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ABSTRACT

BACKGROUND AND PURPOSE: Diffusion-weighted imaging may aid in distinguishing aggressive chordoma from nonaggressive chor-
doma. This study explores the prognostic role of the apparent diffusion coefficient in chordomas.

MATERIALS AND METHODS: Sixteen patients with residual or recurrent chordoma were divided postoperatively into those with an
aggressive tumor, defined as a growing tumor having a doubling time of <1 year, and those with a nonaggressive tumor on follow-up MR
images. The ability of the ADC to predict an aggressive tumor phenotype was investigated by receiver operating characteristic analysis. The
prognostic role of ADC was assessed using a Kaplan-Meier curve with a log-rank test.

RESULTS: Seven patients died during a median follow-up of 48 months (range, 4-126 months). Five of these 7 patients were in the
aggressive tumor group, and 2 were in the nonaggressive tumor group. The mean ADC was significantly lower in the aggressive tumor group
than in the nonaggressive tumor group (P = .002). Receiver operating characteristic analysis showed that a cutoff ADC value of 1.494 X
102 X mm?/s could be used to diagnose aggressive tumors with an area under the curve of 0.983 (95% Cl, 0.911-1.000), a sensitivity of 1.000
(95% Cl, 0.541-1.000), and a specificity of 0.900 (95% Cl, 0.555—0.998). Furthermore, a cutoff ADC of <1494 X 1073 X mm?/s was associated

with a significantly worse prognosis (P = .006).

CONCLUSIONS: Lower ADC values could predict tumor progression in postoperative chordomas.

ABBREVIATION: RT = radiotherapy

hordoma is a rare bone tumor arising from notochordal rem-

nants in the skull base, spine, or sacrococcygeal region.' The
2013 World Health Organization classification of bone tumors
identifies 3 subgroups of chordoma: classic chordoma not other-
wise specified, chondroid, and dedifferentiated.' Dedifferentiated
chordoma arises in a pre-existing low-grade chordoma and has
the worst prognosis, so it is important to identify dedifferentiated
or aggressive components when evaluating chordomas.”
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DWTI could potentially be used to distinguish chordoma from
chondrosarcoma because the ADC values for chordoma are lower
than those for chondrosarcoma.®* Moreover, the ADC values are
lower in aggressive chordomas than in classic chordomas, suggesting
that ADC may be useful for classifying chordomas into subcategories
according to aggressiveness.* Hanna et al® suggested that a low T2
component in chordoma represented aggressive chordoma. Classic
and chondroid chordomas contain stromal mucin and chondroid
matrix, respectively, which produce an increased T2 signal and a
higher ADC, whereas an aggressive tumor contains less stroma with
high cellularity and alower ADC.* However, there is sparse literature
describing the relationship between the MR imaging signal charac-
teristics of chordoma and prognosis.

Surgical resection is the standard therapy for chordoma,
though there have been recent advances in radiation therapy
(RT).*"" En bloc surgical resection with negative margins and no
intraoperative spill is associated with a reduced rate of local recur-
rence. However, the location of the chordoma may limit the abil-
ity to perform a gross total resection.®'® After the first surgical
resection, adjuvant RT is often used to reduce the likelihood of

recurrence and improve the prognosis.' >
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After an initial operation and RT, most patients undergo
serial imaging to detect recurrence. It is important to recognize
recurrence early to ensure adequate salvage therapy.®'” Al-
though radiologic evaluation is important in oncology, assess-
ment of tumor progression or response to treatment is based
on changes in the residual tumor size on imaging.'* ADC can
identify further characteristics of many tumors with malignant
potential.'”

We hypothesized that recurrent or residual chordoma that
acquires aggressive features with time also shows a decrease in
the ADC value. The aim of this study was to explore the role of
the ADC as a predictor of outcome in patients with chordomas.

MATERIALS AND METHODS

Study Population

This retrospective study was approved by the University of
Iowa institutional review board. The need for informed con-
sent was waived because of the retrospective nature of the re-
search. We searched our data base from 2000 to 2016 using the
search term “chordoma” and identified 31 patients (mean age,
46.0 = 21.0 years; range, 7— 88 years; 18 males, 13 females) with
histopathologically proved chordoma. Five patients were diag-
nosed with chondroid chordoma, and 26, with classic chor-
doma. The primary sites of the chordomas were the clivus (n =
16), cervical spine (n = 7), thoracic spine (n = 1), lumbar spine
(n = 3), sacrococcygeal region (n = 3), and subarachnoid
space in the posterior fossa (n = 1). We included patients with
residual or recurrent tumors after the initial therapies for anal-
ysis during follow-up periods. Thirteen of the 31 patients had
no recurrent or residual tumor or did not undergo >1 MR
imaging examination during the follow-up period, so they
were excluded from the study. Eighteen of the 31 patients had
residual or recurrent chordoma. A “residual tumor” was de-
fined as an expansile mass in the operative bed with contrast
enhancement that included high-signal components on T2-
weighted imaging after incomplete resection without addi-
tional resection within 3 months from the first resection (n =
12). Because the first resection was performed to make a his-
tologic diagnosis in some patients, a subsequent radical resec-
tion followed. A “recurrent tumor” was defined as a new ex-
pansile mass at or around the previous surgical site on MR
imaging, which implied a residual tumor on histopathology
(n = 4; On-line Fig 1). MR imaging data for 2 patients were
inadequate for analysis because of artifacts or incomplete scan
sequences, leaving 16 patients (mean age, 55.3 * 19.8 years;
range, 17-77 years; 12 males, 4 females) with longitudinal fol-
low-up data available for analysis.

A pathologist reviewed the available pathologic material for
the 16 patients and confirmed the diagnoses as chondroid chor-
doma (n = 5) and classic chordoma (n = 11): In 1 patient, the
classic chordoma had aggressive features (necrosis, mitotic activ-
ity, and cellular pleomorphism), but they were not sufficient for it
to be categorized as a dedifferentiated chordoma.

Gross total resection was reported at the first operation in 2
patients, and incomplete resection, in 14 patients. Thirteen of the
16 patients underwent postsurgical RT (photon RT in 11 patients;

2 Sasaki @ 2018 www.ajnr.org

radiation doses were unknown in 2 patients), 2 patients had no
RT, and the treatment was unknown in 1 patient.

Analysis of MR Imaging Data

MR imaging examinations were performed using 1.5T MR imag-
ing scanners (Magnetom Symphony, Avanto, or Espree; Siemens,
Erlangen, Germany). The following parameters were used for the
head: spin-echo T2-weighted imaging (TR, 3790—6270 ms; TE,
80—107 ms; FOV, 240 mm; matrix size, 256 X 240; slice thickness,
4-6 mm with 10%-20% interval gaps; parallel imaging factor, 2);
precontrast and postcontrast fat-saturated T1-weighted imaging
(TR, 413-587 ms; TE, 8.4—12 ms; FOV, 240 mm; matrix size,
256 X 240; slice thickness, 4—6 mm with 10%—-20% interval gaps;
parallel imaging factor, 2); and echo-planar DWI (TR, 2200-5600
ms; TE, 73—89 ms; FOV, 240 mm; matrix size, 128 X 128; slice
thickness, 5 mm with 10%—-20% interval gaps; b-value = 0 and
1000 s/mm?; 3 or 12 diffusion directions; parallel imaging factor,
3). The following parameters were used for the spinal and
sacral regions: spin-echo T2-weighted imaging (TR, 4000—
7280 ms; TE, 101-108 ms; FOV, 220 mm [mobile spine] to 300
[pelvis] mm; matrix size, 240 X 200; parallel imaging factor,
2); precontrast and postcontrast fat-saturated T1-weighted
imaging (TR, 507-611 ms; TE, 6.6 9.5 ms; FOV, 220 mm [mo-
bile spine] to 300 [pelvis] mm; matrix size, 220 X 200; slice
thickness, 4—6 mm with 10%-20% interval gaps; parallel im-
aging factor, 2); and echo-planar DWI (TR, 4100-9300 ms; TE,
78-96 ms; FOV, 220 mm [mobile spine] to 300 [pelvis] mm;
matrix size, 128 X 128-192 X 145; parallel imaging factor,
1-2; slice thickness, 5 mm with 10%-20% interval gaps;
b-value = 0 and 1000 s/mm?; 3 diffusion directions). ADC
maps were generated according to a monoexponential fitting
model using commercially available software (Olea Sphere,
Version 3.0; Olea Medical, La Ciotat, France).

During follow-up, all 16 patients underwent at least 2 MR
imaging scans. The 2 MR imaging series were selected on the basis
of the following rules: 1) The first MR imaging occurred at least 6
months after RT; 2) there was neither surgical resection nor RT
between the first and second MR imaging; 3) DWI was available,
in addition to at least T1- or T2-weighted images; and 4) if there
were >2 MR imaging scans after the first MR imaging, the second
MR imaging was selected as the scan that occurred approximately
1 year after the first MR imaging.

Two neuroradiologists independently outlined the ROI in
freehand for the 2 MR imaging scans—that is, they outlined
the whole volume of the chordoma on the ADC maps, while
checking the coregistered T2-weighted and contrast-enhanced
T1-weighted images, in addition to using Olea Sphere, Version
3.0, software to avoid cystic components and necrosis (On-line
Fig 2). The mean ADC values and tumor volume were calcu-
lated on the basis of the summation of the ROIs.'® The volume
change ratios were calculated using the following formula:

Volume Change Ratio = (Vol,,4 — Vol,,) / Vol,,

where Vol is the tumor volume on the first MR imaging scan
and Vol,, 4 is the tumor volume on the second MR imaging scan.

We classified patients into 2 groups based on the volume
change ratio and tumor growth rate. To assess the tumor



Table 1: Patient demographic and clinical characteristics®

Aggressive Tumor Nonaggressive Tumor P Value

No. 6 10
Volume change ratio 14.4 +21.0(—2.18-17.2) 0.463 = 1135 (—1.40-3.78) .003
Doubling time (mo) 5.77 = 4.03 (0.73-10.8) NA
Age at first operation (yr) 543+99 458 £243 713
Location of tumor (ratio of clival chordoma to all) 3/6 8/10 299°
Postsurgical RT radiation dose (Gy) 724 £335(n =4) 7421109 (n=7) 927
Ratio of patients with postsurgical RT to all 4/6 9/10 518°
Time from first operation to first follow-up MRI (mo) 62.8 =533 714 £762 >.99
Time between the 2 follow-up MRIs (mo) 91%52 183 £125 .022
No. of surgical resections at first follow-up MRI 2.00 = 0.89 110 + 0.32 .056
Sex (M/F) 51 73 >99°
Histopathology (ratio of classic chordoma to all chordomas) 6/6 5/10 .093°
Mean ADC (X102 X mm?/s) 1055 = 0.298 (0.78-137) 1622 = 0.139 (1.34-1.65) <.001
Tumor volume (X 10° X mm?) 212 +37.4(0-60.4) 3.44 + 2.38(0-7.46) 492

Note:—NA indicates not applicable.

#Numbers in the table represent mean = SD. The numbers in parentheses indicate the 95% Cls.

© P value was calculated by the Fisher exact test because the data were categoric.

growth rate, we calculated the tumor doubling time in patients 20007 P < 001

with a positive volume change ratio (ie, growing tumors) using the - '

17507

Schwartz formula'”:
Doubling Time = log2 / [log (Vol,,q / Vol )],

where ¢ is the time interval between the 2 MR imaging scans.

We defined growing tumors with a doubling time of <1 year
as aggressive tumors and those with a doubling time of =1 year as
nonaggressive tumors.

Statistical Analysis

Statistical analysis was performed with the Statistical Package for
the Social Sciences, Version 22 for Windows (IBM, Armonk, New
York). The tumor measurements were assessed for interobserver
reliability using the intraclass correlation coefficient, and mean
values were used for further evaluation. On the first postoperative
MR imaging, we compared mean ADC values, tumor volume,
patient age at the time of the first surgical resection, time interval
between the surgical resection and the first MR imaging, time
interval between the first and second MR imaging examinations,
number of surgical resections, patient sex, histopathology, loca-
tion of the tumor, and volume change ratio between the 2 groups
using the Mann-Whitney U test or Fisher exact test. We assessed
the cutoff ADC on the first MR imaging to predict aggressiveness
and receiver operating characteristic analysis to assess outcomes
in the aggressive tumor group. The optimal cutoff value in the
receiver operating characteristic analysis was determined as a
value to maximize the Youden index.'® Kaplan-Meier curves for
survival were compared using log-rank tests with the following
variables: the mean ADC cutoff value in the receiver operating
characteristic analysis and the following items previously reported to
be prognostic factors: age at the time of the first operation,'” number

1229 tumor volume,™'” histopathol-

of previous surgical resections,
ogy,”! tumor location,” and adjuvant radiation therapy.'® The study
end point was survival. The survival period was calculated as the
duration from the first MR imaging scan to the date of death or last
follow-up in the censored living patients. Moreover, a Kaplan-Meier
curve with a log-rank test was performed as a reference at the second
MR imaging in the 2 groups. A 2-tailed P value <<.05 was statistically

significant.

1500 l
1250 —’7

1000

Mean ADC

7501 J_

Non-aggressive tumor Aggressive tumor

FIG 1. Comparison of mean ADC values between groups with differ-
ent tumor-progression statuses. There was a significant difference
between the 2 groups (P < .001).

RESULTS

Demographic, Clinical, and Radiographic Data

The intraclass correlation coefficients for interobserver reliability
between the 2 readers were 0.922 (95% CI, 0.843—0.963) for the
mean ADC and 0.974 (95% CI, 0.946—0.988) for the tumor vol-
ume. Six of the 16 patients had aggressive tumors, and 10 had
nonaggressive tumors. Seven of the 16 patients died during the
study period (5 were in the aggressive-tumor group and died of
complications of their chordomas; 2 were in the nonaggressive
tumor group and died of concurrent diffuse large B-cell lym-
phoma [#n = 1] and an unknown cause [#n = 1]). The patient
characteristics are shown in Table 1.

The volume change ratios were significantly different between
the 2 groups (P = .003). The mean ADC was significantly lower in
the aggressive tumor group than in the nonaggressive tumor
group (P < .001; Figs 1-3). The time interval between the 2 MR
imaging examinations was significantly shorter in the aggressive
tumor group than in the nonaggressive tumor group (P = .022).

Role of ADC in Predicting Aggressive Tumor at First MRI

Receiver operating characteristic analysis clearly distinguished the
aggressive tumor group from the nonaggressive tumor group with
a cutoff ADC of 1.494 X 10~ >X mm?/s, a sensitivity of 1.000
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FIG 2. A 59-year-old man with arecurrent chordoma in the aggressive tumor group. A, Two years
after the first surgery, contrast-enhanced Tl-weighted imaging shows an expansile mass extend-
ing to the suprasellar region (arrows). B, The ROI outlined in yellow on the ADC map represents
decreased water diffusivity (ADC = 1211 X 10~> X mm?/s). C, Contrast-enhanced Tl-weighted
imaging obtained 8 months later shows an increase of the mass (volume change ratio, 1.67;
arrowheads) with a doubling time of 5.5 months. The patient died of disease 15 months after the
second MR imaging examination.

FIG 3. A 10-year-old boy with a residual chordoma in the nonaggressive tumor group. A, Three
years after the first operation, T2-weighted imaging shows an expansile mass in the clivus (ar-
rows). B, The ROI outlined in yellow on the ADC map represents increased water diffusivity
(ADC =1.808 X 10> mm?/s). C, The mass was stable on T2-weighted imaging obtained 13 months
later (volume change ratio = 0.11; arrowheads) with a doubling time of 10.0 years. He was still alive

gressive tumor group (P < .001, Fig
4B). There was a significant associa-
tion between =2 previous surgical re-
sections and a worse prognosis (P =
.002). The other variables did not con-
tribute significantly to survival.

DISCUSSION

Our measurements showed that the
interclass correlation coefficients were
>(.8, which indicated excellent inter-
observer reliability.?* In patients with
residual postoperative chordoma, the
tumor ADC values accurately pre-
dicted disease progression as defined
by tumor volume change with time.
This finding is consistent with that re-
ported by Yeom et al,* who suggested
that poorly differentiated chordomas
have a lower ADC value compared
chondroid
chordomas. Aggressive chordoma has

with conventional and

a worse prognosis and typically arises
in a pre-existing low-grade lesion with
or without previous radiation thera-
py.">??7*® Thus, a lower ADC value in
chordomas might correlate with ag-
gressive growth. By measuring ADC
coefficients of residual chordomas, we

7 years after the second MR imaging.

Table 2: ROC plot analysis for ADC values differentiating an
aggressive tumor from a nonaggressive tumor®

Aggressive Tumor

AUC (95% Cl) 0.983 (0.911-1.000) (P = .002)
Cutoff ADC value (X102 X mm?%/s) 1.494

Sensitivity 1.000 (0.541-1.000)
Specificity 0.900 (0.555-0.998)
Accuracy 0.938 (0.698-0.998)
PPV 0.857 (0.421-0.996)

NPV 1.000 (0.664-1.000)
Positive LR 10 (1.56-64.2)
Negative LR 0

Note:—ROC indicates receiver operating characteristic; AUC, area under the curve;
LR, likelihood ratio; NA, not available; NPV, negative predictive value; PPV, positive
predictive value.

#Numbers in parentheses indicate 95% confidence intervals.

(95% CI, 0.541-1.000), a specificity of 0.900 (95% CI, 0.555—
0.998), and a higher area under the curve of 0.983 (P = .002; 95%
CI, 0.911-1.000; Table 2).

Predicting Survival for Patients with Chordoma

The median follow-up was 48 months (range, 4—126 months).
The results for prognostic factors are shown in Table 3. The
log-rank test revealed that an ADC below the cutoff of
=1.494 X 1077 X mm?/s was associated with a significantly
worse prognosis (P = .006, Fig 4A). The log-rank test for the 2
groups at the second MR imaging showed a significantly worse
prognosis in the aggressive tumor group than in the nonag-
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were able to retrospectively identify
patients who went on to show tumor
progression >9 months later at the second follow-up MR im-
aging. Moreover, ADC measurement is less technically de-
manding for measuring tumor volumes.

Our Kaplan-Meier curves for survival using a log-rank test
identified a lower ADC value and more surgical resections as
significant prognostic factors. The ADC and the number of
surgical resections could be confounder factors of each other
for survival (On-line Fig 3). Most of the reports related to
chordoma evaluated primary chordomas and recurrent chor-
domas en bloc, but we focused on residual or recurrent chor-
domas.?"**? Ailon et al® suggested that further complete sur-
gical resection can be considered for local recurrent chordoma,
even if the management of recurrent chordoma is challenging
and may be palliative. We supposed that follow-up MR imag-
ing using ADC mapping could discriminate small chordomas
with an aggressive potential from those without it; this dis-
crimination could allow a short follow-up or early salvage ther-
apy (further surgical resection) that would likely be successful
or effective.

RT might affect MR imaging signal evaluation in residual or
recurrent tumors.”’ ?? We did not find any correlation be-
tween the ADC values and RT dose or duration from RT to the
first MR imaging (On-line Appendix). However, ADC values
reflecting the response to treatment might be increased several
days after RT or chemotherapy in various types of tumors.”' **
Given that ADC values correlate with cell density,3 3 the treat-



ment response (with reduction of tumor cell volume) could
elevate the ADC, while tumor progression (with proliferation
of tumor cells) could decrease it. There is little information
concerning MR imaging signal changes in chordomas after RT,
particularly after proton or carbon ion RT. Proton or carbon
ion RT might become an alternative therapy for unresectable
chordoma in the future.?>’>>® We speculate that a reduced
ADC during follow-up after RT might predict early recurrence.

Our study has several limitations. First, it was retrospective
in nature and included a small population from a single insti-
tution. Chordoma is a rare low-grade tumor, so it is difficult to

Table 3: Kaplan-Meier curves for survival using log-rank tests in patients with recurrent

perform large studies in patients with this tumor. Second, be-
cause of the long time intervals between datasets, the MR im-
aging scan parameters were different. Third, we were unable to
evaluate the pathology of the tumors in those who died of
disease to assess aggressiveness or dedifferentiation in those
tumors. Fourth, the time interval between the 2 follow-up MR
imaging scans differed between the 2 groups. Fifth, whether 1
year of doubling time was the most appropriate cutoff to sep-
arate the aggressive tumor group from the nonaggressive tu-
mor group is unknown. Sixth, there were 2 patients with an
unknown RT dose and 1 patient with an unknown RT history,

which might have affected the results

chordomas for our small cohort. Finally, we did
No. of P not show a significant role for RT in
Explanatory Variables Total No. Events Value  survival. The role of RT might be un-
Univariate models derestimated because high-dose RT is
Age at first operation (yr) 312 needed to reduce the risk of recurrence
Younger than 60 10 > and improve patient prognoses.'>'**”
60 or older 6 2 Further studi ded to add
No. of surgical resections at first MRI .002 urther studies are needed to address
1 n 3 these issues.
=) 5 4
Tumor volume 957 CONCLUSIONS
3 3
=<3 X0 X'mm 10 4 The mean ADC for recurrent or residual
=3 X 10> X mm’ 6 3 .
) chordoma after the first operation could
Histopathology ) o
Terelei derdsn 5 1 346 predict a subgroup with likely tumor
Classic chordoma n 6 progression and was significantly lower
Tumor location 507 in the aggressive tumor group than in
gll;;us ) A l] , ; the nonaggressive tumor group. An
ther sites (5 _ 1’ot;er’= ) ADC =1.494 X 10> mm?/s could be
Adjuvant radiation therapy ' 7 predictive of the likelihood of rapid dis-
None/unknown 3 2 ease progression and a worse prognosis.
Done 13 5 In chordoma with a lower ADC, there-
Mean ADC (for an aggregswe tumor) .006 fore, it may be prudent to recommend
>1494 X 107> X mm?/s 10 2 doser follow-u
<1494 X 10> X mm?/s 6 5 P

Note:—C indicates cervical spine; L, lumber spine; S, sacrum.

Survival Functions

=T TADC <= 1494
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FIG 4. Kaplan-Meier curves using log-rank tests for survival. A, Graph shows 2 groups based on a cutoff ADC of 1.494 X 10> mm?/s at the first
MR imaging. The group with the lower ADC had a significantly worse prognosis (P = .006). B, Graph shows the tumor progression rate in the 2
groups at the second MR imaging. The prognosis was significantly worse in the aggressive tumor group than in the nonaggressive tumor group
(P < .001). The cutoff ADC value could predict patients with a worse prognosis at the first MR imaging at a mean of 9.1 = 5.2 months earlier than

the second MR imaging. Cum indicates cumulative.
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