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• Undergraduate Neurosciences with Honors UCLA – 2006
• MD/PhD at NYMC – 2013

– Dissertation “The Role of Tumor Suppressor p53 in the Regulation of 
Cancer Stem Cells of Glioblastoma Multiforme”

• MSc Bioengineering at University of Utah - 2016
• Residency University of Utah- 2013-2020
• Fellowship in Minimally Invasive and Open Skull Base at 

Thomas Jefferson University Hospital- 2021

• Research focus on translational neurooncology and 
targeted therapy, prognostic markers, and novel surgical 
techniques

MICHAEL KARSY, MD, PHD, MSC

michael.karsy@hsc.utah.edu
949-338-5957
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OUTLINE

• Updates in Neurooncology and Skull Base
– Minimally invasive surgery with surgical technology
– Integration of targeted therapy into patient care
– Interdisciplinary management/clinical trials
– Emerging technology: augmented reality, real-time 

imaging
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Minimally invasive 
surgery
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EXTENT OF RESECTION 
IMPROVES SURVIVAL 
• N=330 patients with 

glioblastoma, 2006-2011
• Improving extent of resection 

remains important in 
improving survival

• Survival predictors: tumor 
volume, age, multifocal 
location, deep nuclei/basal 
ganglia

• Awad AW, Karsy M, Sanai N, Spetzler R, Zhang Y, Xu Y, Mahan MA Impact of removed tumor volume and location on patient outcome in glioblastoma..J Neurooncol. 2017 
Oct;135(1):161-171

• Lacroix M, Abi-Said D, Fourney DR, Gokaslan ZL, Shi W, DeMonte F, Lang FF, McCutcheon IE, Hassenbusch SJ, Holland E, Hess K, Michael C, Miller D, Sawaya R A multivariate analysis of 
416 patients with glioblastoma multiforme: prognosis, extent of resection, and survival.. J Neurosurg. 2001 Aug;95(2):190-8. 
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PATIENT COMPLICATION 
IMPAIRS SURVIVAL
• N=82 patients >75 years of 

age, 1995-2016
• Patient complication 

significantly impairs overall 
survival in elderly and 
young patients

• Minor complications 
reduce ability to complete 
adjuvant therapy

• Karsy M, Yoon N, Boettcher L, Jensen R, Shah L, MacDonald J, Menacho ST. Surgical treatment of 
glioblastoma in the elderly: the impact of complications. J Neurooncol. 2018 May;138(1):123-132
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UPDATE: MINIMALLY INVASIVE RESECTION

• Improved technology for more accurate tumor 
localization and safer resection
– Neuronavigation
– Awake mapping
– Intraoperative MRI
– Functional MRI
– Ultrasound
– Tractography

8



4/24/22

5

SURGICAL ADJUNCTS IN TUMOR RESECTION

• 34-year-old female presenting with new 
onset seizures

• WHO III IDHmut astrocytoma, EGFRlow, 
MGMT-unmeth, 1p19q intact, GFAP+, 
ATRX+, p53 80%, ki-67 10%
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Awake motor 
mapping

Intraop MRI Post-resection Postop

Interdisciplinary 
tumor board
-TMZ, RT
-Clinical trial 
screening
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EXPANSION OF IMRI TO OTHER TYPES OF CASES

• N=314 pediatric patients, 
age 9.7 years, 2007-2019

• Multicenter registry
• 46.8% of patients 

underwent additional 
tumor resection after iMRI
with most samples (87.9%) 
being positive

Karsy M, Akbari SH, Limbrick D, Leuthardt EC, Evans J, Smyth MD, Strahle J, Leonard J, Cheshier S, Brockmeyer DL, Bollo RJ, Kestle JR, Honeycutt J, 
Donahue DJ, Roberts RA, Hansen DR, Riva-Cambrin J, Sutherland G, Gallagher C, Hader W, Starreveld Y, Hamilton M, Duhaime AC, Jensen RL, 
Chicoine MR. Evaluation of pediatric glioma outcomes using intraoperative MRI: a multicenter cohort study. J Neurooncol. 2019 Jun;143(2):271-280.
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UPDATE: LITT AND IMRI FOR LESION TREATMENT

• n=2 cases, brainstem cavernous 
malformations, recurrent symptomatic 
hemorrhage, treatment with laser 
interstitial thermal therapy

• Improvement in symptoms and lesion 
involution over time

Nicholas T. Gamboa, Michael Karsy, Rajiv R. Iyer, Robert J. Bollo, Richard H. Schmidt Acta Neurochirurgica (2020) 
162:1771–1775

postoperatively and were accompanied by progressive radio-
graphic involution of their lesions and hemorrhage-free sur-
vival at 18 months and 12 months for cases 1 and 2, respec-
tively. LITTwas thought to thermally ablate the disorganized
vascular tissue of a CM. Based on the results of our small case
study, we demonstrate that MR thermography-guided LITT
can be potentially safe and effective treatment of brainstem
CMs in select patients. It is not unforeseeable that indications
for LITT of CMs could evolve to include lesions in inacces-
sible locations, patients with other medical comorbidities, pa-
tients who would not tolerate the high surgical morbidity,
cases where expertise to resect such lesions are not available,
and patients who desire alternative treatments to open surgery.
We used the frontal, transcapsular and suboccipital,
transpeduncular approaches to the brainstem; however, we
observed that the suboccipital trajectory was shorter, crossed
no sulci margins, and could be easily performed in the

Fig. 1 Case 1. a Preoperative T2-
weighted magnetic resonance
(MR) image showing a right
pontine CM (arrow). b
Preoperative susceptibility-
weighted imaging demonstrating
multiple supratentorial CM le-
sions (arrowheads). c
Intraoperative coronal and d sag-
ittal T1-weighted, contrast-
enhanced views showing predict-
ed ablated areas (orange), and e
isothermal maps using MR ther-
mography. A frontal
transpeduncular approach
through the middle frontal gyrus
was used. f Immediate postopera-
tive, g 2-week, h 6-week, i 4-
month, j 7-month, and k 12-
month postoperative MR images
suggesting gradual involution of
the pontine CM as evident by re-
duced T2 signal size, heterogene-
ity, and brainstemmass effect. T1-
weighted, l contrast-enhanced
MRI preoperatively, and m
12 months postoperatively sug-
gests involution of the pontine
CM seen by reduced gadolinium
uptake and lesion size (arrow)

Table 1 Laser power times for cases 1 and 2

Case 1 Case 2

Test doses 4.50 W for 4 s 4.50 W for 4 s

4.50 W for 7 s 4.50 W for 7 s

4.50 W for 31 s 4.50 W for 31 s

4.50 W for 22 s 4.50 W for 22 s

4.50 W for 20 s 4.50 W for 20 s

4.50 W for 19 s 4.50 W for 19 s

9.90 W for 20 s 9.90 W for 20 s

4.50 W for 24 s 4.50 W for 24 s

Treatment doses 10.50 W for 20 s 10.50 W for 20 s

11.25 W for 23 s 11.25 W for 23 s

11.25 W for 59 s 11.25 W for 59 s

12.00 W for 84 s 12.00 W for 84 s

Acta Neurochir (2020) 162:1771–1775 1773
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UPDATE: ENDOSCOPIC SKULL BASE

Cutler J, Henson JC, Alt J, Karsy M. How I Do It: Endonasal Transethmoidal, Transcribriform Approach for 
Resection of Giant Olfactory Groove Meningioma. Acta Neurochir accepted 2022
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ENDOSCOPIC SKULL BASE
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RAPID Research 
Consortium

To serve the 
clinician-
scientist by… 

1) developing a platform for multicenter pituitary quality improvement efforts and clinical and 
translational research,

2) promoting collegiality and scholarship, 

3) applying innovative solutions to the challenges of outcomes research.
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STEERING COMMITTEE BCOC
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CURRENT STATE OF PITUITARY RESEARCH

v Pituitary tumors are orphan disease
v Pituitary research occurs in silos
v No collaborative platform for executing studies at 

scale
v No national surgery outcomes registry exists
v Translational research is challenging , in part 

because of lack of tumor samples and opportunities 
for multidisciplinary collaboration

16
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Targeted treatment

17

UPDATE: INTEGRATION OF TRANSLATIONAL 
TREATMENTS INTO NEUROONCOLOGY

Glioma Stem Cells as
Immunotherapeutic Targets:
Advancements and Challenges
Keenan Piper1,2†, Lisa DePledge1,3†, Michael Karsy4 and Charles Cobbs1*

1 Ben & Catherine Ivy Center for Advanced Brain Tumor Treatment, Swedish Neuroscience Institute, Seattle, WA, United States,
2 Sidney Kimmel Medical College, Philadelphia, PA, United States, 3 University of Washington School of Medicine, Spokane, WA,
United States, 4 Department of Neurological Surgery, Thomas Jefferson University, Philadelphia, PA, United States

Glioblastoma is the most common and lethal primary brain malignancy. Despite major
investments in research into glioblastoma biology and drug development, treatment
remains limited and survival has not substantially improved beyond 1–2 years. Cancer
stem cells (CSC) or glioma stem cells (GSC) refer to a population of tumor originating cells
capable of self-renewal and differentiation. While controversial and challenging to study,
evidence suggests that GCSs may result in glioblastoma tumor recurrence and resistance
to treatment. Multiple treatment strategies have been suggested at targeting GCSs,
including immunotherapy, posttranscriptional regulation, modulation of the tumor
microenvironment, and epigenetic modulation. In this review, we discuss recent
advances in glioblastoma treatment specifically focused on targeting of GCSs as well
as their potential integration into current clinical pathways and trials.

Keywords: glioblastoma stem cells, glioblastoma, cancer vaccination, radioresistance, tumor recurrence, cancer
stem cell, brain tumors, immunotherapy

INTRODUCTION

Glioblastoma (GBM), a World Health Organization grade IV astrocytoma, is the most common
primary brain malignancy with an incidence of 3.22:100,000 annually in the U.S (1). Despite
standard of care treatment with maximal surgical resection, radiotherapy, adjuvant temozolomide
(TMZ) chemotherapy, and tumor-treating-fields, median survival is still only 14.6 months (2), and
nearly all patients succumb to fatal tumor recurrence and progression, with a <5% 5-year overall
survival (OS).

The lack of improvement in GBM outcomes may be attributed, in part, to current therapies’
inability to target glioma stem cells (GSCs), a small subpopulation of cells that are implicated in
tumor invasiveness, recurrence, and chemo(radio)resistance. The GSC population remains
challenging both to define empirically and treat. GSCs are described by their ability to self-renew
and differentiate to reform the heterogeneity of GBM (3). Multiple strategies to target GSC are
currently under investigation with varying levels of preclinical and clinical development (4). In this
review, we discuss the evidence supporting GBM’s common stem cell origin and outline the
limitations of standard of care treatment for GBM. We then explore immunotherapeutic targeting
of GSCs and highlight ongoing clinical trials.

Frontiers in Oncology | www.frontiersin.org February 2021 | Volume 11 | Article 6157041
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)URQW� %LRVFL� �/DQGPDUN (G� ����� ������ ���
KWWSV���GRL�RUJ����������M�IEO�������

&RS\ULJKW� � ���� 7KH $XWKRU�V�� 3XEOLVKHG E\ ,05 3UHVV�
7KLV LV DQ RSHQ DFFHVV DUWLFOH XQGHU WKH && %< ��� OLFHQVH�

3XEOLVKHU¶V 1RWH� ,05 3UHVV VWD\V QHXWUDO ZLWK UHJDUG WR MXULVGLFWLRQDO FODLPV LQ SXEOLVKHG PDSV DQG LQVWLWXWLRQDO DIILOLDWLRQV�

5HYLHZ

7DUJHWHG 7KHUDS\ LQ WKH 0DQDJHPHQW RI 0RGHUQ &UDQLRSKDU\QJLRPDV
0DLNHUO\ 5H\HV1,†� 0RKDPPDG 7DJKYDHL1,†� 6L\XDQ <X1,†� $QLVK 6DWKH1,†� 6DUDK &ROORS\1,†�
*L\DUSXUDP 1� 3UDVKDQW1,†� -DPHV -� (YDQV1� 0LFKDHO .DUV\2,

1'HSDUWPHQW RI 1HXURORJLFDO 6XUJHU\� 7KRPDV -HIIHUVRQ 8QLYHUVLW\ +RVSLWDO� 3KLODGHOSKLD� 3$ ������ 86$
2'HSDUWPHQW RI 1HXURVXUJHU\� 8QLYHUVLW\ RI 8WDK� 6DOW /DNH &LW\� 87 ������ 86$

&RUUHVSRQGHQFH� PLFKDHO�NDUV\#KVF�XWDK�HGX �0LFKDHO .DUV\�
† 7KHVH DXWKRUV FRQWULEXWHG HTXDOO\�
$FDGHPLF (GLWRU� *UDKDP 3DZHOHF
6XEPLWWHG� �� 1RYHPEHU ���� 5HYLVHG� �� -DQXDU\ ���� $FFHSWHG� � )HEUXDU\ ���� 3XEOLVKHG� �� $SULO ����

$EVWUDFW

%DFNJURXQG� 7KH SUR[LPLW\ RI FUDQLRSKDU\QJLRPDV �&3V� WR FULWLFDO QHXURYDVFXODU VWUXFWXUHV FDQ OHDG WR D KRVW RI QHXURORJLF DQG
HQGRFULQH FRPSOLFDWLRQV WKDW OHDG WR GLIILFXOW\ ZLWK VXUJLFDO PDQDJHPHQW� ,Q WKLV UHYLHZ� ZH H[DPLQH WKH PROHFXODU DQG JHQHWLF PDUNHUV
LPSOLFDWHG LQ &3� WKHLU LQYROYHPHQW LQ WXPRULJHQLF SDWKZD\V� DQG WKHLU LPSDFW RQ &3 SURJQRVLV DQG WUHDWPHQW� 0HWKRGV� :H XQGHUWRRN D
IRFXVHG UHYLHZ RI UHOHYDQW DUWLFOHV� FOLQLFDO WULDOV� DQG PROHFXODU VXPPDULHV UHJDUGLQJ &3� 5HVXOWV� *HQHWLF DQG LPPXQRORJLFDO PDUNHUV
VKRZ YDULDEOH H[SUHVVLRQ LQ GLIIHUHQW W\SHV RI &3� %5$) LV LPSOLFDWHG LQ WXPRULJHQHVLV LQ SDSLOODU\ &3 �S&3�� ZKHUHDV &711%� DQG
(*)5 DUH RIWHQ RYHUH[SUHVVHG LQ DGDPDQWLQRPDWRXV &3 �D&3� DQG 9(*) LV RYHUH[SUHVVHG LQ D&3 DQG UHFXUUHQW &3� 7DUJHWHG WUHDWPHQW
PRGDOLWLHV LQKLELWLQJ WKHVH SDWKZD\V FDQ VKULQN RU KDOW SURJUHVVLRQ RI &3� ,Q DGGLWLRQ� (*)5 LQKLELWRUV PD\ VHQVLWL]H WXPRUV WR UDGLDWLRQ
WKHUDS\� 7KHVH GUXJV VKRZ SURPLVH LQ PHGLFDO PDQDJHPHQW DQG QHRDGMXYDQW WKHUDS\ IRU &3� ,PPXQRWKHUDS\� LQFOXGLQJ DQWL�LQWHUOHXNLQ��
�,/��� GUXJV DQG LQWHUIHURQ WUHDWPHQW� DUH DOVR HIIHFWLYH LQ PDQDJLQJ WXPRU JURZWK� 2QJRLQJ FOLQLFDO WULDOV LQ &3 DUH OLPLWHG EXW DUH WHVWLQJ
%5$)�0(7 LQKLELWRUV DQG ,/�� PRQRFORQDO DQWLERGLHV� &RQFOXVLRQV� *HQHWLF DQG LPPXQRORJLFDO PDUNHUV VKRZ YDULDEOH H[SUHVVLRQ LQ
GLIIHUHQW VXEW\SHV RI &3� 6HYHUDO FXUUHQW PROHFXODU WUHDWPHQWV KDYH VKRZQ VRPH VXFFHVV LQ WKH PDQDJHPHQW RI WKLV GLVHDVH� $GGLWLRQDO
FOLQLFDO WULDOV DQG WDUJHWHG WKHUDSLHV ZLOO EH LPSRUWDQW WR LPSURYH &3 SDWLHQW RXWFRPHV�

.H\ZRUGV� FUDQLRSKDU\QJLRPD� DGDPDQWLQRPDWRXV� SDSLOODU\� %5$)� EHWD�FDWHQLQ� &711%�� LPPXQRWKHUDS\� PROHFXODU ELRORJ\�
(*)5

�� ,QWURGXFWLRQ
&UDQLRSKDU\QJLRPDV �&3V� FDQ UHVXOW LQ KLJK OHYHOV

RI PRUELGLW\ DQG PRUWDOLW\ EHFDXVH RI WKHLU LQYROYHPHQW
RI FULWLFDO QHXURYDVFXODU VWUXFWXUHV� $YDLODEOH WUHDWPHQW
VWUDWHJLHV� LQFOXGLQJ VXUJHU\ DQG UDGLRWKHUDS\� KDYH OLPL�
WDWLRQV DQG NQRZQ FRPSOLFDWLRQ SURILOHV� 7KXV� QRYHO WKHU�
DSLHV DUH QHHGHG WR LPSURYH ORQJ�WHUP RXWFRPHV SRVWRS�
HUDWLYHO\� &XUUHQWO\� QR PHGLFDO WKHUDSLHV DUH ZLGHO\ HV�
WDEOLVKHG WR WUHDW &3V� EXW UHFHQW DGYDQFHV LQ PROHFXODU
ELRORJ\ KDYH UHYHDOHG SRWHQWLDO PROHFXODU SDWKZD\V WKDW
FRXOG EH H[SORLWHG WR GHYHORS QHZ WKHUDSHXWLFV� 7DUJHWHG
PROHFXODU WKHUDS\ KDV WKH SRWHQWLDO WR PLQLPL]H WKH DGYHUVH
RXWFRPHV FXUUHQWO\ DVVRFLDWHG ZLWK PHGLFDO PDQDJHPHQW
RI &3V� +HUH� ZH SHUIRUPHG D VFRSLQJ UHYLHZ RI NQRZQ
PROHFXODU SDWKZD\V DQGPDUNHUV LGHQWLILHG LQ WKH SDWKRJHQ�
HVLV RI &3 DQG HYDOXDWH VWXGLHV�FDVH UHSRUWV DQG FXUUHQW FOLQ�
LFDO WULDOV HYDOXDWLQJ WKH XVH RI WDUJHWHG WUHDWPHQWV� 6HDUFK
WHUPV IRU ³WDUJHWHG WUHDWPHQW´� ³FUDQLRSKDU\QJLRPD´� DQG
UHSHDW VHDUFKHV IRU NH\ LGHQWLILHG JHQHV ZDV SHUIRUPHG�

�� (SLGHPLRORJ\ DQG &OLQLFDO )HDWXUHV
&3V DUH EHQLJQ HSLWKHOLDO WXPRUV WKDW RULJLQDWH IURP

WKH VHOODU UHJLRQ� VSHFLILFDOO\ WKH FUDQLRSKDU\QJHDO GXFW�
7KH\ DUH FODVVLILHG DV :RUOG +HDOWK 2UJDQL]DWLRQ JUDGH ,

OHVLRQV >�@ DQG VKRZ D ELPRGDO DJH GLVWULEXWLRQ� ZLWK SHDN
LQFLGHQFH UDWHV REVHUYHG LQ FKLOGUHQ DJHG �±�� DQG DGXOWV
DJHG ��±�� \HDUV >�@� 7KHVH WXPRUV DUH TXLWH UDUH� ZLWK LQ�
FLGHQFHV UDQJLQJ IURP ���� WR ��� FDVHV SHU ������� SHRSOH
LQ WKH 8�6 >�@�

&3V PD\ SUHVHQW ZLWK IRFDO QHXURORJLFDO GHILFLWV� RSK�
WKDOPRORJLF GLVWXUEDQFHV� HQGRFULQRSDWKLHV� DQG HYLGHQFH
RI LQWUDFUDQLDO K\SHUWHQVLRQ >���@� 2SKWKDOPRORJLF GLVWXU�
EDQFHV� VHHQ LQ ��±��� RI SDWLHQWV� PD\ PDQLIHVW DV ELWHP�
SRUDO KHPLDQRSVLD GXH WR FRPSUHVVLRQ RI WKH RSWLF FKLDVP
RU YLVXDO GLVWXUEDQFH VHFRQGDU\ WR LQWUDFUDQLDO K\SHUWHQ�
VLRQ� (QGRFULQRSDWKLHV RFFXU EHFDXVH RI GDPDJH WR WKH
K\SRWKDODPLF±SLWXLWDU\ D[LV DQG FDQ EH SUHVHQW DW WLPH RI
GLDJQRVLV >�@� (QGRFULQRSDWKLHV DUH VHHQ LQ ��±��� RI
SDWLHQWV DQG LQFOXGH RQH RU PRUH KRUPRQDO GHILFLHQFLHV
DQG SDQK\SRSLWXLWDULVP� 3DWLHQWV PD\ DOVR SUHVHQW ZLWK
GLDEHWHV LQVLSLGXV RU GHYHORS LW DORQJ WKH FRXUVH RI WUHDW�
PHQW� )RFDO QHXURORJLFDO GHILFLWV PD\ LQFOXGH VHL]XUHV�
KHDGDFKHV� QDXVHD� YRPLWLQJ� DQG K\GURFHSKDOXV >�@�

&OLQLFDO PDQLIHVWDWLRQV DUH KHDYLO\ GHSHQGHQW RQ WKH
DQDWRPLF ORFDWLRQ RI WKH &3� VSHFLILFDOO\ ZKHWKHU WKH WXPRU
LV LQ D SUHFKLDVPDO� UHWURFKLDVPDO� RU LQWUDVHOODU ORFDWLRQ >�@�
7XPRUV LQ SUHFKLDVPDO ORFDWLRQV DUH PRUH OLNHO\ WRPDQLIHVW
ZLWK YLVXDO GLVWXUEDQFHV DQG RSWLF DWURSK\� ZKHUHDV WKRVH LQ
UHWURFKLDVPDO ORFDWLRQV SUHVHQW ZLWK LQFUHDVHG LQWUDFUDQLDO

)LJ� �� 6LJQDOLQJ SDWKZD\ DQG WDUJHWLQJ RI DGDPDQWLQRPDWRXV FUDQLRSKDU\QJLRPD� 8SUHJXODWLRQ RI WKHβ�FDWHQLQ VLJQDOLQJ SDWKZD\
LV JRYHUQHG E\ PXWDQW β�FDWHQLQ� ZKLFK UHVLVWV XELTXLWLQ�PHGLDWHG SURWHRO\VLV� 8SUHJXODWLRQ RI VRQLF KHGJHKRJ �6++� VLJQDOLQJ LV VHHQ
DORQJ ZLWK WKH HSLGHUPDO JURZWK IDFWRU UHFHSWRU �(*)5� DQG YDVFXODU HQGRWKHOLDO JURZWK IDFWRU �9(*)� VLJQDOLQJ SDWKZD\V� 2QO\
WDUJHWHG WKHUDS\ RI (*)5� 9(*)� DQG LQIODPPDWRU\ F\WRNLQHV KDV EHHQ GHVFULEHG ZLWK DGDPDQWLQRPDWRXV FUDQLRSKDU\QJLRPD� $3&�
DGHQRPDWRXV SRO\SRVLV FROL� &.,α� FDVHLQ NLQDVH � DOSKD� */,�� JOLRPD�DVVRFLDWHG RQFRJHQH� +K� VRQLF KHGJHKRJ� /53� ORZ�GHQVLW\
OLSRSURWHLQ UHFHSWRU�UHODWHG SURWHLQ� 0$3.� PLWRJHQ�DFWLYDWHG SURWHLQ NLQDVH� 3,�.� SKRVSKRLQRVLWLGH ��NLQDVHV� 37&+� SDWFKHG� 602�
VPRRWKHQHG� 68)8� VXSSUHVVRU RI IXVHG KRPRORJ� 7&)�/()� 7�FHOO IDFWRU�O\PSKRLG HQKDQFHU�ELQGLQJ IDFWRU� 9(*)� YDVFXODU HQGRWKHOLDO
JURZWK IDFWRU�

QHUYRXV V\VWHP WXPRUV LQ YDULRXV FOLQLFDO WULDOV �FOLQLFDO�
WULDOV�JRY LGHQWLILHUV 1&7��������� 1&7��������� DQG
1&7��������� >��@� 1&7�������� LV D SKDVH � WULDO LQ�
YHVWLJDWLQJ VWXG\ GUXJ ;1:����� D :QW SURWHLQ EORFNHU LQ
SDWLHQWV ZLWK DGYDQFHG VROLG WXPRUV� 1&7�������� LV LQ�
YHVWLJDWLQJ VWXG\ GUXJ &*;����� D :QW SDWKZD\ LQKLELWRU
LQ SDWLHQWV ZLWK DGYDQFHG VROLG WXPRUV DQG LQ FRPELQDWLRQ
ZLWK 3HPEUROL]XPDE LQ SDWLHQWV ZLWK DGYDQFHG JDVWURLQ�
WHVWLQDO WXPRUV� )LQDOO\� 1&7�������� LV D SKDVH � WULDO
LQYHVWLJDWLQJ :QW LQKLELWRU 5;&��� DV PRQRWKHUDS\ RU LQ
FRPELQDWLRQZLWK 1LYROXPDE LQ SDWLHQWV ZLWK DGYDQFHGPD�
OLJQDQFLHV� 'HVSLWH LWV SURPLVLQJ SRWHQWLDO� LW LV YLWDO WR QRWH
WKDW β�FDWHQLQ�:QW WDUJHWLQJ LV SRVVLEO\ DVVRFLDWHG ZLWK VLJ�
QLILFDQW RII�WDUJHW HIIHFWV >��@�

D&3V DOVR VKRZ XSUHJXODWLRQ RI 6++ VLJQDOLQJ �*/,��
37&+�� DQG 6++� SDWKZD\V LQ FRPSDULVRQZLWK S&3V� 7KH
6++ VLJQDOLQJ SDWKZD\� HVVHQWLDO WR RUJDQ GHYHORSPHQW
DQG PDLQWHQDQFH RI VWHP FHOO QLFKHV� LV DOVR XSUHJXODWHG
LQ ERWK PRXVH DQG KXPDQ D&3V >��@� 6++ ELQGV WR WKH
UHFHSWRU 3DWFKHG � �37&+��� UHVXOWLQJ LQ GLVLQKLELWLRQ RI
6PRRWKHQHG �602�� D WUDQVGXFHU� 2QFH DFWLYH� 602 LQ�
GXFHV D VLJQDOLQJ FDVFDGH DQG DFWLYDWHV WDUJHW JHQHV� ,Q
JHQH H[SUHVVLRQ VWXGLHV RI D&3 PRXVH PRGHOV� 6++ ZDV
RYHUH[SUHVVHG LQ β�FDWHQLQ FHOO FOXVWHUV� ,Q KXPDQV� H[�
SUHVVLRQ RI 6++ P51$ DQG UHFHSWRU 37&+� KDYH DOVR
EHHQ IRXQG LQ β�FDWHQLQ FHOO FOXVWHUV� 7KHUHIRUH� 602 LQ�
KLELWRUV DUH DQRWKHU SRWHQWLDO WKHUDS\ LQ &3 PDQDJHPHQW
DQG KDYH GHPRQVWUDWHG VXFFHVV LQ WUHDWLQJ DGYDQFHG KXPDQ
FDQFHU >��@�

�
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KWWS���GRL�RUJ����������M�IEO�������

&RS\ULJKW� � ���� 7KH $XWKRU�V�� 3XEOLVKHG E\ ,05 3UHVV�
7KLV LV DQ RSHQ DFFHVV DUWLFOH XQGHU WKH && %< ��� OLFHQVH�

3XEOLVKHU¶V 1RWH� ,05 3UHVV VWD\V QHXWUDO ZLWK UHJDUG WR MXULVGLFWLRQDO FODLPV LQ SXEOLVKHG PDSV DQG LQVWLWXWLRQDO DIILOLDWLRQV�

5HYLHZ

$ UHYLHZ RI PXOWLRPLFV SODWIRUPV LQ SLWXLWDU\ DGHQRPD SDWKRJHQHVLV
1LNRODRV 0RXFKWRXULV1� 5XSHUW '� 6PLW1� .HHQDQ 3LSHU1� *L\DUSXUDP 3UDVKDQW1�
-DPHV -� (YDQV1� 0LFKDHO .DUV\2,

1'HSDUWPHQW RI 1HXURVXUJHU\� 7KRPDV -HIIHUVRQ 8QLYHUVLW\ +RVSLWDO� 3KLODGHOSKLD� 3$ ������ 86$
2'HSDUWPHQW RI 1HXURVXUJHU\� 8QLYHUVLW\ RI 8WDK� 6DOW /DNH &LW\� 87 ������ 86$

&RUUHVSRQGHQFH� PLFKDHO�NDUV\#KVF�XWDK�HGX �0LFKDHO .DUV\�
$FDGHPLF (GLWRU� *UDKDP 3DZHOHF
6XEPLWWHG� �� 1RYHPEHU ���� 5HYLVHG� �� -DQXDU\ ���� $FFHSWHG� �� )HEUXDU\ ���� 3XEOLVKHG� � 0DUFK ����

$EVWUDFW

3LWXLWDU\ DGHQRPDV �3$�� RU SLWXLWDU\ QHXURHQGRFULQH WXPRUV �3LW1(7V�� UHSUHVHQW ��� RI DOO FHQWUDO QHUYRXV V\VWHP WXPRUV� &ODVVLF
GHVFULSWLRQ RI 3LW1(7V VROHO\ E\ KRUPRQDO FODVVLILFDWLRQ KDV JLYHQ ZD\ WR NH\ WUDQVFULSWLRQ IDFWRUV WKDW SOD\ D UROH LQ WKH SDWKRORJ\ RI
3LW1(7V LQFOXGLQJ VWHURLGRJHQLF IDFWRU�� �6)���� W�ER[ SLWXLWDU\ WUDQVFULSWLRQ IDFWRU �73,7�� DQG SLWXLWDU\ WUDQVFULSWLRQ IDFWRU � �3,7����
*HUPOLQH PXWDWLRQV LQ YDULRXV IDPLOLDO 3LW1(7V DUH GLVFXVVHG LQFOXGLQJ WKRVH LQ IDPLOLDO LVRODWHG SLWXLWDU\ DGHQRPD �),3$�� PXOWLSOH
HQGRFULQH QHRSODVLD �0(1�� QHXURILEURPDWRVLV � �1)��� DQG &DUQH\ FRPSOH[� 5HFHQW DGYDQFHV LQ QH[W JHQHUDWLRQ VHTXHQFLQJ KDYH
LPSURYHG LQVLJKW LQWR WKH SDWKRJHQHVLV RI 3LW1(7V� $ UHYLHZ RI NH\ VWXGLHV LQ HYDOXDWLQJ WKH JHQRPLF DQDO\VLV RI 3LW1(7V ZDV SHUIRUPHG�
&KURPRVRPDO PXWDWLRQV� ZKROH H[RPH VHTXHQFLQJ� PLFUR51$ JHQRPLFV� PHWK\ORPLFV DQG WUDQVFULSWRPLFV ZHUH DQDO\]HG� 0RUHRYHU�
WKH PXOWLRPLF DQDO\VLV RI YDULRXV JHQRPLF SDQHOV KDV KHOSHG WR EHWWHU XQGHUVWDQG 3$ FODVVLILFDWLRQ�

.H\ZRUGV� SLWXLWDU\ DGHQRPD� PROHFXODU JHQHWLFV� 3LW1(7� JHQRPLFV� 6)��� 73,7� 3,7��

�� ,QWURGXFWLRQ

3LWXLWDU\ WXPRUV UHSUHVHQW QHDUO\ ��� RI DOO FHQWUDO
QHUYRXV V\VWHP �&16� WXPRUV DQG DUH PRVWO\ FRPSULVHG RI
SLWXLWDU\ QHXURHQGRFULQH WXPRUV �3LW1(7V�� IRUPHUO\ FDOOHG
SLWXLWDU\ DGHQRPDV LQ HDUOLHU :RUOG +HDOWK 2UJDQL]DWLRQ
�:+2� FODVVLILFDWLRQV >�@� :KLOH PRVW RIWHQ EHQLJQ� 3LW�
1(7V FDQ OHDG WR D ZLGH UDQJH RI FOLQLFDO V\PSWRPV WKURXJK
KRUPRQH VHFUHWLRQ RU PDVV HIIHFW RQ FULWLFDO VWUXFWXUHV� 7KH
GLDJQRVLV DQG HYDOXDWLRQ RI 3LW1(7V KDV HYROYHG IURP WKH
RULJLQDO KLVWRORJLFDO GHVFULSWLRQ� H�J�� DFLGRSKLO� EDVRSKLO�
RU FKURPRSKREH WXPRUV DV GHWHUPLQHG E\ KHPDWR[\OLQ DQG
HRVLQ VWDLQLQJ� 0RVW UHFHQWO\� KRZHYHU� WKHUH KDV EHHQ D
FRQFHUWHG HIIRUW WR GHYHORS D PRUH SHUVRQDOL]HG DSSURDFK WR
GLDJQRVLQJ 3LW1(7V WKDW UHOLHV RQ WKH JHQHWLF� WUDQVFULSWLRQ�
DQG SURWHLQ ELRPDUNHUV� ,Q ����� 5DYHURW HW DO� >�@ GHPRQ�
VWUDWHG WKH SURJQRVWLF YDOXH RI XVLQJ JHQHWLF PDUNHUV LQ WKH
LGHQWLILFDWLRQ RI WXPRUV E\ SURSRVLQJ D QRYHO FOLQLFRSDWKR�
ORJLFDO FODVVLILFDWLRQ WKDW FRQVLVWHG RI WXPRU VL]H� KRUPRQDO
LPPXQRFKHPLVWU\� LQYDVLYHQHVV� DQG PDUNHUV RI SUROLIHUD�
WLRQ� 7KH SURSRVHG FODVVLILFDWLRQ GHPRQVWUDWHG KLJK SURJ�
QRVWLF YDOXH LQ SUHGLFWLQJ SRVW�RSHUDWLYH RXWFRPHV� :LWK
HDFK VXFFHVVLYH LWHUDWLRQ WR WKH :+2 FODVVLILFDWLRQ� WKHUH
KDV EHHQ D SLYRW DZD\ IURP WKH QRQVSHFLILF QRPHQFODWXUH
RI ³KRUPRQH�SURGXFLQJ SLWXLWDU\ DGHQRPDV´ DQG D VKLIW WR�
ZDUGV WKH DGHQRK\SRSK\VHDO FHOO OLQHDJH GHVLJQDWLRQ RI WKH
WXPRUV� ,Q ����� WKH :+2 SXEOLVKHG WKH �WK HGLWLRQ RI
WKH FODVVLILFDWLRQ RI HQGRFULQH WXPRUV DQG XSGDWHG WKHLU GL�
DJQRVWLF JXLGHOLQHV IRU 3LW1(7V� LQWURGXFLQJ WUDQVFULSWLRQ
IDFWRUV LQWR WKH GLDJQRVWLF FULWHULD >�@� 7KLV KDV EHHQ IXU�
WKHU VROLGLILHG LQ WKH ���� :+2 JXLGHOLQHV >�@�

7KH DGYDQFHPHQW RI QH[W JHQHUDWLRQ VHTXHQFLQJ
JHQRPLFV� LQFOXGLQJ PHWK\ORPLFV� WUDQVFULSWRPLFV� SUR�
WHRPLFV DQG HYHQ JO\FRPLFV� KDYH UHLQYLJRUDWHG WKH GLV�
FRYHU\ RI GLVHDVH SDWKRJHQHVLV� 7KH LQWHJUDWLRQ RI PXOWL�
SOH SODWIRUPV� WHUPHG PXOWLRPLFV� FDQ EH DQ HIIHFWLYH ZD\
WR XQGHUVWDQG GLVHDVH DFURVV GLIIHUHQW OHYHOV RI JHQH UHJ�
XODWLRQ� %LRPDUNHUV FDQ DOVR EH FRPELQHG ZLWK LPDJLQJ
DQG FOLQLFDO DVVHVVPHQW� 6WXG\LQJ WKH PXOWLRPLFV RI 3LW�
1(7V KDV WKH WUHPHQGRXV SRWHQWLDO RI HQKDQFLQJ RXU XQGHU�
VWDQGLQJ RI WKH SDWKRJHQHVLV� LQYDVLYHQHVV� UHFXUUHQFH� DQG
SURJQRVLV RI WKHVH WXPRUV� ,Q WKLV UHYLHZ SDSHU� ZH SURYLGH
D GHWDLOHG DFFRXQW RI KRZ PXOWLRPLFV LV EHLQJ XWLOL]HG IRU
RSWLPL]LQJ WKH GLDJQRVLV DQG WUHDWPHQW RI 3LW1(7V�

�� ,QFRUSRUDWLRQ RI PXOWLRPLFV LQ ���� :+2
FODVVLILFDWLRQ RI WXPRUV RI WKH SLWXLWDU\ JODQG

,Q ����� :+2 UHYLVHG WKH FODVVLILFDWLRQ RI 3LW1(7V
WR EHWWHU UHSUHVHQW WKH FOLQLFDO FKDUDFWHULVWLFV RI WKHVH WX�
PRUV� $ QHZ HPSKDVLV ZDV SODFHG RQ LGHQWLI\LQJ OLQHDJH�
UHVWULFWHG SLWXLWDU\ WUDQVFULSWLRQ IDFWRUV WR GHWHUPLQH DGH�
QRK\SRSK\VLDO FHOO OLQHDJHV� 5HFHQW VWXGLHV KDYH UHYHDOHG
WKDW NH\ WUDQVFULSWLRQ IDFWRUV ZKLFK GULYH QRUPDO DGHQR�
K\SRSK\VLDO FHOO GLIIHUHQWLDWLRQ DOVR SOD\ NH\ UROHV LQ 3LW�
1(7 F\WRGLIIHUHQWLDWLRQ DQG KRUPRQH SURGXFWLRQ >�@� 7KH
WKUHH PDLQ DGHQRK\SRSK\VLDO FHOO OLQHDJHV DQG WKHLU FRUUH�
ODWHG WUDQVFULSWLRQ IDFWRUV DUH �)LJ� ��� ��� JRQDGRWURSKV
GULYHQ E\ H[SUHVVLRQ RI VWHURLGRJHQLF IDFWRU�� �6)���� ���
FRUWLFRWURSKV GULYHQ E\ W�ER[ SLWXLWDU\ WUDQVFULSWLRQ IDFWRU
�7%;�� RU 73,7�� DQG ��� VRPDWRWURSKV� WK\URWURSKV� ODF�
WRWURSKV� DQGPDPPRVRPDWRWURSKV GULYHQ E\ SLWXLWDU\ WUDQ�

VFULSWLRQ IDFWRU � �3,7��� DOVR NQRZQ DV 328�)�� >�@� 1XOO
FHOO WXPRUV DQG SOXULKRUPRQDO WXPRUV DUH FRQVLGHUHG VHS�
DUDWHO\� QXOO FHOO WXPRUV GR QRW H[SUHVV DQ\ WUDQVFULSWLRQ
IDFWRUV� LPPXQRPDUNHUV� RU KRUPRQHV� ZKHUHDV SOXULKRU�
PRQDO WXPRUV SURGXFH PXOWLSOH KRUPRQHV DQG DUH XVXDOO\
DVVRFLDWHG ZLWK 3,7���

)LJ� �� &ODVVLILFDWLRQ RI SLWXLWDU\ WXPRUV E\ WUDQVFULSWLRQ IDF�
WRUV DQG KRUPRQDO VWDLQLQJ� $&7+� DGUHQRFRUWLFRWURSLF KRU�
PRQH� )6+β� IROOLFOH�VWLPXODWLQJ KRUPRQH� *+� JURZWK KRU�
PRQH� 3,7��� SLWXLWDU\ WUDQVFULSWLRQ IDFWRU �� 35/� SURODFWLQ� 6)���
VWHURLGRJHQLF IDFWRU �� 73,7� W�ER[ SLWXLWDU\ WUDQVFULSWLRQ IDFWRU�
76+β� WK\URLG VWLPXODWLQJ KRUPRQH β�

7KH XVH RI WUDQVFULSWLRQ IDFWRUV LV PRUH UHOLDEOH WKDQ
SULRU PHWKRGV WKDW UHOLHG RQ PLFURVFRSLF PRUSKRORJ\� LP�
PXQRKLVWRFKHPLVWU\ DJDLQVW KRUPRQHV� LQ VLWX K\EULGL]D�
WLRQ� UHYHUVH KHPRO\WLF SODTXH DVVD\V� DQG HOHFWURQ PL�
FURVFRS\ >�@� 7UDQVFULSWLRQ IDFWRU LGHQWLILFDWLRQ LV HV�
SHFLDOO\ XVHIXO LQ WXPRUV ZLWK PLQLPDO LPPXQRSRVLWLY�
LW\ VXFK DV VLOHQW FRUWLFRWURSKV� VRPDWRWURSKV� SOXULKRU�
PRQDO DQG LPPXQRQHJDWLYH WXPRUV >�@� $SSUR[LPDWHO\
��±��� RI QRQ�IXQFWLRQDO DGHQRPDV VKRZ VWDLQLQJ IRU
JRQDGRWURSKLQV� WHUPHG VLOHQW JRQDGRWURSKLQ DGHQRPDV
�6*$�ZKLFK RYHUODS KLVWRORJLFDOO\ZLWK QXOO FHOO DGHQRPDV
WKDW DUH PRUH FOLQLFDOO\ DJJUHVVLYH >�@� 9DULRXV WUDQVFULS�
WLRQ IDFWRUV� LQFOXGLQJ 6)��� 3,7��� DQG 73,7 KDYH EHHQ
DEOH WR GLVWLQJXLVK 6*$ IURP QXOO FHOO DGHQRPDV �1&$��
,PSRUWDQWO\� ZKLOH WUDQVFULSWRPLFV KDV LPSURYHG WKH VSHFL�
ILFLW\ RI DGHQRPD GLDJQRVLV� LW LV RQO\ SDUWLDOO\ GHVFULSWLYH
RI WKH WXPRU DQG VKRXOG EH XVHG LQ FRQMXQFWLRQ ZLWK FODVVL�

FDO PHWKRGV RI GLDJQRVLV VXFK DV KRUPRQH H[SUHVVLRQ >���@�
7KH ���� :+2 UHFODVVLILFDWLRQ DOVR DEDQGRQHG WKH

WHUP ³DW\SLFDO DGHQRPD´� ZKLFK ZDV SUHYLRXVO\ GHILQHG E\
PLWRWLF LQGH[ >��� .L��� H[SUHVVLRQ >��� DQG SRVLWLYH
S�� VWDLQLQJ� DV LWV SURJQRVWLF YDOXH ZDV LQFRQVLVWHQW >�@�
,QVWHDG� WKH DXWKRUV VXJJHVW FRQVLGHULQJ WKH UDWH RI JURZWK�
H[WHQW RI LQYDVLRQ� DQG .L��� H[SUHVVLRQ WR GHILQH WKH DJ�
JUHVVLYHQHVV RI D WXPRU >���@�

6HYHUDO VSHFLILF 3LW1(7 WXPRUV KDYH EHHQ LGHQWLILHG
DV HVSHFLDOO\ KLJK�ULVN� 2QH W\SH� VLOHQW FRUWLFRWURSK DGH�
QRPDV DUH 73,7 SRVLWLYH� RIWHQ ODUJH� DQG WHQG WR LQYDGH
WKH FDYHUQRXV VLQXV >����@� *LYHQ WKHLU SURSHQVLW\ WRZDUGV
PRUH IUHTXHQW DQG HDUOLHU UHFXUUHQFHV� WKH\ VKRXOG EH PRQ�
LWRUHG FORVHO\ SRVWRSHUDWLYHO\� 1RWDEO\� WKH\ RIWHQ H[KLELW
LQFRQVLVWHQW .L��� DQG S�� OHYHOV DQG PD\ UDUHO\ WUDQV�
IRUP LQWR FDUFLQRPDV >��@� &URRNH¶V FHOO DGHQRPDV DUH DQ�
RWKHU DJJUHVVLYH VXEW\SH RI WKH FRUWLFRWURSK OLQHDJH WKDW UH�
TXLUH FORVH PRQLWRULQJ IROORZLQJ UHVHFWLRQ JLYHQ WKHLU H[�
FHSWLRQDO WHQGHQF\ WR UHFXU >��@� 6SDUVHO\ JUDQXODWHG VR�
PDWRWRSK DGHQRPDV DUH DQ DJJUHVVLYH VXEW\SH RI 3LW1(7V
ZKLFK FDQ EH LGHQWLILHG E\ WKHLU 3,7�� SRVLWLYLW\ DQG FKDU�
DFWHULVWLF VSDUVH JUDQXODWLRQ RQ KLVWRORJ\ >��@� )LQDOO\�
SOXULKRUPRQDO 3,7���SRVLWLYH DGHQRPDV� IRUPHUO\ NQRZQ
DV VLOHQW DGHQRPD W\SH ,,,� DUH ODUJH� PRQRPRUSKRXV� LQ�
YDVLYH WXPRUV ZLWK YHU\ KLJK UDWHV RI UHFXUUHQFH >�����@�

7KH ���� :+2 FODVVLILFDWLRQ RI FHQWUDO QHUYRXV V\V�
WHP �&16� IROORZV WKH ���� :+2 FODVVLILFDWLRQ� JURXSLQJ
3LW1(7V E\ DGHQRK\SRSK\VHDO FHOO OLQHDJH DQG H[SUHVVLRQ
RI SLWXLWDU\ KRUPRQHV DQG WUDQVFULSWLRQ IDFWRUV >�@� %RWK
WKH ���� DQG ���� :+2 FODVVLILFDWLRQV DOVR UHFRJQL]H D
QHZ HQWLW\� WKH SLWXLWDU\ EODVWRPD� ZKLFK LV D UDUH HPEU\�
RQDO QHRSODVP RI LQIDQF\ FRPSRVHG RI SULPLWLYH EODVWHPDO
FHOOV� QHXURHQGRFULQH FHOOV� DQG 5DWKNH HSLWKHOLXP� 3LWX�
LWDU\ EODVWRPDV DUH XVXDOO\ VHHQ DV SDUW RI WKH ',&(5� V\Q�
GURPH DQGPRVW FRPPRQO\ SURGXFH$&7+ IROORZHG E\*+
>�@�

:KLOH WKH ���� :+2 FODVVLILFDWLRQ WUDQVLWLRQHG WR�
ZDUGV WKH XVH RI WUDQVFULSWLRQ IDFWRU XVH IRU WXPRU LGHQWL�
ILFDWLRQ� WKHUH KDV DOVR EHHQ D UDSLGO\ JURZLQJ ERG\ RI OLW�
HUDWXUH RQ WKH PXOWLRPLF G\VUHJXODWLRQV WKDW FRQWULEXWH WR
WKH SDWKRJHQHVLV RI QRQIXQFWLRQLQJ� IXQFWLRQLQJ� DQG IDPLO�
LDO SLWXLWDU\ DGHQRPDV� )RU HDFK W\SH RI WXPRU� ZH GLVFXVV
WKH JHQRPLFV� HSLJHQHWLF� H[RPLF� WUDQVFULSWRPLF� DQG SUR�
WHRPLF G\VUHJXODWLRQV DV ZHOO DV SURYLGH WKHLU FOLQLFDO FRU�
UHODWHV�

�� 3DWKRJHQHVLV RI QRQIXQFWLRQLQJ SLWXLWDU\
QHXURHQGRFULQH WXPRUV
��� '\VUHJXODWHG VLJQDOLQJ SDWKZD\V LQ QRQ�IXQFWLRQLQJ
3LW1(7V

1RQIXQFWLRQLQJ SLWXLWDU\ DGHQRPDV �1)�3LW1(7V�
DUH W\SLFDOO\ EHQLJQ� FKDUDFWHUL]HG E\ WKHLU DEVHQFH RI
KRUPRQDO RYHUSURGXFWLRQ� DQG VKRZ VSHFLILF PROHFXODU
FKDQJHV WKDW DUH KDOOPDUNV WR WKHLU SDWKRJHQHVLV� 8V�
LQJ LPPXQRKLVWRFKHPLFDO WHVWLQJ� 1)�3LW1(7V DUH GLYLGHG

�

progression free survival (PFS) of patients with GBM, it has
failed to improve OS. GSCs are notoriously resistant to hypoxia
and may therefore persist despite the additional therapeutic,
contributing to inevitable recurrence (62).

Epidermal growth factor receptor (EGFR) is molecular target
overexpressed in GSCs which confers chemo- and radioresistance
in GBM tumors, resulting in poorer outcomes among GBM
patients (63). The EGFR-targeting mAbs nimotuzumab and
cetuximab have been shown to reduce the total number of
radioresistant CD133(+) cancer stem cells in a murine glioma
model (64). Nimotuzumab alone demonstrates antiangiogenic and
antiproliferative activity while cetuximab inhibits downstream
EGFR signaling, resulting in tumor radiosensitization. The co-
administration of these drugs delayed tumor growth, decreased
brain tumor sizes, inhibited invasion, and promoted tumor cell
apoptosis. The synergistic effects of these monoclonal antibodies
makes the case for further investigation of combination therapies,

especially given the well-documented resistance developed by GBM
tumors to individual anti-EGFR mAbs which are frequently
rendered ineffective by extracellular EGFR mutations (65, 66).
This limitation has been evidenced in clinical trials when, used in
combination with standard of care treatment, nimotuzumab failed
to demonstrate significantly improved PFS or OS in 142 patients
with newly diagnosed GBM (NCT00753246) (66). Cetuximab is
now being assessed in a phase I/II clinical trial in combination with
bevacizumab (NCT01884740). There are currently nearly two
dozen trials testing the efficacy of bevacizumab in combination
with another treatment against GBM (67).

EGFR variant III (EGFRvIII) is a constitutively active mutated
form of EGFR that is highly expressed in many GBM tumors
(68). Though not specific to GSCs, it is significantly co-expressed
with CD133 (69) and promotes a stem-like phenotype in GBM
cells. It has been targeted for antibody therapy in combination
with radiation and chemotherapy. Although the anti-EGFRvIII

FIGURE 3 | Basic schema of the main immunotherapeutic modalities for targeting malignancies. In passive immunotherapy (A), antibodies are developed which
bind specific tumor antigens and induce cellular-mediated phagocytosis or complement membrane attack complex-mediated cell death. In active immunotherapy
(B), mononuclear cells are isolated from the patient’s blood then incubated with synthetic or biopsy-derived tumor antigens and activated before being transfused
back into the patient in order to facilitate an anti-tumor T cell immune response. In adoptive immunotherapy (C), either tumor-infiltrating T cells are isolated from
tumor biopsy, selected for their reactivity, and then transfused into a lymphodepleted patient, or T cells are isolated from blood, virally transduced to express a
chimeric antigen receptor (CAR), and then transfused into a lymphodepleted patient.
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UPDATE: TUMOR GENETICS IMPROVES 
UNDERSTANDING OF TUMOR BIOLOGY

• Integration of 
chromosomal analysis, 
microRNA, DNA 
methylation, and 
mRNA genomics to 
reclassify pituitary 
tumors in a way never 
done before
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SUMMARY

Pituitary neuroendocrine tumors (PitNETs) are common, with five main histological subtypes: lactotroph, so-
matotroph, and thyrotroph (POU1F1/PIT1 lineage); corticotroph (TBX19/TPIT lineage); and gonadotroph
(NR5A1/SF1 lineage). We report a comprehensive pangenomic classification of PitNETs. PitNETs from
POU1F1/PIT1 lineage showed an epigenetic signature of diffuse DNA hypomethylation, with transposable
elements expression and chromosomal instability (except forGNAS-mutated somatotrophs). In TPIT lineage,
corticotrophs were divided into three classes: the USP8-mutated with overt secretion, the USP8-wild-type
with increased invasiveness and increased epithelial-mesenchymal transition, and the large silent tumors
with gonadotroph transdifferentiation. Unexpected expression of gonadotroph markers was also found in
GNAS-wild-type somatotrophs (SF1 expression), challenging the current definition of SF1/gonadotroph line-
age. This classification improves our understanding and affects the clinical stratification of patients with
PitNETs.

Significance

Pituitary neuroendocrine tumors (PitNETs) are common, with important morbidity. We report a multi-genomic characteriza-
tion of PitNETs, based on a series of 134 tumors covering the whole clinical spectrum. Pituitary lineage was the main deter-
minant of unsupervised genomic classification (before aggressiveness). New molecular entities were identified, affecting
prognosis and treatments. Diffuse DNA hypomethylation was identified in the POU1F1/PIT1 lineage. The association with
chromosomal instability and expression of transposable elements points toward an original association of genomic insta-
bility with lineage differentiation (and not with aggressiveness). Furthermore, gonadotroph markers were identified in sub-
sets of corticotrophs and somatotroph PitNETs, blurring the current limits of gonadotroph lineage. These valuable genomic
data are available to the community and should pave the way to several future clinical and pathophysiological studies.

Cancer Cell 37, 123–134, January 13, 2020 ª 2019 Elsevier Inc. 123

(Hayashi et al., 2016). Dopamine receptor 2 (DRD2) showed the
highest expression in lactotroph PitNETs (t2), followed by gona-
dotroph PitNETs (t3) as recently suggested (Ben-Shlomo et al.,
2017) (Figure S1B). Of note, dopamine receptor 2 expression
was quite variable among somatotroph PitNETs, with
higher expression in GNAS-mutated PitNETs (Fisher’s exact
p = 0.001), supporting a potential value ofGNASmutation status
for predicting response to dopamine agonists in somatotroph
PitNETs.

Temozolomide is currently recommended for treating aggres-
sive PitNETs not responding to other treatments (Raverot et al.,
2018). Temozolomide is degraded by MGMT (O-6-methylgua-
nine-DNA methyltransferase) (Hegi et al., 2005). MGMT expres-
sion varied among molecular groups (Kruskal-Wallis p < 10!4),
but also within groups, and was not associated with aggressive-
ness (Kruskal-Wallis p = 0.52; Figure 6C and Table S9). The
association between MGMT expression and response to temo-
zolomide was evaluated in three patients. Expression level was
high in one not responding, intermediate in one with partial
response, and low in one with complete response (Figure 6C).
No negative correlation was found between MGMT expression
and DNA methylation in MGMT locus, including its promoter
(median correlation coefficient 0.55; range: !0.27 to 0.76).
Thus, MGMT mRNA expression level could be a predictor of te-
mozolomide response, in line with a previous publication using
MGMT immunohistochemistry (Bengtsson et al., 2015), but not
reproduced so far.

DISCUSSION

This study provides a pangenomic classification of PitNETs. All
histological types were represented, including subtypes
scarcely or even unavailable in previously reported molecular
studies, especially lactotroph, thyrotroph, and plurihormonal
PIT1-positive PitNETs. All secretion intensities and all levels of

aggressiveness were represented as well, thus providing a
comprehensive picture of PitNETs. This cohort was very care-
fully characterized clinically, both at hormonal and pathological
levels, using the most advanced expertise. Collecting such sam-
ples at a high quality—pure undegraded frozen material—was
challenging, owing to small size and the rarity of some subtypes.
Current classifications are empirical, based mainly on histo-

logical criteria (Lloyd et al., 2017; Raverot et al., 2018). This unbi-
ased molecular classification largely confirms the WHO 2017
classification, underlining the biological relevance of pituitary
lineage factors for classifying PitNETs as decided for the WHO
2017 classification. However, in terms of clinical relevance, iden-
tifying aggressive potential and predicting the response to med-
ical treatments are still unmet challenges. This extensive molec-
ular study helps progress toward this goal. Indeed, the limited
propensity for sphenoid invasion and limited epithelial-mesen-
chymal transition of UPS8-mutated corticotroph PitNETs sup-
ports using the somatic genotyping of USP8 for determining
the outcome. USP8mutation status could also help in predicting
the response to pasireotide, since the molecular group of USP8-
mutated corticotroph PitNETs showed higher SSTR5 expres-
sion. Finally, the lowmRNA level ofMGMT could be used for pre-
dicting the response to temozolomide. Further clinical studies
should now confirm these findings.
This study questions the current definition of gonadotroph

lineage. Indeed, the molecular group of gonadotroph PitNETs
(t4) also included null-cell PitNETs, showing that the definition
of gonadotroph PitNETs should be extended to this type of
PitNETs not expressing SF1. In addition, the molecular group
of silent corticotroph PitNETs (t3) showed a gonadotroph signa-
ture. Previous studies also reported the expression of gonado-
troph markers in a subset of corticotroph PitNETs (Cooper
et al., 2010; Suzuki et al., 2008). Whether these PitNETs arise
from a specific pituitary lineage distinct from other corticotroph
PitNETs remains to be determined. In mouse models, distinct

Figure 5. Pangenomic Classification of PitNETs
Dots represent individual PitNETs, projected according to their MFA (multiple-factor analysis) scores, which integrate all the presented -omics data. The two first

axes of theMFA are presented on this figure. PitNETs are clustered following either their histological types, as defined by theWHO 2017 classification (A), or their

transcriptome groups and USP8 and GNAS mutation status (B). For each group, the 95% inertia ellipse is represented.
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UPDATE: INTEGRATION OF AUGMENTED REALITY INTO THE 
SURGICAL OPERATING ROOM

Skin and 
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anchored 
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planning
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generated in 
Microsoft Hololens
2 and automated 
registration

Surgical 
guidance or 
instrument 
placement

Preop CT 
or MRI 
scan

Placement 
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Point 
registration
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Various workflows
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AR-GUIDED EVD PLACEMENT

• Phantom model 1 – skull model, 
0.5mm targets, CT measured 
accuracy

• Phantom model 2 – skull model, 1 
mm targets, Axiem measured 
accuracy

• Cadaver model – ventricle 
target, Axiem measured 
accuracy

22
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AR-GUIDED EVD PLACEMENT

• Phantom model 1 –
skull model, 0.5mm 
targets, CT measured 
accuracy
– Mean error of 

0.65±0.61mm from 
needle tip to target 
and angular error (γ) 
of 0.67±0.54°

23

AR-GUIDED EVD PLACEMENT

• Phantom model 2 – skull 
model, 1 mm targets, Axiem
measured accuracy
– A mean RMS of 3.9±1.8mm 

and γ of 3.95±1.78o 

– No difference in accuracy 
depending on PGY level, 
experience with AR, video 
games or EVD placements

– Some improvement in 
accuracy over number of 
trials but not significant

24
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No significant difference in root mean square or angular error 
depending on experience level

Two residents using AR for the first time

AR TO IMPROVE PROCEDURAL 
ACCURACY

• Accuracy not impacted by 
previous resident experience, 
experience with AR, video 
games or EVDs

25

AR-GUIDED EVD PLACEMENT

• Cadaver model – ventricle target, 
Axiem measured accuracy
• Significant improvement in accuracy 

with AR compared to anatomical 
trajectories

26
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AR-GUIDED TRAJECTORIES FOR TRIGEMINAL 
NEURALGIA

In development
27

AR-GUIDANCE FOR SKULL BASE APPROACHES

In development
28
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Augmented Reality Spine Surgery Navigation
Increasing Pedicle Screw Insertion Accuracy for Both Open and Minimally Invasive Spine
Surgeries

Brent Felix, MD,aAQ2 Seyed Babak Kalatar, MD,b Bradley Moatz, MD,c Christoph Hofstetter, MD, PhD,d

Michael Karsy, MD, PhD,e Ryan Parr, PhD,f and Wendell Gibby, MDf,g,h

Study Design. Collectively, seven cadaversAQ6 were instrumented
with 124 thoracolumbar pedicle screws using VisAR augmented
reality/guidance. Sixty-five screws were inserted into four donors
using open dissection spine surgery. Fifty-nine screws were
positioned in three donors with a minimally invasive spine
surgery (MISS) procedure. For both open and MISS, VisAR was
used exclusively for pedicle screw navigation.
Objective. The objective of this study was to determine the
accuracy of pedicle screw placement using VisAR for open spine
and MISS procedures.
Summary of Background Data. Pedicle screw placement
can be challenging depending on anatomical location and a
surgeon’s experience. AR may minimize fluoroscopy use and
speed screw insertion.
Methods. Prior toAQ7 CT a series of four to five image visible
AprilTag optical fiducials were attached to the backs’ of the
donors. Resulting images were used preoperatively for planned
virtual pedicle screw pathways including entry point, trajectory,
and depth. The study was encrypted on a QR code, printed, and
viewed in the operating room (OR) by the surgeon using VisAR
(HoloLens 2 headset). Viewing the code wirelessly uploads and

launches the study, converting the DICOM data to holographic
images which register to the fiducials on the donor’s back. The
annotated pathways for each pedicle were called up by voice
command and the surgeon positioned each screw by aligning
with the virtual guidance hologram.
Results. Overall, 124 pedicle screws were inserted with VisAR
navigation with 96% accuracy (Gertzbein-Robbins grades A and
B). The combined angle of error was 2.48 and the distance error
was 1.9 mm.
Conclusion. Augmented reality is a highly accurate, emerging
technology for navigating both open and minimally invasive
spine surgery techniques with off-the-shelf headset hardware.
Key words: accuracy, angular error, augmented reality,
distance error, Gertzbein-Robbins scale, guidance, minimally
invasive spine surgery, navigation, open back surgery, pedicle
screw.
Spine 2022;46:xxx-xxx

S pine instrumentation and intraoperative target visu-
alization have continued to improve over time. In
1943 Tourney reported the initial use of screws for

fusing lumbosacral joints.1 This method experienced sub-
stantial failure rates.2,3 Boucher described the application of
pedicle screws for laminectomy, spinal fusion, and spondy-
lolisthesis with excellent results in 1959.4 With the intro-
duction of fluoroscopy for intraoperative guidance in the
early 1980s, physicians operated with visual guidance and
fluoroscopy confirmation.5 The development of C-arm fluo-
roscopy and O-arm technology, coupled with stereotactic
surgical stations, provided additional options for intraop-
erative surgical navigation.

As the use of these systems have increased, several limi-
tations have emerged. Cumulative exposure to ionizing radi-
ation is increasing as patient demand for minimally invasive
spine surgery (MISS) accelerates and improved diagnostic
procedures are brought online.6 There are sizeable capital
costs for a combined O-arm and surgical station. These
systems generally have a large operating room (OR) footprint
and maintenance cost. Moreover, team training for both pre-
and intraoperative coordination is substantial. The cumber-
some and time intensive nature of many intraoperative spine
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• N=124 pedicle screw trajectories in 7 cadavers
• Multiple spine surgeons with various experience
• 96% GRS A or B accuracy
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guidance systems limits their widespread use and benefit for
many patients. Augmented reality (AR) has several distinct
advantages to traditional imaging for spine and instrumenta-
tion. The objective of this study was to demonstrate the
accuracy of AR with off-the-shelf AR hardware for pedicle
screw placement both in open and MISS procedures.

MATERIALS AND METHODS

VisAR and Program Registration
VisAR (Novarad, American Fork, UT) is software designed to
work hand-in-glove with the HoloLens 2 (Microsoft, Red-
mond, WA). VisAR transforms DICOM images/studies into
3-dimensional virtual images which are superimposed
directly on to the patient using the holographic attributes
of the HoloLens 2. The studies can be called and manipulated
by voice commands, allowing surgeons to focus on the
procedure without looking at a monitor. Self-adhesive April-
Tags, printed with radiopaque ink, for image registration
are placed on the back of the subject around the surgical site
either on the skin or attached to bone pins anchored in the
iliac crests or a spinous process (Figure 1). AprilTagsallow for
image registration to the HoloLense 2 headset to allow
surgeons to align patient images directly with a patient.

Images are annotated and pedicle trajectories are planned
for screw insertion with NovaPACS 3Dþ software (Novarad,
American Fork, UT). A virtual pathway was annotated
for each pedicle screw trajectory, considering width, depth,
trajectory, screw diameter, and angle. Trajectories aimed to

place screws down the middle of the pedicle in both sagittal
and coronal planes in a straight-forward trajectory parallel to
the superior vertebral endplate (Figure 2). No anatomical or
in-out-in trajectories were planned while analyzing the accu-
racy of the VisAR system. The annotated studies were
assigned a QR code, which was printed from NovaPACS
and read by the VisAR head mounted system. The study was
directly uploaded to the VisAR system by simply looking at
the encrypted optical code.

Surgical Procedure
Seven cadavers were purchased from MedCure (Portland,
OR). There was no attempt to avoid osteoporotic cadavers.
Prior to imaging, four adhesive skin fiducials were placed
approximately 30þ cm apart, equally distance from the
spinal column on the MISS cadaver. Two were placed at
approximately T6 and the other two at L5. For the open
surgery, due to skin retraction, the fiducials were secured in
bone bilaterally to the iliac crests and to one of the upper
thoracic post spinous processes. The system allows the
transfer of coordinates from the skin tags to the bone pin
tags. Thus, the cadavers could have up to seven tags. The
skin tags were usually weighted at 10% via software settings
of the bone pin tags or not used at all (Figure 1). This data set
was uploaded, and the HoloLens 2 was calibrated for the
interpupillary distance of the surgeon’s eyes. Following
study upload the user viewed the fiducials from several
angles allowing VisAR to detect and intercept the center
of each AprilTag for precise registration of the holographic

Figure 1. Registration of AprilTags by multiple line segment intercepts of the center of each optical code for this MISS. AprilTag fiducials are
anchored to the iliac crests and adhered to the skin of a cadaveric donor. Multiple instrumented vertebral bodies are shown. MISS indicates
minimally invasive spine surgery.AQ13
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images CT (Figure 2). A least-squares optimization method
was used to find a best-fit of the hologram to the patient.
Specific details of the registration process are described in
detail in an earlier publication.7

Open Spine Surgery
Following dissection of the spine, each virtual pathway was
called up by voice command. The virtual pathway was
followed to the precise insertion point at the top of the
pedicle. The insertion point was opened with a high-speed
drill using a 3 mm burr (Stryker, Kalamazoo, MI). The
pathway was extended through the cancellous portion of
the pedicle and into the vertebral body with a tapered Lenke
pedicle finder. The screw was inserted with a ratchet driven
screwdriver. The virtual pathway was superimposed on the
center of the screwdriver as a direct line-of-sight reference
to ensure proper positioning of the screw using a reticule.
Initially, two circles centered on the virtual line are dis-
played, one at the tip, and the other where the line intersects

the skin. As the surgeon peers directly down the line with the
eye and adjusts to align the trajectory and angle, the circles
transition to a reticule with crosshairs which precisely
indicate target acquisition (Figure 3). The reticle appears
when you are within 0.38 of alignment to the virtual path-
way. Alignment was also checked orthogonally at 908 from
two sides (Figure 4A). This sequence was followed for
placement of all screws for each cadaver.

MISS
For the MISS procedures, the insertion point was opened with
a skin-nick. The pedicle was entered with a diamond tipped
Jamshidi needle by following the virtual needle to the surface
of the bone and driving the needle into the bone with a mallet.
The center core of the Jamshidi needle was removed, followed
by insertion of a K-wire. The incision was enlarged to 2 to
3 cm with a scalpel (Figure 4A). The Jamshidi needle was
extracted, and the K-wire was used to guide a series of three
sequential dilators to separate the muscle tissue until a can-
nulated, ratchetted screwdriver could guide the cannulated
pedicle screw to the top of the pedicle. The screw was then
inserted using the virtual alignment tools of the VisAR system
(Figure 4A, B). The reticule was superimposed on the top of
the screwdriver handle. The trajectory angle could be verified
when viewed from the side. The Excella MIS pedicle screw
system (Innovasis, Salt Lake City, UT) was used for all
MISS procedures.

Pedicle Screw Insertion
A total of 65 pedicle screws were instrumented, during open
surgery, in four cadavers throughout three separate cadaver
labs. The first laboratory involved four spine surgeons and
two cadavers. Four surgeons placed pedicle screws in one
cadaver with two surgeons operating simultaneously on
opposing sides. Once the first group of surgeons had placed
pedicle screws approximately half-way up the spine,

AQ1

Figure 2. Cross-section view of annotated virtual pathways and pro-
gression to position using VisAR navigation.

Figure 3. CT scan demonstrating the navigational view of the reticule
for pedicle screw positioning on the left side of the spine during open
surgery. Successfully inserted pedicle screws appear on the right.
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beginning at L5, the next two surgeons completed the process.
One surgeon instrumented both sides of the second cadaver.
Two surgeons inserted all pedicle screws in the third cadaver
during a second cadaver lab. Two spine surgeons positioned
20 pedicle screws in the 4th cadaver during the last of
three labs.

We have attached a supplemental file, http://links.
lww.com/BRS/B854 as a step-by-step guide on how this
technology is used, as it is quite new.

Grading of Results and Statistical Treatment
The results of the study were graded by an independent
board-certified neuroradiologist according to the Gertzbein-
Robbins scale (GRS).8 Breaches were defined by position of
the breach (medial, lateral, inferior, superior). Breaches
equal to or less than 2 mm are considered correctly posi-
tioned by the GRS (Table 1). Anterior breaches were not
considered as only one length of screw (45 mm) was avail-
able for the MISS labs. A postoperative CT scan following
MISS is shown in Figure 5.

To measure the angle of error and distance error, preop-
erative planned CT scans with virtual pedicle plans were co-
registered/fused with the postoperative CT scans showing
actual pedicle placement using the NovaPacs 3Dþworksta-
tion (Figure 6). The position of the insertion point, and the
tip of each screw were identified and measured in three
dimensions using the cartesian coordinate spatial location
function of the CT scanner. Four points in space were
identified and measured, two for the virtual pathway (inser-
tion and endpoint), and two for the inserted screw (insertion
and endpoint). Each point was measured with an (x, y, z)
3-tuple. The two points of the screw were used to create an
(x, y, z) vector for the screw and the two points of the virtual
pathway were used to create an (x, y, z) virtual pathway
vector. The magnitude of both vectors was calculated and
then the dot product was calculated. Then taking the inverse
cosine of the dot product divided by the product of the
magnitudes, the angle of error was obtained, and the dis-
tance error from the virtual screw tip to the actual screw tip
was measured (Table 2).

RESULTS
Of the 65 pedicle screws inserted during open surgery,
63 were positioned correctly, or 96.9% of screws were
GRS grade A (59) or grade B (4). The remaining two screws
were GRS grade C (Tables 2 and 3). The two pedicle screws
graded as C were both lateral breaches (cadaver 2); how-
ever, T10-right is in a costovertebral position and is techni-
cally not a breach; however, it is noted as a C lateral breach,
consistent with the GRS for this study. T12-right in cadaver
4 was a medial C breach. Instrumentation on cadaver 3 was
planned from T8 to L5, however, there was insufficient time
to complete the full procedure (Table 2).

Of the 59 pedicle screws inserted during MISS, 54 were
GRS A, with 2 screws graded as B, for a total of 56 screws, or
94.9% of all screws placed accurately. The remaining three
screws were graded as C.

Figures 4. A, Intraoperative use of VisAR for MISS is shown. Note
the alignment of the Jamshidi biopsy needle with the virtual path-
way (blue) and the placement of the k-wire through the center of
the needle. B, The screwdriver is placed within the final dilator in
preparation for screw insertion. Note the operative registration func-
tion of the AprilTags. MISS indicates minimally invasive spine sur-
gery.

TABLE 1. Gerztbein-Robbins AQ1Scale

Grade Breach, mm

A No breach
B 0.0–2.0
C 2.1–4.0
D 4.1–6.0
E >6.0
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Collectively, 124 pedicle screws were instrumented in
seven cadavers using both open back and MISS (Tables 2
and 3). The results of the angle of error and the distance
error were less than 38 and 3 mm respectively (Table 4).

DISCUSSION
This is the first report of true AR guidance of pedicle screw
placement with co-registered images in both open and MISS
procedures. Screws placed during open procedures were
accurate in 96.9% of cases and those placed during MISS
were 94.9% accurate. Overall, 96.0% of all screws were
instrumented appropriately. Angular and distance measure-
ments for each screw also confirmed accurate navigation.
The mean angular error was a maximum of 2.58 and the
maximum of the mean distance error was 1.9 mm between
open and MISS methods. AR was accurate in guiding screw
placement in a variety of conditions, timepoints, anatomical
specimens, and with a variety of surgeons.

VisAR, and other stereotactic systems provide highly
accurate surgical and procedural guidance.9,10 A compara-
tive study of 318 pedicle screws placed in 60 patients with a
workstation/O-arm (n¼183 subjects) versus freehand
placement (n¼135 subjects) demonstrated that guided
placement was superior (P¼0.034) to freehand work. Using
the GRS, 95.8% and 90.0% of guided and freehand screws

respectively were safely inserted (grades A–B).11 Yet, accu-
racy of the freehand technique can vary widely in practice and
has been reported as low as 83.6% (GRS) in a recent study.12

A similar study using an AR platform, placing 120 pedicle
screws in cadavers, returned a value of 96.7% according to
GRS.9 The VisAR navigation study reported here (n¼124;
96.00%) is consistent with these outcomes. In contrast to
traditional intraoperative imaging modalities technical
advances in AR technology, such as VisAR software running
on the HoloLens 2 headset, provides several advantages for
both surgical planning and intraoperative precision guidance.
The system can be used with or without intraoperative
fluoroscopy or CT. The OR footprint is negligible, and the
technology can be scalable to multiple ORs. Training is
surgeon oriented and uncomplicated. Preparation of the
AR system for both pre- and intraoperative use is straight
forward and relatively fast (Supplemental file 1, http://links.
lww.com/BRS/B854). AR systems do not obstruct a surgeon’s
line for real-time guidance. There is no need for an infrared
transmitter in the OR. The VisAR system include rapid set-up
time with less than 2 minutes to register. The device responds
to voice commands. Such head mounted displays are ideal for
MISS procedures such as percutaneous pedicle screw place-
ment for spine fusion and other procedures. Open surgical
placement of pedicle screws can often be made successfully by
experienced surgeons without guidance; however, for MISS,
surgical guidance is essential.

Figure 5. Postoperative CT scan of a MISS cadaver lab. Note the
bone pins in the iliac crests. MISS indicates minimally invasive spine
surgery.

Figure 6. Fused images of preoperative CT scan with virtual pedicle
placement (blue) and actual pedicle screw placement. Coordinate
measurements overlain in green.

SURGERY Augmented Reality Spine Surgery Navigation " Felix et al

Spine www.spinejournal.com 5

Copyright ! 2022 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.

CE: S.W.; SPINE164480; Total nos of Pages: 9;

SPINE164480

A 2014 report indicates an increased cancer risk of 13%
among members of the Scoliosis Research Society, implying
that radiation exposure for spine surgeons andassociated staff
requires robust safety measures.13 An increased cancer rate
among orthopedic surgeons was described in a hospital with
relaxed radiation protection practices.14 Additionally, there
has been a 600% increase in the use of radiation for diagnostic
procedures in the US beginning in the 1980s.15 This multi-
plicity of exposure is significant for health care workers.

Increasing radiation dosage will persist as MISS more
widely used as a surgical modality to alleviate surgical
muscle displacement and avoid potential vascular and nerve
root injury complications associated with open spine sur-
gery. A systematic meta-analysis, comparing both percuta-
neous and open pedicle screw placement for thoracic and
lumbar spine fractures, suggested that MISS is a superior
treatment approach for pedicle screw placement if decom-
pression is not needed.16 Technologies to reduce intraoper-
ative radiation exposure for both patients and clinicians has
real potential to impact long-term risks. As a wearable,
tether-less visor, independent of flat screens, the VisAR
OR footprint is negligible and alleviates OR clutter and
distractions such as monitors displaying imaging data.

Recent advances in AR indicate an evolutionary ‘‘para-
digm shift’’ in its application in a variety of surgical fields,
including orthopedics, neurosurgery, and spine.17,18 AR facil-
itates integration of imaging data, including fusion of modal-
ities, into the pre- and intraoperative phases of surgery.19

Presurgical simulation of a complicated procedure is also
an important asset of AR technology. Traditionally, imaging
data is displayed on a screen or monitor for constant referral
during surgery, distracting the surgeon from the concen-
trated view of the surgical objective. However, AR super-
imposes the patient’s virtual imaging studies with precision
and within the correct anatomical context. The surgeon can
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TABLE 3. GRS for Open, MISS, and Combined

GRS
A

GRS
B

GRS
C Totals

%
Accuracy

Open 59 4 2 65 96.9
MISS 54 2 3 59 94.9
Combined 113 6 5 124 96.0%

GRS indicates Gertzbein-Robbins scale; MISS, minimally invasive spine surgery.

TABLE 4. Mean Angle of Error and Mean
Distance Error Results for Open,
Minimally Invasive Spine Surgery,
and Combined Groups

Pedicle Screws AE STDEV DE STDEV

Open 65 2.5 1.2 1.9 0.9
MISS 59 2.3 1.2 1.8 0.9
Total 124 2.4 1.2 1.9 0.9

AE indicates angular error; DE, distance error; MISS, minimally invasive
spine surgery.
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beginning at L5, the next two surgeons completed the process.
One surgeon instrumented both sides of the second cadaver.
Two surgeons inserted all pedicle screws in the third cadaver
during a second cadaver lab. Two spine surgeons positioned
20 pedicle screws in the 4th cadaver during the last of
three labs.

We have attached a supplemental file, http://links.
lww.com/BRS/B854 as a step-by-step guide on how this
technology is used, as it is quite new.

Grading of Results and Statistical Treatment
The results of the study were graded by an independent
board-certified neuroradiologist according to the Gertzbein-
Robbins scale (GRS).8 Breaches were defined by position of
the breach (medial, lateral, inferior, superior). Breaches
equal to or less than 2 mm are considered correctly posi-
tioned by the GRS (Table 1). Anterior breaches were not
considered as only one length of screw (45 mm) was avail-
able for the MISS labs. A postoperative CT scan following
MISS is shown in Figure 5.

To measure the angle of error and distance error, preop-
erative planned CT scans with virtual pedicle plans were co-
registered/fused with the postoperative CT scans showing
actual pedicle placement using the NovaPacs 3Dþworksta-
tion (Figure 6). The position of the insertion point, and the
tip of each screw were identified and measured in three
dimensions using the cartesian coordinate spatial location
function of the CT scanner. Four points in space were
identified and measured, two for the virtual pathway (inser-
tion and endpoint), and two for the inserted screw (insertion
and endpoint). Each point was measured with an (x, y, z)
3-tuple. The two points of the screw were used to create an
(x, y, z) vector for the screw and the two points of the virtual
pathway were used to create an (x, y, z) virtual pathway
vector. The magnitude of both vectors was calculated and
then the dot product was calculated. Then taking the inverse
cosine of the dot product divided by the product of the
magnitudes, the angle of error was obtained, and the dis-
tance error from the virtual screw tip to the actual screw tip
was measured (Table 2).

RESULTS
Of the 65 pedicle screws inserted during open surgery,
63 were positioned correctly, or 96.9% of screws were
GRS grade A (59) or grade B (4). The remaining two screws
were GRS grade C (Tables 2 and 3). The two pedicle screws
graded as C were both lateral breaches (cadaver 2); how-
ever, T10-right is in a costovertebral position and is techni-
cally not a breach; however, it is noted as a C lateral breach,
consistent with the GRS for this study. T12-right in cadaver
4 was a medial C breach. Instrumentation on cadaver 3 was
planned from T8 to L5, however, there was insufficient time
to complete the full procedure (Table 2).

Of the 59 pedicle screws inserted during MISS, 54 were
GRS A, with 2 screws graded as B, for a total of 56 screws, or
94.9% of all screws placed accurately. The remaining three
screws were graded as C.

Figures 4. A, Intraoperative use of VisAR for MISS is shown. Note
the alignment of the Jamshidi biopsy needle with the virtual path-
way (blue) and the placement of the k-wire through the center of
the needle. B, The screwdriver is placed within the final dilator in
preparation for screw insertion. Note the operative registration func-
tion of the AprilTags. MISS indicates minimally invasive spine sur-
gery.

TABLE 1. Gerztbein-Robbins AQ1Scale

Grade Breach, mm

A No breach
B 0.0–2.0
C 2.1–4.0
D 4.1–6.0
E >6.0

SURGERY Augmented Reality Spine Surgery Navigation " Felix et al
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UPDATE: INTEGRATION OF NOVEL DEVICES IN THE OR

• Longeviti ClearFit
device, various
cranioplasty or burr
hole covers
allowing ultrasound
through the skull

31

3/11/21
Preop

4/6/22
Postop 1
ETV and tectal tumor bx
Decreased ventricular size

4/7/22
Post op day2
Ultrasound tech
Decreased ventricular size
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4/7/22
Post op day2
Sonosite, Karsy
Decreased ventricular size

4/7/22
Post op day2
GE, David
Decreased ventricular size

4/22/22 Unable to insonate using Neurosurgery clinic 
ultrasounds as correct probe not available
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INTEGRATING MULTIMODAL IMAGING INTO PATIENT CARE
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INTEGRATING MULTIMODAL IMAGING INTO PATIENT CARE
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AR-GUIDED INSTRUMENTATION PLACEMENT
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Interdisciplinary 
management
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CLINICAL NEUROSCIENCES CENTER - INTERDISCIPLINARY 
MANAGEMENT OF NEUROLOGICAL DISEASE

ENT
Neurosurgery

ENT

Neurosurgery

Neurosurgery

Neuroanesthesia

Not shown neurocritical 
care, neuroradiology, 
neurooncology,
radiation oncology
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CURRENT NEUROONCOLOGY CLINICAL TRIALS

• NCT03970447 - Glioblastoma Adaptive, Global, Innovative Learning Environment (GBM AGILE)
• NCT03776071 - Randomized, Double-Blind, Placebo-Controlled Phase III Study of Enzastaurin Added to Temozolomide During and Following 

Radiation Therapy in Newly Diagnosed Glioblastoma Patients Who Possess the Novel Genomic Biomarker DGM1
• NCT04421378 - A Phase I/II Study of Selinexor in Combination with Standard of Care (SoC) Therapy for Newly Diagnosed or Recurrent 

Glioblastoma
• NCT05023551 - Phase I Study of DSP-0390 in Patients with Recurrent High-Grade Glioma
• NCT04782609 - A Phase 1B Dose Escalation/Dose Expansion Study of Icapamespib (PU-AD) in Patients with Recurrent Malignant Glioma
• NCT03224767  - Phase II Trial of BRAF/MEK Inhibitors in Papillary Craniopharyngiomas
• NCT03604978 - Phase I/II Study of Nivolumab Plus or Minus Ipilimumab in Combination with Multi-Fraction Stereotactic Radiosurgery for 

Recurrent High-Grade Radiation-Relapsed Meningioma
• NCT02523014 - Phase II Trial of SMO/AKT/NF2 Inhibitors in Progressive Meningiomas with SMO/AKT/NF2 Mutations
• NCT03994796 - Genomically-Guided Treatment Trial in Brain Metastases
• NCT04114981 - Phase III Trial of Post-Surgical Single Fraction Stereotactic Radiosurgery (SRS) Compared with Fractionated SRS for Resected 

Metastatic Brain Disease
• NCT03550391 - A Phase III Trial of Stereotactic Radiosurgery Compared with Hippocampal-Avoidant Whole Brain Radiotherapy (HA-WBRT) 

plus Memantine for 5-15 Brain Metastases
• NCT04609046 - Phase I Trial of Methotrexate, Rituximab, Lenalidomide, and Nivolumab (Nivo-MR2) Induction Followed by Lenalidomide and 

Nivolumab Maintenance in Primary CNS Lymphoma
• NCT04947319 - Open-Label Phase II Study to Investigate the Efficacy, Safety, and Pharmacokinetics of Tirabrutinib in Patients with Primary 

Central Nervous System Lymphoma (PCNSL)
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NEUROONCOLOGY TEAM

William Couldwell, 
MD, PhD

Neurosurgery

Randy Jensen, 
MD, PhD

Neurosurgery

Sarah T. 
Menacho, MD
Neurosurgery

Michael Karsy, MD, 
PhD, MSc

Neurosurgery

Jeremiah Alt, MD, 
PhD

Otolaryngology -
Rhinology

Gretchen 
Oakley, MD

Otolaryngology 
- Rhinology

Richard Orlandi, 
MD

Otolaryngology -
Rhinology

Neil Patel, MD
Otolaryngology -

Neurootology

Richard Gurgel, MD
Otolaryngology -

Neurootology
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Howard Colman, 
MD, PhD

Neurooncology

Joe Mendez, MD
Neurooncology

NEUROONCOLOGY TEAM

Donald Cannon, 
MD

Radiation 
oncology

Lindsay Burt, MD
Radiation oncology

Christina DeCesaris, 
MD

Radiation oncology

Jason Hunt, MD, 
FACS

Otolaryngology –
head and neck

Marcus Monroe, 
MD

Otolaryngology –
head and neck

Richard Cannon, 
MD

Otolaryngology –
head and neck
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Douglas Marx, 
MD

Oculoplastics

NEUROONCOLOGY TEAM

Massiell German, 
MD

Neuroendocrinol
ogy

Corrine Welt, MD
Neuroendocrinol

ogy

James Craven, 
MB, BCh, BAO, 

MSc
Neuroendocrinol

ogy

And many more…
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michael.karsy@hsc.utah.edu
949-338-5957

UNIVERSITY OF UTAH - SKULL BASE TEAM
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