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Endoscopy:	  The	  Oldest	  Imaging	  Modality	  
•  1804:	  First	  endoscope	  by	  Bozzini	  
•  1822:	  Beaumont	  uses	  in	  human	  
•  1877:	  Nitze	  introduces	  fixed	  lens	  system	  
•  1901:	  Hirschmann	  first	  use	  to	  visualize	  	  

	   	   	  sinus	  
•  1953:	  Fiberscope	  introduced	  by	  Hopkins	  

–  Actually	  patented	  by	  Baird	  in	  1927	  
–  First	  camera	  coupling	  in	  1957	  
–  Converted	  to	  rod-‐lens	  in	  1960	  
	  

•  1980’s:	  First	  effec%ve	  video	  scopes	  allowing	  
development	  of	  minimally	  invasive	  surgery	  
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Vision-‐Based	  Naviga%on	  in	  Image-‐Guided	  Interven%ons.	  Mirota	  Hager	  Ishii,	  Annual	  Review	  of	  Biomedical	  
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In April 1808, the “Physicus Extraordinarious” of the City
of Frankfurt died from typhoid fever, and Bozzini was chosen
to succeed him. This position carried with it an annual payment
of 75 guilders, together with some tax exemptions and the en-
titlement for scaled fees for certain medical services.

The typhoid fever that had claimed the life of his predeces-
sor eventually claimed Bozzini’s life as well. In succeeding in
saving 42 of his patients suffering from typhoid fever, he him-
self succumbed to it on April 4 of 1809. His widow died 6
months later, and family friends took care of his three young
children.

Decades later, Bozzini’s invention was honored. It is men-
tioned in the publication “Allgemeine Deutche Biographie”
from 1876 as the first laryngoscope. Cumbersome in design,
dubious in efficacy, the ingenious Lichtleiter of Bozzini is the
forerunner of all endoscopes.
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PEREGRINATIONS OF THE LICHTLEITER

Not often are we given the opportunity to correct a wrong
of long standing. All too often, as time passes, evidence is lost,
and the true story, as told by those who knew and retold by

those who heard, changes subtly but persistently.And we know
all too well that history is eventually written by the victors.

I first heard of the Lichtleiter when Ronnie and Irving Bush
showed the instrument as part of an exhibit at the Annual Meet-
ing of the American UrologicalAssociation in 1971 in Chicago.
The frontispieceof their brochuredepicts the originalLichtleiter
with all the pieces. The second picture is very similar to one
that Dr. Peter Paul Figdor published in his marvelous volumes
on Philipp Bozzini’s work. While he had to make do with the
copy produced by Daimler Benz through the initiative of Hans
Reuter, the Bushes could show a bird’s-eye view of the origi-
nal instrument in the brochure for their exhibit.

I next saw the Lichtleiter as it was displayed at the 1992
AUA Meeting. At that time, my previous chief at Johns Hop-
kins Hospital, Dr. W.W. Scott, was the Curator of the William
P. Didusch Museum and had obtained the Lichtleiter on loan
from the College of Surgeons. Dr. Scott had no idea how the
instrument came into the hands of the College, and I remem-
ber at the time that I took over the museum 10 years ago, he
exhorted me to do my utmost to rescue the Lichtleiter from the
College of Surgeons and bring it to the William P. Didusch Mu-
seum, as he felt strongly that this was a urology instrument and
properly belonged in a museum of urology. There are two sto-
ries I will share with you shortly, quite different but both telling
the tale of this instrument’s appearance in the collection of the
College of Surgeons in Chicago.

In 1995, I was invited to attend the inauguration ceremony
of the Nitze-Leiter Museum at the Josephinum. At that time, I
met Dr. H.J. Reuter; we talked about cystoscopes, and in-
evitably, the conversation drifted to the Lichtleiter. Dr. Reuter
heard what I wanted to do and convincedme that the Lichtleiter
belonged to a different museum, namely the Josephinum, and
not to the William P. Didusch Museum, even if it was the mu-
seum of the AUA. His eloquence did not fail to drive this point
home.

I then contacted Dr. Bush, as I knew that he had pictures of
the Lichtleiter, and he had told me once before that he was cer-
tain that the Lichtleiter in Chicago was the instrument that orig-
inally came from Vienna. He sent me a videotape that showed
him and his son at their farm talking about Irv’s urologic col-
lections; it also showed a 1-minute sequence where he explains
the Lichtleiter to his son. I showed this movie at the inaugura-
tion meeting of the Nitze-Leiter Museum in January 1996, and
ever since have been working on returning the instrument to its
rightful home, the Josephinumin Vienna. On my return, I wrote
the curator of the collection of the College of Surgeons with a
plea to initiate proceedings to return the instrument to Vienna.
I received a very blunt reply indicating I was out of my head
to even suggest such a preposterous idea. The refusal was ab-
solute. Some time later, I contacted his secretary to see if there
was any way we could change the good man’s opinion, but she
was very clear in interpreting his feelings and thought I would
get the instrument only over his dead body. Subsequently, he
died. I can assure you there was no causal relation.

Some time later, I contacted Mary McGrath, the Regent of
the Board of the College of Surgeons responsible for the col-
lection. Although she was very polite, the total lack of action
clearly told me where I stood. I wrote her a couple of times
again, and I was told the matter would be taken up at one of
the next board meetings.
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FIG. 3. The Lichtleiter.
Fig. 3 - Engel, R. Philipp Bozzini--The 
father of endoscopy 
Journal of Endourology, Mary Ann 
Liebert, Inc., 2003, 17, 859-862  



The	  Opportunity	  

•  Olympus	  introduced	  its	  first	  HDTV	  
surgical	  cameras	  in	  2005.	  Millions	  
of	  procedures	  performed.	  
	  

•  Intui8ve	  Surgical:	  More	  the	  1.6M	  
procedures	  performed	  under	  	  
high-‐def	  stereo	  video	  guidance	  
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None	  of	  this	  video	  is	  processed	  or	  archived.	  
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How	  To	  Choose	  a	  Path	  

1.   Significant:	  address	  a	  true	  need	  
	   	  	  

2.   Prac8cal:	  consistent	  with	  reasonable	  	  
clinical	  workflow	  
	  

3.   Deployable:	  usable	  in	  foreseeable	  	  
prac%ce	  for	  next	  decade	  	  

4.   Testable	  in	  real-‐world	  se^ngs	  –	  measurable	  
progress!	  
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An	  Opportunity	  for	  Computa%onal	  Vision:	  	  
Quan8ta8ve	  Interven8onal	  Tools	  
	  

•  Video-‐volume	  registra%on	  
–  Visualiza%on/Augmenta%on	  
–  Evalua%on	  of	  surgical	  progress	  

•  Video	  reconstruc%on	  
–  Staging/evalua%on	  
–  Monitoring	  
–  Registra%on	  

•  Tool	  tracking/surface	  es%ma%on	  
–  Enhanced	  tool	  mo%on	  
–  Automa%on	  
–  Safety	  zones	  

ICRA	  CVfM	  	  Copyright	  GD	  Hager,	  2013	  

JOURNAL OF LATEX CLASS FILES, VOL. 6, NO. 1, JANUARY 2007 8

(a) (b) (c) (d) (e)

(f) (g) (h) (i) (j)

Fig. 4. Visual tracking examples in phantom environment. A variety of visual conditions typically encountered during
clinical procedures are shown. The green box depicts the AT search region on our phantom platform.

TABLE 1
Comparison of algorithms. We shows pixel accuracy of each method when estimating different parameters of the

instrument, as well as the detection accuracy and speed for each tested method.

Accuracy Error Detection Accuracy
Method Y1 Y2 Y3 Tip TPR FPR (10�6) Precision Time (ms) per frame
ATF-track 4.13 (24) 2.42 (0.07) 4.94 (0.27) 6.78 (0.6) 0.975 2.8 0.811 8.0
ATF-match 2.97 (0.4) 2.37 (0.1) 14.11 (0.9) 11.03 (0.9) 0.839 6.6 0.631 8.54
AT-match 3.74 (0.4) 2.01 (0.1) 12.89 (0.8) 13.45 (0.8) 0.812 6.1 0.618 25.21
CBD 83.73 (2.4) 29.44 (0.8) 20.25 (0.7) 15.15 (0.79) 0.783 7.1 0.548 26.67
LBT 50.94 (7.3) 11.03 (0.9) 21.27 (2.1) 11.42 (0.2) 0.839 7.4 0.597 4.8

Particle Filter 1.08 (0.05) 11.53 (0.35) 6.64 (0.34) 6.91 (0.31) 0.851 3.4 0.783 6.28

rate (TPR), the false positive rate (FPR) and the precision
for each approach (where a correct detection is where
the estimated the tool tip location is within 10 pixels
of the ground truth). Table. 1 summarizes these results
for each evaluated method. For the accuracy errors, we
report the means and standard errors (in bracket) for
each instrument parameter and tip.

In terms of coordinate accuracy, we can observe that
the ATF methods generally performs better that the al-
ternative methods. In particular, ATF-match ourperforms
all other approaches on all error estimates, with the
exception of Y1 (achieved by the particle filter). This
overall improvement can be attributed to the sequential
parameter estimation approach that the active testing
framework conducts. By estimating the first parameter,
then the second and so on, each parameter is individu-
ally estimated accurately. This is in sharp contrast to the
more direct LBT approach which locates the tool tip, and
then estimates the necessary parameters, or the particle
filter which simply samples the space directly.

In terms of detection accuracy, we notice that all meth-
ods tested provide more or less the same detection accu-
racy, with the exception of the ATF-track method which
is significantly better than the others when estimating
the tool tip position. This increase in precision is most
likely due to the gradient-based tracker oracle question
used. Also, we see that detection is significantly slower

than tracking, as both AT-match and CBD run at much
slower rates than the tracking algorithms. This confirms
the advantage of tracking strategies over tracking by
pure detection.

When comparing AT-match and ATF-match, we note
that both methods perform similarly from an accuracy
and detection point of view. However, we note that their
speeds differ. Indeed, ATF-match is significantly faster
than AT-match. This is most likely due to the use of
informative priors. In fact, counting the number of nodes
in final trees across all images, ATF-match trees have
an average size of 75 nodes, while AT-match requires
around 210 nodes. This is a significant difference in the
number of operations required to update the posterior
distribution at each iteration of the AT optimization and
accounts for the difference in speed between AT-match
and ATF-match.

Given that our goal is to provide a tracking system,
we would also like to have an understanding of how
our system performs consecutively. To summarize this
ability, we consider the event of correctly detecting a
number of consecutive frames to follow a Geometric
probability distribution. That is, with some probability
✏, we correctly find the pose of the instrument in the
next frame. Hence good tracking should be characterized
by large values of ✏. Computing this for each method,
we find that ATF-tracker has the largest value with 0.98,



Surgery	  Near	  the	  Skull	  Base	  

ICRA	  CVfM	  	  Copyright	  GD	  Hager,	  2013	  

NIH-‐	  	  R21EB005201,	  Hager,	  Ishii,	  Taylor	  
NIH	  -‐	  R01EB015530,	  Hager,	  Ishii,	  Taylor,	  Siewerdsen	  	  
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Tradi%onal	  Naviga%on	  
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Quoted	  accuracy	  of	  2mm	  

From	  Youtube	  

BrainLab	  Intraopera%ve	  CT	  Solu%on	  



•  Challenge:	  Caro%d	  artery	  
mobiliza%on	  
–  Large	  bone	  excision	  to	  track	  artery	  
–  Long	  %me	  in	  OR	  
–  Tradi%onal	  naviga%on	  methods	  
are	  inadequate	  
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Mo%va%on:	  Surgery	  Near	  the	  Skull	  Base	  



  Fanat

Goal:	  Direct	  Video-‐CT	  Registra%on	  

From	  a	  sequence	  of	  monocular	  
endoscope	  images,	  compute	  high-‐
accuracy	  local	  registra%on	  to	  CT	  
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Mirota,	  Siewerdsen,	  et	  al.	  



A	  Few	  Challenges	  

Speculari%es	  

Low	  	  
texture	  

Imager	  	  
ar%facts	   Poor	  mo%on	  

for	  SFM	  
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A	  Few	  Challenges	  
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The	  results	  of	  	  tradi%onal	  SIFT	  matching	  on	  a	  high	  def	  pair	  



A	  Solu%on	  
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because of step 5 in Figure 2. ASKC is about 20 to 100 times faster than pbM (without 

considering that pbM was coded in C++ while ASKC coded in MATLAB) because it is 

computationally expensive to implement the step of local simplex optimization in pbM which is not 

used in ASKC. Between ASKC1 and ASKC2, we can see than ASKC1 is slightly faster than ASKC2.    

4.3 Motion estimation 

 
 
 
 

 

(a)                               (b)                          (c)                                   (d) 
Figure 5: (a, b) two examples showing the challenges present in endoscopic sinus images. A snapshot 
showing the feature matches (c) and the matches selected by ASKC1 (d) on the left undistorted image. 

 Translation Error  Rotation Error  
 Median Mean Std.Var. Median Mean Std.Var. 

LMedS 47.30 52.40 29.67 3.57 4.39 4.62 
MSAC 32.50 40.71 28.13 6.59 8.06 6.28 

RANSAC 29.38 36.59 26.85 11.38 13.34 10.57 
RANSAC2 9.73 12.22 8.80 0.48 0.75 0.86 

RESC 12.84 29.36 34.87 0.61 2.19 3.16 
ASSC 9.61 12.33 14.73 0.41 0.83 1.99 
pbM 47.18 52.98 36.99 2.40 3.41 3.10 

ASKC2* 27.80 37.90 34.23 1.69 2.69 2.89 
ASKC1 9.49 10.71 7.00 0.38 0.58 0.71 
ASKC2 7.25 8.95 7.52 0.32 0.46 0.59 

Table 2: Quantitative evaluation on 130 pairs of sinus images. Because pbM employs the eight-
point algorithm, we also test our ASKC2 with the eight-point algorithm (ASKC2*) for fairness. 

We evaluate the performance of the robust estimators in motion estimation on a set of 

endoscopic sinus images. The endoscopic sinus image data were collected on a cadaverous 

porcine specimen with a calibrated monocular endoscope. The ground truth of the endoscope 

motion was recorded by an external OptotrakTM tracking system (Northern Digital Corp. 

Waterloo, Ont.). The endoscopic images involve a number of challenges such as low texture, 

specularities, illumination changes, and motion blurring (see Figure 5 (a) and (b)). As a result, the 

obtained feature-based matches between image pairs contain a large number of outliers or 

mismatches (see Figure 5 (c)). Thus, it requires the methods to be highly robust to outliers.  

    To obtain the quantitative results, we apply the comparative methods to 130 endoscopic sinus 

image pairs. The distance between the positions of the endoscopic camera in each pair of images 

A	  generalized	  kernel	  consensus-‐based	  robust	  es%mator,	  H	  Wang,	  D	  Mirota,	  GD	  Hager,	  PAMI	  2010	  

ASKC:	  A	  new	  robust	  es%ma%on	  method	  that	  is	  able	  to	  detect	  inliers	  in	  highly	  
contaminated	  data:	  mo%on	  es%ma%on,	  registra%on,	  and	  mo%on	  tracking.	  



Mul%-‐Frame	  Results 	  	  
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(Wang,	  Mirota,	  Ishii,	  Hager,	  CVPR	  08)	  



Registra%on	  System	  
Mirota,	  Ishii,	  Taylor,	  Hager,	  SPIE	  2009	  
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Some	  Compara%ve	  Results	  
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Optotrak	  

Video-‐CT	  



Valida%on:	  Measurement	  
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2D	  and	  3D	  TRE	  based	  on	  	  
implanted	  fiducials	  



Valida%on	  
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A	  System	  for	  Video-‐based	  Naviga%on	  for	  Endoscopic	  Endonasal	  Skull	  Base	  Surgery	  
Mirota	  Wang	  Taylor	  	  Ishii	  Gallia	  Hager,	  TMI	  2011.	  

Phantom	  Study	  

Cadaver	  Study	  



Tracking	  Compara%ve	  Results	  
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TABLE VI: Head Study Hypothesis Testing a

Optotrak StealthStation Tracker-Based
StealthStation �2(1) = 0.04; p = 1.000
Tracker-Based �2(1) = 59.59; p < 0.001 �2(1) = 43.83; p < 0.001
Video-Based �2(1) = 161.72; p < 0.001 �2(1) = 121.48; p < 0.001 �2(1) = 26.80; p < 0.001

a Post Hoc testing, corrected for multiple comparisons with the Bonferroni method.

The k parameter for the log skew normality transformation
for the NGE2 was �0.345. Both the navigation method
term (F (1, 154) = 9.16; p < 0.001) and the error term
(F (1, 154) = 9.16); p = 0.003) were statistically significant.
The interaction term was not significant. Post hoc testing shows
that all of the ANOVA contrast comes from the fact that the
tracker-based NGE2 is significantly larger than all other errors.

The k parameter for the log skew transformation to normality
for the TRE2 phantom data was �0.068. The regression results
are show in Tables VII and VIII. The marginal means are
shown in Table IX. In the phantom study the Optotrak had the
lowest total variance and the Stealth station had the greatest
total variance. The video-based navigation and tracker-based
navigation were in between with the video-based navigation’s
variance being smaller than the tracker based navigation. Post
hoc testing shows that all differences in total variance were
statistically significant (see Table X).

TABLE VII: Phantom Study Fixed Effects Results.

Covariate Regression
Coefficient

Standard
Error

p-value 95% CI

StealthStation 2.47 0.18 < 0.001 (2.108, 2.823)
Tracker-Based 1.73 0.17 < 0.001 (1.389, 2.073)
Video-Based 0.91 0.17 < 0.001 (0.566, 1.249)

Constant -1.15 0.13 < 0.001 (-1.403, -0.898)

TABLE VIII: Phantom Study Random Effects Results.

Random Effects
Parameters

Estimate Standard
Error

95% CI

SD: Pin Term < 0.001 < 0.001 (0, 0.00004)
SD: Residual 1 0.04 (0.905, 1.101)

TABLE IX: Phantom Study Marginal Means.

Navigation Marginal
Means

Standard
Error

p-value 95% CI

Optotrak -1.15 0.13 < 0.001 (-1.403, -0.898)
StealthStation 1.31 0.13 < 0.001 (1.062, 1.567)
Tracker-Based 0.58 0.12 < 0.001 (0.350, 0.811)
Video-Based -0.24 0.12 0.04 (-0.474, -0.013)

E. Tracking with Cadaver Data
Table XI shows the relative motion difference between

the Optotrak and the tracking methods. It is worth noting

that after the initialization, no Optotrak information was
used while tracking. A majority of the segments show sub-
millimeter differences. Though three segments were greater
than a millimeter, tracking was never lost over the course
of all of the video. In Figure 13, we display an example
Optotrak trajectory and the corresponding video-based tracking
trajectory. The two agree nearly completely with the exception
of a different starting location, which was the result of the
video-based registration.

TABLE XI: Mean pose error and standard deviation of the
trajectories

Trans. Difference (mm) Rot. Difference (deg)
Segment 1 1.54 (1.04) 0.05 (0.03)
Segment 2 1.68 (0.80) 0.04 (0.02)
Segment 3 0.78 (0.30) 0.06 (0.03)
Segment 4 0.93 (0.81) 0.03 (0.03)
Segment 5 0.90 (0.54) 0.03 (0.01)
Segment 6 0.87 (0.59) 0.03 (0.02)
Segment 7 0.66 (0.28) 0.03 (0.01)
Segment 8 2.70 (1.23) 0.19 (0.10)
Segment 9 0.73 (0.74) 0.03 (0.06)
Segment 10 0.70 (0.30) 0.04 (0.01)

Mean Difference 1.15 0.05
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Fig. 13: An example tracked trajectory with Optotrak in blue
and our video-based method in red.

F. Initialization Sensitivity
Figure 14 is a comparison of the Optotrak location TRE with

in-plane and out-of-plane pertubation and the resulting video-

12

TABLE VI: Head Study Hypothesis Testing a

Optotrak StealthStation Tracker-Based
StealthStation �2(1) = 0.04; p = 1.000
Tracker-Based �2(1) = 59.59; p < 0.001 �2(1) = 43.83; p < 0.001
Video-Based �2(1) = 161.72; p < 0.001 �2(1) = 121.48; p < 0.001 �2(1) = 26.80; p < 0.001

a Post Hoc testing, corrected for multiple comparisons with the Bonferroni method.

The k parameter for the log skew normality transformation
for the NGE2 was �0.345. Both the navigation method
term (F (1, 154) = 9.16; p < 0.001) and the error term
(F (1, 154) = 9.16); p = 0.003) were statistically significant.
The interaction term was not significant. Post hoc testing shows
that all of the ANOVA contrast comes from the fact that the
tracker-based NGE2 is significantly larger than all other errors.

The k parameter for the log skew transformation to normality
for the TRE2 phantom data was �0.068. The regression results
are show in Tables VII and VIII. The marginal means are
shown in Table IX. In the phantom study the Optotrak had the
lowest total variance and the Stealth station had the greatest
total variance. The video-based navigation and tracker-based
navigation were in between with the video-based navigation’s
variance being smaller than the tracker based navigation. Post
hoc testing shows that all differences in total variance were
statistically significant (see Table X).

TABLE VII: Phantom Study Fixed Effects Results.

Covariate Regression
Coefficient

Standard
Error

p-value 95% CI

StealthStation 2.47 0.18 < 0.001 (2.108, 2.823)
Tracker-Based 1.73 0.17 < 0.001 (1.389, 2.073)
Video-Based 0.91 0.17 < 0.001 (0.566, 1.249)

Constant -1.15 0.13 < 0.001 (-1.403, -0.898)

TABLE VIII: Phantom Study Random Effects Results.

Random Effects
Parameters

Estimate Standard
Error

95% CI

SD: Pin Term < 0.001 < 0.001 (0, 0.00004)
SD: Residual 1 0.04 (0.905, 1.101)

TABLE IX: Phantom Study Marginal Means.

Navigation Marginal
Means

Standard
Error

p-value 95% CI

Optotrak -1.15 0.13 < 0.001 (-1.403, -0.898)
StealthStation 1.31 0.13 < 0.001 (1.062, 1.567)
Tracker-Based 0.58 0.12 < 0.001 (0.350, 0.811)
Video-Based -0.24 0.12 0.04 (-0.474, -0.013)

E. Tracking with Cadaver Data
Table XI shows the relative motion difference between

the Optotrak and the tracking methods. It is worth noting

that after the initialization, no Optotrak information was
used while tracking. A majority of the segments show sub-
millimeter differences. Though three segments were greater
than a millimeter, tracking was never lost over the course
of all of the video. In Figure 13, we display an example
Optotrak trajectory and the corresponding video-based tracking
trajectory. The two agree nearly completely with the exception
of a different starting location, which was the result of the
video-based registration.

TABLE XI: Mean pose error and standard deviation of the
trajectories

Trans. Difference (mm) Rot. Difference (deg)
Segment 1 1.54 (1.04) 0.05 (0.03)
Segment 2 1.68 (0.80) 0.04 (0.02)
Segment 3 0.78 (0.30) 0.06 (0.03)
Segment 4 0.93 (0.81) 0.03 (0.03)
Segment 5 0.90 (0.54) 0.03 (0.01)
Segment 6 0.87 (0.59) 0.03 (0.02)
Segment 7 0.66 (0.28) 0.03 (0.01)
Segment 8 2.70 (1.23) 0.19 (0.10)
Segment 9 0.73 (0.74) 0.03 (0.06)
Segment 10 0.70 (0.30) 0.04 (0.01)

Mean Difference 1.15 0.05
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Fig. 13: An example tracked trajectory with Optotrak in blue
and our video-based method in red.

F. Initialization Sensitivity
Figure 14 is a comparison of the Optotrak location TRE with

in-plane and out-of-plane pertubation and the resulting video-

Optotrak	  
Video	  tracking	  



Current	  Work:	  Scaling	  Up	  

•  Integrate	  registra%on,	  
naviga%on,	  reconstruc%on	  
into	  clinically	  usable	  
system.	  

•  Perform	  retrospec%ve	  
evalua%on	  on	  pa%ent	  data.	  
	  

•  First	  6	  data	  sets;	  250	  Gb	  of	  
video.	  

ICRA	  CVfM	  	  Copyright	  GD	  Hager,	  2013	  



Improved	  Matching	  with	  HMA	  
Mario^ni	  et	  al.	  (UT	  Arlington),	  MICCAI	  2012	  
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SIFT	  

Alpha,  beta,  gamma  with  feature  number	
Cross-‐Validation	  Results	  

HMA	  

ICRA	  CVfM	  	  Copyright	  GD	  Hager,	  2013	  
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Real-‐%me	  dynamic	  programming	  stereo	  +	  deformable	  registra%on	  
Final	  registra%on	  error	  of	  <	  1mm	  without	  tool	  in	  image	  

An	  Aside:	  The	  Advantages	  of	  Stereo	  



CT	  Registra8on	  To	  Live	  Stereoscopic	  Video	  
Vagvolgyi,	  Hager,	  Taylor,	  Su,	  Journal	  of	  Urology,	  2009	  

Real-‐%me	  importa%on	  and	  display	  of	  preopera%ve	  informa%on	  in	  	  
in	  the	  surgeon	  field	  of	  view	  



A	  Second	  Example:	  Subglo^c	  Stenosis	  

ICRA	  CVfM	  	  Copyright	  GD	  Hager,	  2013	  

Why	  does	  this	  ….	   …	  lead	  to	  this?	  

NIH	  R21	  EB008490	  



Subglo^c	  Stenosis	  
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Quan%ta%ve	  Endoscopy:	  Reconstruc%on	  
(with	  Masaru	  Ishii,	  MD,	  Eric	  Meisner,	  Haluk	  Tokgozoglu)	  

ICRA	  CVfM	  	  Copyright	  GD	  Hager,	  2013	  

Can	  we	  measure	  noninvasively?	  
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Can	  we	  measure	  and	  evaluate	  noninvasively?	  

Quan%ta%ve	  Endoscopy:	  Reconstruc%on	  
(with	  Masaru	  Ishii,	  MD,	  Eric	  Meisner,	  Haluk	  Tokgozoglu)	  



An	  Idea:	  Hybrid	  Reconstruc%on	  

•  Mul%view	  reconstruc%on	  provides	  a	  globally	  correct	  shape	  	  
•  SFS	  (assuming	  we	  deal	  with	  the	  albedo	  problem)	  provides	  

locally	  correct	  shape	  	  
•  Can	  we	  produce	  a	  hybrid	  reconstruc%on	  that	  is	  globally	  +	  

locally	  correct?	  	  

ICRA	  CVfM	  	  Copyright	  GD	  Hager,	  2013	  

Motivation and Background
Color-Based Hybrid Reconstruction

Conclusion

Measuring The Diameter of the Airway
3D Reconstruction Methods in the Airway

Idea: Hybrid Reconstruction

Multiview reconstruction provides a globally correct shape
SFS (assuming we deal with the albedo problem) provides
locally correct shape
Can we produce a hybrid reconstruction that is globally +
locally correct?

+

Tokgozoglu, Meisner, Kazhdan, Hager Color-Based Hybrid Reconstruction for Endoscopy



Aside:	  Perspec%ve	  SFS	  in	  the	  Airway	  
Motivation and Background

Color-Based Hybrid Reconstruction
Conclusion

Measuring The Diameter of the Airway
3D Reconstruction Methods in the Airway

Aside: Perspective SFS in the Airway

Characterize the object in terms of
pixel coordinates using perspective
projection:

S(u, v) = u
z(u, v)

f
, v

z(u, v)
f

We need N, L, r

Tokgozoglu, Meisner, Kazhdan, Hager Color-Based Hybrid Reconstruction for Endoscopy
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Motivation and Background
Color-Based Hybrid Reconstruction

Conclusion

Measuring The Diameter of the Airway
3D Reconstruction Methods in the Airway

Aside: Lambertian SFS with Light at Camera Center

Light source is at camera center (endoscope)
Lambertian reflectance: I = ⌘ cos✓i

r2 = ⌘N·L
r2

Tokgozoglu, Meisner, Kazhdan, Hager Color-Based Hybrid Reconstruction for Endoscopy



A	  Slight	  Problem	  …..	  
Motivation and Background

Color-Based Hybrid Reconstruction
Conclusion

Color Constancy
Hybrid Reconstruction

A slight problem...

Tokgozoglu, Meisner, Kazhdan, Hager Color-Based Hybrid Reconstruction for EndoscopyICRA	  CVfM	  	  Copyright	  GD	  Hager,	  2013	  



Intensity	  Varia%on	  Minimiza%on	  

ICRA	  CVfM	  	  Copyright	  GD	  Hager,	  2013	  

Motivation and Background
Color-Based Hybrid Reconstruction

Conclusion

Color Constancy
Hybrid Reconstruction

Intensity Variance Minimization

Our approach: find w such that:

min
w

X

i2P

X

j2N(i)

kwT vi � wT vjk2

Where P is the set of marked pixels, N(i) is a set of pixels
in a neighborhood of i with size �i and vk 2 R3x1 is the
RGB values at pixel k

Tokgozoglu, Meisner, Kazhdan, Hager Color-Based Hybrid Reconstruction for Endoscopy



Results	  of	  Color	  Varia%on	  Reduc%on	  
Motivation and Background

Color-Based Hybrid Reconstruction
Conclusion

Color Constancy
Hybrid Reconstruction

Results of Color Constancy

Grayscale Projected color

Tokgozoglu, Meisner, Kazhdan, Hager Color-Based Hybrid Reconstruction for Endoscopy
ICRA	  CVfM	  	  Copyright	  GD	  Hager,	  2013	  



Results	  of	  Color	  Varia%on	  Reduc%on	  

ICRA	  CVfM	  	  Copyright	  GD	  Hager,	  2013	  

Motivation and Background
Color-Based Hybrid Reconstruction

Conclusion

Color Constancy
Hybrid Reconstruction

Comparison of Color Constancy

Grayscale Projected color

Geometry (like rings) is preserved!

Tokgozoglu, Meisner, Kazhdan, Hager Color-Based Hybrid Reconstruction for Endoscopy

Motivation and Background
Color-Based Hybrid Reconstruction

Conclusion

Color Constancy
Hybrid Reconstruction

Comparison of Color Constancy

Grayscale Projected color

Geometry (like rings) is preserved!

Tokgozoglu, Meisner, Kazhdan, Hager Color-Based Hybrid Reconstruction for Endoscopy



More	  Results	  

Motivation and Background
Color-Based Hybrid Reconstruction

Conclusion

Color Constancy
Hybrid Reconstruction

More Results

Tokgozoglu, Meisner, Kazhdan, Hager Color-Based Hybrid Reconstruction for Endoscopy
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Millimetric	  accuracy	  based	  on	  a	  simple	  digital	  endoscope!	  

Quan%ta%ve	  Comparison	  

Motivation and Background
Color-Based Hybrid Reconstruction

Conclusion

Color Constancy
Hybrid Reconstruction

Results of Hybrid Reconstruction
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Re%nal	  Surgery	  
Team	  
•  WSE:	  R.	  Taylor,	  G.	  Hager,	  J.	  Kang,	  

P.	  Kazanzides,	  I.	  Iordachita	  
SoM:	  J.	  Handa,	  P.	  Gehlbach,	  	  
E.	  Gower	  

•  Current	  Funding:	  NIH	  BRP	  	  
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Tool	  Tracking	  as	  Detec%on	  
Active Testing for Retinal Tool Detection

Let us find the tool pose in an image 1:

I Let X ⇤ = (X ⇤
1 ,X ⇤

2 ,X ⇤
3 ) be a

discrete random variable that
defines the tool pose.

I Let the space of possible tool
locations be:

S = [0,P]⇥[�⇡/2, ⇡/2]⇥[�, L]

I Let p0 ⇠ U(S [ {⇤})

I More complicated density: need a way to organize
the search space for efficiency.

1Sznitman et al. Unified Detection and Tracking in Retinal Microsurgery. MICCAI, 2011.
35
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A Greedy Bayes-Optimal Policy1

Theorem: Using the probabilistic bisection policy is
optimal and the value function V (·, n) is given by

V (pn, n) = inf⇡E⇡[H(pN)|pn] = H(pn)� (N � n)C

where C is the channel capacity the noise model.

Why a reduction in entropy of C?

I(X ⇤,Yn|an, bn, pn) = H(uf1+(1�u)f0)�uH(f1)�(1�u)H(f0)

an bn

pn (z)dz = u
an

bn

∫

0 1

1Jedynak, Frazier, Sznitman. Twenty questions with noise: Bayes optimal policies for entropy loss. J. of
Applied Probability: 49 (1), 114-136 (2012)

31



Basic	  Idea	  
Tool Questions

I At each node ⇤i,j , can evaluate a
question type: k = 1, . . . ,K

I A question X k
i,j asks: “is X ⇤ 2 ⇤i,j”

by computing a function k of the
image:

X k
i,j : I⇤i,j 7! R

I Answer Y k
i,j is random,

Y k
i,j =

⇢
f1(·; i , j) if X ⇤ 2 ⇤i,j
f0(·; i , j) if X ⇤ 62 ⇤i,j

(f1, f0) are estimated from
labeled training data.

37 ICRA	  CVfM	  	  Copyright	  GD	  Hager,	  2013	  



Some	  Results	  
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Sznitman,	  Raphael,	  et	  al.	  "Unified	  detec%on	  and	  tracking	  in	  re%nal	  microsurgery."	  
Medical	  Image	  Compu0ng	  and	  Computer-‐Assisted	  Interven0on–MICCAI	  2011.	  
Springer	  Berlin	  Heidelberg,	  2011.	  1-‐8.	  



Data-‐Driven	  Visual	  Tracking	  	  
in	  Re8nal	  Microsurgery	  

Raphael	  Sznitman1,	  Karim	  Ali1,	  Rogerio	  Richa2,	  Russell	  H.	  Taylor2,	  Gregory	  D.	  Hager2	  and	  Pascal	  Fua1	  
1.	  École	  Polytechnique	  Fédérale	  de	  Lausanne,	  Switzerland	  

2.	  The	  Johns	  Hopkins	  University,	  Bal%more	  MD,	  USA	  

Classifier-based 
Detector 

Spatial & Score 
Weighting 

Gradient-based 
Tracker 

Image I_t Position estimate     
I 

Detector scores  I_     t 

Tracker position and template update  

Image I_ position  
ad          

Image  I_t 



Proximity	  Alert	  

Rogerio	  Richa,	  Balazs	  Vagvolgyi,	  Raphael	  Sznitman,	  Greg	  Hager,	  et	  al.	  



Re%nal	  Image	  Registra%on	  

Rabbit	  Fundus	  image	   Fundus	  edge	  map	  overlay	  

•  How	  to	  reliably	  create/register	  high-‐resolu%on	  
fundus	  images	  from	  a	  	  
microscope	  or	  slit	  lamp?	  
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Tracking	  and	  Mosaicking	  
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[Richa12a]	  

	  
TRACKING	  AND	  MOSAICKING	  THE	  RETINA	  DURING	  SURGERY	  

Courtesy	  Rogerio	  Richa,	  Balaz	  Vagvolgyi	  
ICRA	  CVfM	  	  Copyright	  GD	  Hager,	  2013	  



QE	  Opportuni%es	  and	  Challenges	  

•  Opportunity:	  Make	  medicine	  beuer	  
–  Quan%ta%ve	  non-‐irradia%ng	  measurement	  
–  Cost-‐neutral	  
–  Always	  available	  
–  New	  science	  of	  studying	  
surgery	  

	  

•  Challenges:	  	  
–  Reliable	  methods	  at	  scale	  
–  Online	  assessment	  and	  feedback	  	  
–  Deployment	  in	  clinical	  workflow	  

ICRA	  CVfM	  	  Copyright	  GD	  Hager,	  2013	  
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