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Abstract
Purpose Determine the sensitivity, specificity and accuracy of
unenhanced and enhanced MRI in diagnosing scaphoid prox-
imal pole (PP) avascular necrosis (AVN) and correlate wheth-
er MRI can help guide the selection of a vascularized or
nonvascularized bone graft.
Methods The study was approved by the IRB. Two MSK
radiologists independently performed a retrospective review
of unenhanced and enhanced MRIs from 18 patients (16
males, 2 females; median age, 17.5 years) with scaphoid non-
unions and surgery performed within 65 days of the MRI.
AVNwas diagnosed on the unenhancedMRI when a diffusely
decreased T1-W signal was present in the PP and on the en-
hanced MRI when PP enhancement was less than distal pole
enhancement. Surgical absence of PP bleeding was diagnostic
of PP AVN. Postoperative osseous union (OU) was assessed
with computed tomography and/or radiographs.
Results Sensitivity, specificity and accuracy for PPAVN were
71, 82 and 78 % for unenhanced and 43, 82 and 67 % for
enhanced MRI. Patients with PP AVN on unenhanced MRI
had 86 % (6/7) OU; 100 % (5/5) OU with vascularized bone

grafts and 50 % (1/2) OU with nonvascularized grafts. Patients
with PP AVN on enhanced MRI had 80 % (4/5) OU; 100 %
(3/3) OUwith vascularized bone grafts and 50% (1/2) OUwith
nonvascularized grafts. Patients with viable PP on unenhanced
and enhanced MRI had 91 % (10/11) and 92 % (12/13) OU,
respectively, all but one with nonvascularized graft.
Conclusions When PP AVN is evident on MRI, OU is best
achieved with vascularized grafts. If PPAVN is absent, OU is
successful with nonvascularized grafts.

Keywords Scaphoid . Fractures ununited . Avascular
necrosis . MRI . Surgery

Introduction

Late complications of scaphoid fractures include osteoarthri-
tis, malunion and nonunion. Approximately 10 % of scaphoid
fractures fail to unite, which may result in chronic pain, insta-
bility and disability [1–4]. While several risk factors are asso-
ciated with a higher likelihood of nonunion, avascularity of
the proximal pole is considered a major determinant. As a
result, accurate preoperative assessment of proximal pole vas-
cularity is critical, often determining whether or not a
vascularized bone graft is employed [5]. Although conven-
tional radiography, bone scintigraphy, computed tomography
(CT) and magnetic resonance imaging (MRI) have all been
utilized in the evaluation of scaphoid fractures, most investi-
gators consider MRI the most beneficial for assessing proxi-
mal pole vascularity.

The effectiveness of unenhanced MRI in evaluating avas-
cular necrosis (AVN) of the proximal pole has been inconclu-
sive in prior studies. Some authors have demonstrated a strong
correlation with the vascular status at surgery [6–10]; howev-
er, others have concluded the opposite [11]. Disparate
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conclusions have also been reported regarding the usefulness
of gadolinium-enhanced MRI to evaluate proximal pole vas-
cularity, even when dynamic imaging was used [11–13]. The
issue is further complicated by a report describing the
Bapparent increased contrast pattern^ in 6 of 13 patients with
surgically proven avascular proximal poles [14]. To our
knowledge, only four articles have attempted to correlate sur-
gical outcome and the preoperativeMRI findings, two analyz-
ing nonvascularized bone grafts, one analyzing vascularized
bone grafts, and one analyzing both vascularized and
nonvascularized grafts, [11, 12, 15, 16].

Therefore, we sought to determine the sensitivity, specific-
ity and accuracy of unenhanced and enhanced MRI in diag-
nosing AVN and whether the MR findings can help guide the
selection of a vascularized or nonvascularized bone graft.

Materials and methods

This study was approved by our Institutional Review Board,
which waived the requirement for informed consent. Follow-
ing IRB approval, a retrospective database search identified
18 patients who had undergone the surgical repair of a chronic
scaphoid fracture nonunion utilizing either a vascularized or
nonvascularized bone graft between 2006 and 2011. Using the
clinical history provided by the 18 patients as documented in
the electronic medical record, the mean time between injury
and surgery was approximately 11 months (range ∼5 months
to 24 months); however, in some patients the exact date of
injury was estimated by the patient. All patients had preoper-
ative enhanced MRI performed on a 1.5-T system (Siemens
Symphony, Espree or Avanto, Erlangen, Germany) with a
120 mm field of view using a dedicated four-channel wrist
coil. All patients received 0.2 mmol/kg of gadopentetate
dimeglumine (Magnevist, Bayer Healthcare Pharmaceuticals,
Berlin, Germany) intravenously with the enhanced scanning
beginning within 5 min after the injection. Intraoperative as-
sessment of the proximal pole vascular status was performed
within 65 days (median 27 days, range 1–65 days) of the MRI
examination. Coronal precontrast T1-weighted (T1-W) and
postcontrast fat-suppressed (FS) T1-W sequences (512×220
matrix) were retrospectively evaluated by MSK radiologists
with 1 and 10 years of experience independently; both radiol-
ogists were blinded to the surgical findings.

Avascular necrosis (AVN) of the proximal pole of the
scaphoid was diagnosed on the enhanced T1-W FS images
when the T1wFS signal intensity (enhancement) in the prox-
imal pole was qualitatively less than the signal (enhancement)
in the distal pole. Avascular necrosis was diagnosed on the T1-
W precontrast sequence if the signal in the proximal pole was
diffusely less than or equal to that of the skeletal muscle [10]
(Fig. 1a–b). The imaging appearance within 1 mm of the frac-
ture margin was not considered when evaluating the vascular

status as the appearance of this area is often heterogeneous
with respect to signal or enhancement. The proximal pole was
considered viable unless the proximal pole met the above
criteria (Fig. 2a–c). Disagreements regarding the MRI signal
or enhancement were resolved by consensus.

The final determination of proximal pole viability was
the presence of any punctate bleeding at surgery during
(1) the debridement of the fracture, (2) curetting of scle-
rotic bone or (3) the creation of a groove for the bone
graft. Avascular necrosis was diagnosed if no bleeding
was apparent in the proximal pole during surgery. The
sensitivity, specificity and accuracy of unenhanced and
enhanced MRI were then calculated. Weighted kappa
statistics were calculated to determine the interreader
correlation.

Eight patients received vascularized pedicle bone grafts
from the 1, 2 intercompartmental supraretinacular artery, and
ten patients were treated with conventional autogeneous

Fig. 1 a–b A 17-year-old male with avascular necrosis at surgery
performed 9 days post-MRI. a Unenhanced T1-weighted (T1-W)
coronal image (TR/TE 959/22) demonstrates diffusely decreased T1-W
signal in the proximal pole (*) meeting the criteria for AVN. b
Postcontrast T1-W coronal image (TR/TE 686/23) demonstrates lack of
enhancement in the proximal pole (*) meeting the criteria for AVN. (Note
enhancing synovial tissue (arrow)
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bone grafting. Patients were assessed for osseous union at
least 4 months postoperatively or until union was identified

using either computed tomography (CT) (n=14 patients;
median time post-surgery 96 days, range 56–209) and/or
radiographs (n=16 patients; median time post-surgery
149 days, range 95–320). Radiographs were the sole source
of postsurgical evaluation for osseous union in four patients
(median time postsurgery 105 days, range 95–129). The
postoperative CT and radiographs were evaluated by the
more senior MSK radiologist blinded to the MRI reports
and the operative findings. Osseous union was considered
present if at least 25 % of the fracture demonstrated bone
bridging, including osseous bridging of the vascularized
graft if present (Fig. 3a–b).

Results

Eighteen patients met the entry criteria (16 male, 2 female;
9 right, 9 left). The median patient age was 17.5 years
(range 14–39 years), 17 years for patients with a viable
proximal pole and 19 years for patients with AVN. Sixty-
one percent (11/18) of the fractures were located in the mid
to distal 2/3 of the scaphoid with 39 % (7/18) located in the
proximal pole or at the junction of the proximal and middle
thirds. The median interval from MRI to surgery was
27 days (range 1 to 65), 26 days (range 9–38) for those
with AVN and 30 days (range 1–65) for those without
AVN. At surgery, 39 % (7/18) of the proximal poles did
not demonstrate any punctate bleeding and were diagnosed
with AVN, with AVN present surgically in 57 % (4/7) of the
more proximal fractures and in 27 % (3/11) of the mid to
distal fractures (Table 1).

The interreader agreement was 88 % overall with an over-
all kappa statistic of 0.75 (95 % CI 0.53–0.97), kappa=0.73
(95 % CI 0.38–1.0) for enhanced MRI and kappa=0.77
(95 % CI 0.48–1.0) for unenhanced MRI. In the four cases
in which there was disagreement, a consensus interpretation
was rendered with the independent interpretation for each
radiologist utilized as the consensus interpretation in two
cases each.

Using the consensus interpretation, enhancedMRI resulted
in nine true-negative (TN), four false-negative (FN), three
true-positive (TP) and two false-positive (FP) diagnoses for
a sensitivity, specificity and accuracy of 43, 82 and 67 % in
predicting AVN, respectively. Unenhanced MRI resulted in
nine TN, two FN, five TP and two FP diagnoses for a sensi-
tivity, specificity and accuracy of 71, 82 and 78 % in diagnos-
ing AVN, respectively (Fig. 4a–c) (Table 1).

All patients diagnosed with AVN at surgery received
vascula r ized pedic le bone graf t s f rom the 1 , 2
intercompartmental supraretinacular artery, with five meeting
and two not meeting the criteria for proximal pole AVN on the
noncontrast MRI and three meeting and four not meeting the
criteria for proximal pole AVN on the contrast-enhancedMRI.

Fig. 2 a–c A 15-year-old female with a viable proximal pole at surgery. a
T1-weighted (TR/TE 604/15) coronal image demonstrates heterogeneous
proximal pole signal with areas of fat signal remaining (arrow) meeting the
criteria for viability. b Postcontrast fat-suppressed T1-W (TR/TE; 500/12)
coronal image demonstrates signal intensity in the proximal pole (*) equal
to that in the distal pole, consistent with viability. c Precontrast fat
suppressed T1-W (TR/TE; 500/12) coronal image for comparison
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In addition, one patient who had evidence of proximal pole
viability at both MRI and surgery also received a vascularized
graft. The surgeon’s decision to use a vascularized bone graft
in this patient, which varies from the typical treatment, was
based on Bhis clinical judgment^ given her young age (15)
and the minimal bleeding of the proximal pole at surgery. Ten
patients had punctate bleeding at surgery and received con-
ventional autogeneous nonvascularized bone grafting, eight
meeting the criteria for proximal pole viability and two meet-
ing the criteria for AVN on both the noncontrast and contrast-
enhanced MRIs (Table 1).

Of the seven patients with scaphoid proximal pole AVN at
surgery who received a 1, 2 supraretinacular vascularized
bone graft; 86 % (6/7) did and 14 % (1/7) did not demonstrate
osseous union (Fig. 4d). The patient who received a
vascularized bone graft even though the MRI and surgical
findings were consistent with a viable proximal pole had os-
seous union. All eight patients with viable proximal poles at
both MRI and surgery who received nonvascularized bone

grafts had osseous union. Of the two patients with punctate
bleeding at surgery but evidence of proximal pole AVN on
MRI who received nonvascularized bone grafts, one did and
one did not demonstrate osseous union (median, 122 days;
range, 113–130 days) (Fig. 5a–d) (Table 1). Of note, longer
postsurgical radiographic follow-up (median 177 days; range
130–223 days) was obtained for the two patients that did not
demonstrate osseous union.

Discussion

The use of MRI to evaluate AVN in scaphoid fracture non-
unions has been advocated since the early 1990s [6, 8, 17].
More recently, attention has shifted to gadolinium-enhanced
MRI to evaluate the viability of the proximal pole of the
scaphoid. However, there have been surprisingly few con-
trolled studies addressing this in the literature. Furthermore,
there is disagreement in these studies regarding the sensitivity,
specificity and accuracy of gadolinium-enhanced MRI in
predicting the vascular status of the proximal pole. We com-
pared contrast-enhanced to unenhanced T1-WMR images for
diagnosing AVN in the proximal pole of the scaphoid to de-
termine whether MRI is useful in guiding the use of a
vascularized or nonvascularized bone graft.

We found unenhanced T1-W MRI more sensitive and ac-
curate in predicting AVN than contrast-enhancedMRI primar-
ily as a result of two false-negative cases for AVN in the
enhanced group. Our findings are similar to two prior reports
that evaluated the sensitivity and accuracy of contrast-
enhanced images in detecting AVN in the proximal pole, but
differ from a third [11, 12, 14]. Cerezal et al. compared
precontrast T1-W images without fat suppression to
postcontrast T1-W images with fat suppression in 30 patients
with scaphoid fracture nonunion. Using a classification sys-
tem based on the percentage of enhancement in the proximal
pole of the scaphoid to determine viability, Cerezal et al. re-
ported that contrast-enhanced MRI was 86 % sensitive, 96 %
specific and 93 % accurate in diagnosing AVN [11]. Singh
et al., using fat-suppressed postcontrast T1-W images and
criteria for AVN similar to that of Cerezal, examined 16 pa-
tients with scaphoid fracture nonunion and found a sensitivity
of 25 %, specificity of 100 % and accuracy of 73 % in diag-
nosing AVN [12], findings that are similar to ours. Anderson
et al. evaluated 13 surgically proven cases of proximal pole
AVN with contrast-enhanced MRI before and after
vascularized bone grafting. Like Cerezal, they compared
non-fat-suppressed precontrast T1-W images with fat-
suppressed postcontrast T1-W images and found that 46 %
(6/13) of their surgically proven AVN proximal poles exhib-
ited increased bone marrow signal following contrast en-
hancement relative to the other carpal bones, three even dem-
onstrating markedly increased signal [14]. This mirrors our

Fig. 3 a–b A 20-year-old male with scaphoid fracture nonunion and
AVN diagnosed on both MRI and at surgery performed 29 days post-
MRI. a Preoperative radiograph demonstrating fracture at the junction of
the proximal and middle aspects of the scaphoid (arrow). b CT obtained
96 days postsurgery demonstrates near complete osseous union (arrows)
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Table 1 Patient demographics with enhanced and unenhanced MRI findings correlated with findings at surgery. The use of a vascularized graft and
postoperative evidence of bone bridging is recorded

Age M/F R/L Fracture
location

MRI-surgery
(days)

∼DOI to
surgery (months)

Surgical
findings

Enhanced
MRI

Unenhanced
MRI

Vascularized
graft

Bone
bridging

20 M L P/M 29 13 A A A Y Y

21 M L P 38 24 A A A Y Y

17 M L P 9 5 A A A Y Y

16 M R P 16 8 A V A Y Y

17 M R M 17 21 A V A Y Y

19 M L D 28 9 A V V Y N

39 M L M/D 26 6 A V V Y Y

23 M R M 30 9 V A A N N

22 M R P 23 20 V A A N Y

14 M R M 58 7 V V V N Y

15 F L M 37 12 V V V Y Y

16 F R D 65 18 V V V N Y

16 M R P 7 5 V V V N Y

16 M L M 2 9 V V V N Y

17 M R D 1 5 V V V N Y

18 M L M 22 13 V V V N Y

20 M L P/M 31 13 V V V N Y

29 M R M 49 5 V V V N Y

A Avascular necrosis, V viable, P proximal pole, M mid pole, D distal pole, ∼DOI approximate date of injury

Fig. 4 a–d A 16-year-old male
with proximal pole avascular
necrosis (AVN) at surgery. a
Unenhanced T1-weighted (TR/
TE 551/14) coronal image
demonstrates diffusely decreased
T1-w signal intensity in the
proximal pole (*) meeting the
criteria for AVN. b Pre- (TR/TE
762/14) and c postcontrast T1-
weighted fat-suppressed (TR/TE
464/14) coronal images
demonstrate signal intensity in the
proximal pole equal to the signal
in the distal pole (arrow),
incorrectly diagnosing proximal
pole viability (false negative). d
Radiograph obtained 26 months
postsurgery demonstrates
complete osseous union (arrows)
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experience of 57 % (4/7) of the proximal poles with surgi-
cally proven AVN demonstrating increased signal intensity
relative to the distal scaphoid following contrast administra-
tion. We agree with Anderson et al. that the cause of non-
viable bone having increased signal following contrast en-
hancement is unknown [14]. Proposed mechanisms for this
apparent enhancement include diffusion of contrast material
[18] and the in-growth of fibrous mesenchymal tissue into
the proximal pole [19].

The discrepancy in identifying AVN in the proximal pole
of the scaphoid in these published results may be partially
explained by how Benhancement^ is interpreted, a process
complicated by several factors. In many cases, MRI signal
within the proximal pole is heterogeneous, with central signal
intensity differing from signal intensity along the fracture mar-
gin, possibly skewing qualitative assessment. As a result, we
did not include the 1–2 mm of bone along the fracture margin
in our imaging assessment. Additionally, depending on slice
thickness, partial volume averaging with adjacent hyperemic
soft tissue may also result in perceived Benhancement.^ Rou-
tine contrast-enhanced MRI of the wrist is usually performed

with a delay prior to image acquisition, which may result in
contrast diffusing into the proximal pole, possibly incorrectly
suggesting viability when AVN is present [18]. However,
Donati et al. reported that dynamic contrast-enhanced MRI
performed no better than delayed contrast MRI in the assess-
ment of proximal pole AVN in the setting of chronic fracture
nonunions with the two reviewers in their study having a
sensitivity and accuracy of 54–62 % and 75–78 % for detect-
ing AVN, respectively [13]. The lack of increased accuracy for
predicting AVN using dynamic contrast enhancement may be
partially explained by the fat content of bone marrow as some
investigators have noted that even normal marrow may not
appear to enhance, fatty marrow enhancing less than cellular
marrow [20, 21].

To our knowledge, only four studies have evaluated
whether preoperative MRI can help predict the surgical out-
come following treatment for scaphoid fracture nonunion,
two studies evaluating contrast-enhanced preoperative MRI
and autologous bone graft fusion, one study evaluating pre-
operative contrast-enhanced MRI and vascularized bone
graft placement and one study evaluating both preoperative

Fig. 5 a–d A 23-year-old male
with mid-pole scaphoid fracture
and punctate bleeding at surgery.
a Unenhanced T1-W (TR/TE
483/15) image demonstrates
diffusely decreased T1w signal
within the proximal pole (*)
consistent with AVN. b
Postcontrast T1-W fat suppressed
MR image (TR/TE 713/14)
demonstrates decreased proximal
pole enhancement (*) compared
to the distal pole meeting the
criteria for AVN. c Reformatted
oblique coronal CT image
obtained 96 days postsurgery
demonstrates persistent fracture
line (arrow) with little if any
osseous union. d Subsequent
'radiograph obtained 130 days
postsurgery also demonstrates a
persistent fracture line (arrow)
without appreciable osseous
union
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unenhanced and enhanced MRI using both vascularized and
nonvascularized bone grafts [11, 12, 15, 16].

The two studies using autologous Bnonvascularized^ bone
grafts disagreed about whether contrast-enhanced preopera-
tive MRI findings could predict a successful surgical outcome
[11, 12]. Using postoperative radiographs to diagnose osse-
ous union, Cerezal et al. reported that the overall rate of
osseous union was 74 % (20/27). They also found that the
preoperative degree of enhancement correlated with the rate
of osseous union, with 87 % (20/23) of the proximal poles
with >20 % enhancement demonstrating osseous union and
0 % (0/4) of the proximal poles with <20 % enhancement
demonstrating osseous union [11]. Singh et al. reported an
overall osseous union rate of 75 % (12/16), similar to Cerezal
et al. However, Singh et al. did not find an association be-
tween the degree of proximal pole enhancement and osseous
union with 64 % (9/14) of the proximal poles with >25 %
enhancement demonstrating osseous union and 100 % (2/2)
of the proximal poles with <25 % enhancement demonstrat-
ing osseous union [12]. Dailiana et al. evaluated the use of
postoperative contrast-enhanced MRIs to access osseous
union following the placement of vascularized bone grafts
for scaphoid fracture nonunion [16]. However, only 53 %
(8/15) of the patients received preoperative contrast-
enhanced MRIs with all eight patients exhibiting proximal
pole bleeding at surgery; osseous union occurred in 93 %
(14/15) of patients at 3-month follow-up [16].

To our knowledge, only Ciprian et al. have correlated the
MRI appearance to the rate of postoperative osseous union
using both vascularized and conventional bone grafts. They
evaluated 21 patients with scaphoid fracture nonunions, 7 pa-
tients receiving vascularized bone grafts and 14 conventional
bone grafts [15]. Ciprian et al. reported that vascularized grafts
had a higher rate of union compared to nonvascularized grafts
when decreased T1-W signal (83 to 57 %) or lack of enhance-
ment (80 to 50 %) in the proximal pole was present on the
MRI; however, they did not report the number of patients with
AVN at the time of surgery [15]. We similarly found a higher
rate of osseous union when vascularized grafts were used
compared to nonvascularized grafts when either decreased
T1-W signal (100 to 50 %) or a lack of enhancement (100 to
50 %) was present.

Limitations of our study included the retrospective nature
and sample size of 18 patients (7 with AVN). We share these
limitations with Cerezal (27 patients; 4 with AVN), Singh (16
patients; 2 with AVN), Ciprian (21 patients; unknown number
with AVN) and Dailiana (8 patients; 0 with AVN) [11, 12, 15,
16]. To our knowledge, our sample size of seven patients with
preoperative MRI, AVN diagnosed at surgery and postopera-
tive follow-up is the largest study in the literature. Therefore,
our findings could form the basis for a larger prospective study
in order to corroborate our results. Our surgeons were also not
blinded to the MRI findings. This was impractical because

they utilized the results to counsel their patients and to plan
the surgery. The use of bleeding at surgery as the Bgold
standard^ is the method commonly used in the surgical com-
munity. However, there is potential for sampling bias, and
some proximal poles considered necrotic at surgery might
have had viable areas that were not sampled. The criteria uti-
lized to determine avascular necrosis on both the unenhanced
and enhanced images may also account for some of the dif-
ferences found in the previous reports. It is inherently subjec-
tive when determining whether the signal on the unenhanced
images is diffusely decreased, equal to or less than that of
skeletal muscle or whether the signal on the enhanced images
is equal to or greater than the distal pole. Even so, using these
criteria, there was overall good interreader agreement.

In conclusion, unenhanced MRI was slightly more accu-
rate than contrast-enhanced MRI in diagnosing scaphoid
proximal pole AVN. More importantly, our findings suggest
that relying solely on the vascular status of the proximal
pole at surgery may not identify all of the patients who
might benefit from a vascularized pedicle graft. As a result,
use of a vascularized bone graft should be considered when
the preoperative MRI is suspicious for AVN even if punctate
bleeding is present at surgery.
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