbar arthrodesis, because fusion was present in 
all patients it is not possible to evaluate the utility of RSA 
in patients with pseudarthrosis.21

Other Techniques
Polytomography was used to assess lumbar fusion 

status in the pre–CT scanning era, but it has been rarely 
used since the widespread introduction of CT scanning 
in the 1970s. In their retrospective study of 214 lumbar 
fusion exploration procedures in patients who had under-
gone PLF, Brodsky et al. found only a 59% correlation of 
fusion status between preoperative polytomographs and 
intraoperative findings (sensitivity 65%, specificity 84%, 
PPV 79%, and NPV 73%).3 This single study provides 
Level I medical evidence that polytomography cannot be 
reliably used to determine the presence of solid osseous 
arthrodesis following lumbar fusion procedures for de-
generative disease.

The use of MRI studies to assess for pseudarthrosis 
following lumbar fusion has been explored by several au-
thors. Lang et al. maintained that MRI added unique in-
formation in cases involving lumbar fusion procedures.17 
To date, the importance of this information remains un-
clear. A single report of the use of ultrasonography to 
evaluate fusion status was also reviewed.12 Although the 
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results of this study are promising, the ultrasonography 
technique has not been rigorously evaluated.

Summary
At present, none of the noninvasive radiographic 

techniques perfectly correlate with open surgical explora-
tion in the detection of solid fusion or pseudarthrosis for 
patients following lumbar fusion surgery. The assessment 
of fusion status with static plain radiography is accu-
rate in only approximately two-thirds of patients treated 
with lumbar fusion when compared with findings from 
surgical exploration. Therefore, static plain radiography 
is not recommended as a stand-alone modality of fusion 
assessment following lumbar fusion procedures. Lateral 
flexion-extension radiography can be more effective than 
stand-alone plain radiography in determining fusion sta-
tus. Lack of motion between fused lumbar segments on 
lateral flexion-extension views is highly suggestive of 
a solid fusion in the absence of spinal instrumentation. 
However, many lumbar spinal fusion procedures are per-
formed with metallic spinal instrumentation, which can 
interfere with the radiographic assessment of fusion.

Modern CT imaging (with fine-cut axial and multipla-
nar reconstruction views) appears to be the most effective 
noninvasive method of determining fusion status follow-
ing lumbar fusion surgery. CT imaging can detect pseud-
arthrosis in some patients in whom fusion appeared to be 
successful based on plain radiographic criteria. Further-
more, CT imaging has proven to be useful in fusion status 
assessment even in the presence of spinal instrumentation. 
However, a rigorous prospective comparison of modern 
CT scanning and surgical exploration has not been per-
formed. Other radiographic techniques have shown some 
utility as well. The RSA technique is exquisitely sensi-
tive for the detection of motion between vertebral bodies, 
and the loss of motion between treated vertebral segments 
does appear to indicate the presence of fusion. This mo-
dality, however, is invasive and is not widely available. 
Furthermore, the sole comparison of RSA with surgical 
exploration provided only Level III medical evidence sup-
porting the accuracy of RSA. Overall, it is recommended 
that multiple modalities be considered for the noninvasive 
evaluation of symptomatic patients with suspected fusion 
failure, because no radiographic gold standard exists.

Key Issues for Further Investigation
It is understood that routine open surgical exploration 

to assess fusion status is not practical and that noninvasive 
methods are clearly preferable. Clinical experience and 
studies support CT imaging as the leading noninvasive 
diagnostic study for the evaluation of fusion status fol-
lowing lumbar fusion surgery, because it appears to have 
superior sensitivity compared with plain radiography for 
the detection of pseudarthrosis. However, the data sup-
porting CT imaging for this purpose largely come from 
retrospective and/or nonrandomized studies. A prospec-
tive study of CT imaging prior to surgical exploration for 
instrumentation removal would provide Level I evidence 
regarding the accuracy of CT studies compared with the 

gold standard of surgical exploration. If flexion-extension 
radiographs were obtained in addition prior to explora-
tion, the influence of internal fixation on the accuracy 
of flexion-extension radiography could also be assessed. 
Additional developments in image acquisition and pro-
cessing technology may permit further improvements in 
the sensitivity and specificity of noninvasive techniques 
such as CT to detect the presence of solid fusion or pseud-
arthrosis following lumbar fusion surgery. In particular, 
further development of ways to minimize imaging arti-
facts from surgical implants (e.g., rod/screw, plate, or cage 
instrumentation) would be welcomed. 

Additional studies are also needed to clarify which 
radiographic location of osseous union correlates best 
with solid fusion, because studies have demonstrated that 
various sites of radiographic fusion can have different de-
grees of correlation with overall fusion status.5,6 Finally, 
further studies are needed to better understand and re-
duce the variability of human raters of fusion status on 
the radiographic studies by establishing and validating 
objective criteria. Perhaps someday the computerized im-
aging/processing technology itself could contribute to the 
determination of fusion status. As noted above, the most 
effective techniques of noninvasive assessment of fusion 
status have generally required the use of ionizing radia-
tion (radiographs, CT scans, etc.). It would be ideal to de-
velop noninvasive techniques that do not require ionizing 
radiation to assess fusion status. Short of that, research 
can hopefully develop ways to minimize the radiation ex-
posure related to these techniques.
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