Background & Introduction

* Dynamic Near Infrared Optical Tomography (DYNOT)
= Provides measures of relative concentrations of hemoglobin (Hb) « Healthy Breast
+ Oxygenated, deoxygenated, total = Coherent response to
= Noninvasive functional imaging in vivo provocation
+ Exogenous contrast agents not required
* Growth of solid tumors frequently accompanied by:
= Marked changes in the vascular supply sustaining tumor growth [1]
+ State of impaired perfusion
+ Relatively hypoxic environment
* To image the preceding features, we developed:
= Dual-breast DOT imaging system
= Capable of simultaneous bilateral measurements

* Tumor Breast
= Sluggish perfusion
= Reduced response to
natural effectors
= Elevated Hb levels

DYNOT Imager

Phantom Spheres

Optical Measuring Cup Adjusters
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* (Left) DYNOT simultaneous dual-breast measuring head [2]
= Data collected from 124 channels (62 fibers x 2 wavelengths) in parallel
= Sources location is time-multiplexed
= Measurement rate: 2 complete image frames (> 3x10¢ data points) per second
* (Right) GUI for imager control
= Allows real-time viewing of data as they are collected
. process for i appropriate i
= Extensive capabilities for:
= Pre-measurement system checks
= Testing fidelity of fiber-skin contact

(gain) factors for all data channels

Dynamic Phantom Studies

Spherical breast phantom

* (Left) Laboratory phantom medium
= Approximates size and shape of a breast
= Has defined background optical coefficient values
= Contains a pair of electrochromic devices
+ Independently controllable
+ Absorption coefficient (u,) can be changed by adjusting the applied voltage
+ Can be pr to produce a pre-selected y, time series.
* Experimental test shows that DYNOT imager:
= (Middle) Detects the programmed signals with high temporal fidelity
= (Right) Accurately localizes an idealized lesion inside the medium

Physiological Insight — Clinical Study Design

* Well-characterized differences between vasculature in healthy tissue (or in non-cancer pathologies), and in cancerous
solid tumors [1]
. exist, by which a tumor’s “volume of influence” may be appreciably larger than the tumor
itself [1,3]
* A key to increasing diagnostic power is comparing detector and image data between the two simultaneously examined
breasts
= Vascular responses under autonomic control should be similar in the two breasts
= Responses under autoregulatory (local) control also should be similar, if both breasts are healthy
* If one breast has a cancerous tumor and the other doesn't, what macroscoplc differences could we expect?
- for rhythms, in the bearing breast (TBB)
= Owing to hypoxic environment of many solid tumors
= Greater degree of temporal coordination, and greater spatial homogeneity, in the tumor-free breast (TFB)
= Abnormal response in the TBB, to events that stress the microvasculature
* Three of metrics are i
= Each is devised to reveal one of the three previously outlined types of expected difference between the TBB and TFB
= Group 1: Indices of resting vasomotion amplitude
+ Computed from baseline (i.e., subject at rest) measurement data
+ Are sensitive to enhanced vasomotion
= Group 2: Index of spatially coordinated dynamics
+ Computed from baseline measurement data
+ Is sensitive to differences in timing of blood delivery, between the two breasts

Physiological Insight — Clinical Study Design (cont.)

* Three categories of diagnostic metrics (cont.)

* Group 3: Measures of pressure-induced blood volume and oxygenation shifts Position ' . @ . '

+ Computed from data collected during Valsalva maneuver

* Are sensitive to venous congestion and delayed reperfusion
+ In the TBB, relative to the contralateral TFB, one would expect to see:

= Increased oxygen desaturation of Hb
= Increased blood volume change
= Time-lagged responses
* Essential strategy for image time series analysis: Figure 1
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* Differences between metric values, for each subject’s two breasts, are calculated as: integration’

= Tumor minus non-tumor for training-set cancer subjects

= Left minus right for training-set non-cancer subjects, and for validation-set subjects scalar
* Each metric is converted into six candidate diagnostic parameters, by normalizing the . quantities.

inter-breast difference in a variety of ways:

= Difference divided by larger, smaller, or average value of the two individual-breast

values

= Difference multlplled by larger, smaller, or average of the individual-breast values
ificity (SP), positive and negative predictive

of ivity (SN),
values (PPV, NPV)

Sored paraa VA

(a)
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= Univariate: unequal-variance t-test for difference between means of CA and non-

CA subgroups of the training set

T Tme

+ Spot-check with non-parametric Mann-Whitney test, to ensure that small sample

sizes is not an issue
= Multivariate: logistic regression (LR)

* Initial model is a linear 1 of all

and repeat LR computation)

= Use leave-out-one cross-validation (LOOCV) to determine sensitivity to

idiosyncrasies of the training-set subjects

Clinical Study Results

* Patient population: 37 volunteers

= 14 with breast cancer and 23 healthy controls
+ Groups are matched in terms of age and body-mass index

+ Heterogeneous control group: includes healthy subjects and subjects having non-

cancer breast pathologies

that yield
statistically significant differences between the sub-group means

= Use a LR algorithm to find the optimal coefficients for the model

= Remove redundant metrics (i.e., eliminate least significant metric from the model

responsiveness.
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Temporal mean of spatial mean time series: 0, by definition
Temporal SD of spatial mean time series scalar
Temporal mean of spatial SD time series quantities
Temporal SD of spatial SD time series

(b)

Figure 1. Schematics of the processing steps used to distill all the
information in a 4D image time series into scalar diagnostic metrics.
(a) Integrate over the spatial dimensions, then compute temporal
descriptive statistics; (b) Spatial and temporal dimensions
considered in the opposite order.

= Data are processed [4,5] to produce time series of volumetric images for each Hb state

parameter: HbOxy, HbDeoxy, HbTotal, and HbO, Sat

* Univariate Analysis

= SN, SP, PPV, NPV ranges (minimum, maximum, mean) are

summarized in Table 1
= Range includes all univariate metrics
= Whether or not they show a statistically significant sub-
group mean difference

= For the metrics that are statistically significant predictors,
predictive values range from 57% to 91%

= Mean predictive values range from 60% to 86%, when each
Metric Group is considered separately

= Taking all Metric Groups collectively, mean PPV is 69% and
mean NPV is 81%

* Multivariate Analysis

= SN, SP, PPV, NPV ranges (minimum, maximum, mean) are
summarized in Table 2

Table 1. Diagnostic Measures for Group 1 -3 Data Minimum — Maximum (Mean)
Specificity

50.0-85.7(72.5) | 56.5-84.2(72.7) [50.0-78.6(62.0) | 70.8-90.0815)

42.0-78.6 (59.8) [ 56.5-05.7 (82.6) | 44.4-88.9 (69.8) | 68.4-82.4 (77.1)

70.0-90.0 (83.3) | 72.7-100 (86.4) |75.0-100 (85.7) |76.9-91.7 (85.2)

42.9-90.0 (70.7) [ 56.5-100 (78.6) [44.4-100 (69.0) [68.4-91.7 (80.7)

Composite Group 1 Data

Composite Group 2 Data

Composite Group 3 Data

ige Composite For
ups 1-3

Table 2. Summary of Multivariate Analysis Results

Hb States

+ Predictive models including Group 3 metrics can consider only [REEUEUTL LSS Included  CGFOUPS

21 subjects

 Models including only Group 1 and/or 2 metrics include all 37

subjects
= Composite clinical predictive values can increase markedly,
relative to the constituent univariate predictors (UPs)
+ Range is from 82% to 100%

+ Best-case composite having minimum values >90% for each

of SN, SP, PPV, and NPV

* Validation Study

= Compute values UPs, for the subjects in the validation set

Included
Oxy (). All Subjects

Total (1) o E E Loocy

Oxy (1), All Subjects

Deoxy

D, ;
Total (1) Loocy

Oxy (3), . All Subjects

Diff.*Max. [ E Deoxy (1),
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= Combine new UP values with multivariate-predictor coefficients derived from the training-set subjects
+ Compute a probability of CA for each validation-set subject (Figure 2)
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Number of Subjects

Multivariate Estimator
Figure 2. Probability of disease for indicated number of

subjects, for eight different multivariate estimators. Inset in
bar graph is the mean and SD probability for the >90% decile.
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