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The significant intra- and intertumoral heterogeneity of glio-
mas, an improved appreciation for the biological differences
among individual tumors, and the complexity of response as-
sessment have led to increased interest in radiological model-
ing of glioma growth. The development of such models has
been challenging due to the intra- and intertumoral heteroge-
neity of gliomas, as well as unique features of gliomas, includ-
ing invasive growth, cellular migration, and differential tumor
dispersion in gray and white matter. Tumor growth is deter-
mined by the complex interactions among proliferation, angio-
genesis, and dispersion balanced by necrosis, apoptosis, and
cell death. Three primary growth patterns have been proposed
to explain tumor growth rates: the exponential pattern, radial
linear pattern, and Gompertzian growth pattern (Fig. 1). The
exponential growth model is based on the assumptions that
tumors have a constant volume doubling time, and thus the
size of the tumor increases exponentially with time. Conversely,
the radial linear growth model assumes that the mean linear
radius increases linearly with time. The Gompertzian model as-
sumes initial exponential growth which then slows to linear
growth as tumor volume increases before reaching a plateau.
However, the clinical evidence to support one growth model
over another in untreated tumors has been sparse.

The study by Stensjgen and colleagues in this issue of Neuro-
Oncology makes a significant contribution in this regard.® The
authors performed a retrospective analysis of the rate and
growth dynamics of untreated solitary glioblastoma multi-
forme (GBM) in adults over more than a decade. Analysis of
106 consecutive, pretreatment, contrast-enhanced T;-weighted
MRI scans, acquired at least 2 weeks apart, demonstrated
that although GBM growth rate varied significantly among indi-
viduals, smaller tumors had faster growth rates than larger
lesions. Interestingly, the central nonenhancing regions within
contrast-enhancing tumors also appeared to grow more quick-
ly than the contrast-enhancing regions or the entire tumor
mass. Their data demonstrate that the radial linear and Gom-
pertzian growth models are more consistent with the observed

growth dynamics than the exponential model.> The authors
also note that due to rapid growth—particularly in small and
medium sized tumors (<3.88 mL and between 3.88 and
36.88 mL, respectively)—delays in care could potentially have
significant adverse effects on patient outcomes.

Only a handful of previous imaging studies have attempted
to model tumor growth in pretreatment gliomas in such large
image sets. Yamashita et al* reported one of the earliest stud-
ies measuring in vivo GBM growth rates based on contrast-
enhanced CT imaging at the time of recurrence. Blankenberg
et al® demonstrated direct linear correlation between volume
doubling time and survival using MRI, but similar to previous
studies, the data were obtained only after treatment was com-
pleted or at the time of recurrence. The largest series, by Wang
et al,® which modeled growth dynamics of patients with un-
treated GBM using MRI, comprised only 32 patients. Interest-
ingly, these authors also validated the utility of the radial
growth model and demonstrated that modeling tumor growth
and invasiveness in untreated GBM using this model could pre-
dict patient prognosis.®

The strength of the present study is the availability of large
numbers of preoperative MRI on patients with GBM over an in-
terval of 2 weeks or more.® However, the study also has several
limitations. While the preoperative images (at the second time-
point) were centrally obtained and of uniformly high quality,
the baseline diagnostic images used in the calculation (the
first timepoint) were performed at numerous hospitals with
various types of scanners, different field strengths, different
slice thicknesses, and different imaging parameters, which lim-
its the precision of their data. In addition, in the sub-analysis of
contrast enhancing and nonenhancing volumes, the time-
dependent change in tumor enhancement after contrast ad-
ministration was not considered.” While the findings made by
Stensjgen et al are intriguing, their primary analysis focused on
differences in the growth rates of the enhancing and nonen-
hancing parts of the tumors and (in their supplementary anal-
ysis) on differences in growth rates among gliomas classified
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Fig. 1. A schematic illustration of different growth models depicting
tumor size as a function of time.

into 3 size categories. This is difficult to translate to the man-
agement of individual patients and (presumably) is applicable
to only GBM, thus excluding lower-grade gliomas, which rarely
have enhancement. Moreover, it does not account for other dif-
ferences in imaging that might be attributable to intra- and
intertumoral heterogeneity in GBM.

Gliomas are unique in that they are the only cancer in which
nearly all of the morbidity is due to local progression (ie, within
the brain). Consequently, better modeling of glioma growth and
response to treatment is likely to have greater prognostic and
therapeutic implications for glioma than for other diseases.
Stensjgen and colleagues have made a novel and potentially
useful contribution toward this important goal. Given the com-
plexity and importance of the problem, continued research ef-
forts are necessary to better understand and model growth
and invasiveness of gliomas. An ideal model would provide
insight into glioma growth and invasion, metabolism, and re-
sponse to treatment across tumor grades and types, be objec-
tive and reproducible across imaging platforms, as well as be
customizable for counseling individual patients. Quantitative
imaging paradigms, which provide more precise and accurate
data, should be applied in future studies. Advanced imaging
tools such as PET, perfusion, spectroscopy, and diffusion tensor
imaging may also improve our understanding of the multidi-
mensional tumor growth processes in gliomas compared with
routine MRI.® Magnetic resonance fingerprinting, which rapidly
and noninvasively quantifies multiparametric tissue properties,
is another robust and objective tool which may also be

potentially useful for quantification of early tumor growth
and detection of tissue invasion.’

Funding

CB funding: None. AES is supported by the Peter D. Cristal Chair in Neu-
rosurgical Oncology as well as the Kimble endowment for Neurosurgical
Oncology.

Conflict of interest statement. None declared for both authors.

References

1. Harpold HL, Alvord EC Jr, Swanson KR. The evolution of
mathematical modeling of glioma proliferation and invasion.
J Neuropathol Exp Neurol. 2007;66(1):1-9.

2. Hatzikirou H, Deutsch A, Schaller C, et al. Mathematical modelling of
glioblastoma tumour development: a review. Mathematical Models
and Methods in Applied Sciences. 2005;15(11):1779-1794.

3. Stensjgen AL, Solheim O, Kvistad KA, et al. Growth dynamics
of untreated glioblastomas in vivo. Neuro Oncol. 2015;17(10):
1402-1411.

4. Yamashita T, Kuwabara T. Estimation of rate of growth of malignant
brain tumors by computed tomography scanning. Surg Neurol.
1983;20(6):464-470.

5. Blankenberg FG, Teplitz RL, Ellis W, et al. The influence of volumetric
tumor doubling time, DNA ploidy, and histologic grade on the
survival of patients with intracranial astrocytomas. AJNR Am J
Neuroradiol. 1995;16(5):1001-1012.

6. Wang CH, Rockhill JK, Mrugala M, et al. Prognostic significance of
growth kinetics in newly diagnosed glioblastomas revealed by
combining serial imaging with a novel biomathematical model.
Cancer Res. 2009;69(23):9133-9140.

7. Schorner W, Laniado M, Niendorf HP, et al. Time-dependent
changes in image contrast in brain tumors after gadolinium-
DTPA. AJNR Am J Neuroradiol. 1986;7(6):1013-1020.

8. Gerstner ER, Sorensen AG, Jain RK, et al. Advances in neuroimaging
techniques for the evaluation of tumor growth, vascular
permeability, and angiogenesis in gliomas. Curr Opin Neurol.
2008;21(6):728-735.

9. MaD, GulaniV, Seiberlich N, et al. Magnetic resonance fingerprinting.
Nature. 2013;495(7440):187-192.

1308




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG2000
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG2000
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 175
  /MonoImageDepth 4
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


