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(57) ABSTRACT 
A method of improving data sets, for example, of patients, 
each being characterized by relatively low-cost medical 
data, identifies those patients where the acquisition of higher 
cost medical data would best inform an estimate of the 
higher cost medical data for the remaining patients. In this 
way scarce medical resources can be more efficiently 
applied in characterizing a potential patient pool, for 
example, for a clinical trial when resources are not available 
for extensive medical characterization of each trial partici
pant. 
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COMPUTERIZED SYSTEM FOR EFFICIENT 
AUGMENTATION OF DATA SETS 

2 
patients who can best serve as proxies for estimating the 
high-cost data of patients other than the proxies. This 
identification of proxies allows focused and selective, acqui
sition of additional high-cost data for some patients. Using STATEMENT REGARDING FEDERALLY 

SPONSORED RESEARCH OR DEVELOPMENT 

This invention was made with government support under 
AG021155, AG040396 and AG033514 awarded by the 
National institutes of Health and IIS1252725 and 
CCF1320755 awarded by the National Science Foundation. 
The government has certain rights in the invention. 

5 this additional, high-cost data, the invention provides a 
method of better estimating high-cost data for the remaining 
patients. 

CROSS REFERENCE TO RELATED 
APPLICATION 

Specifically, the invention, provides a computerized sys
tem for selectively augmenting a data set providing related 

10 objects each characterized by a first type of data, the 
computerized system including at least one electronic com
puter having a memory for holding a stored program. The 
stored program is executed to use the first type of data of the 

NIA 

BACKGROUND OF THE INVENTION 

15 
objects to generate a graph of the objects and then to use a 
wavelet expansion to identify proxy objects of the graph. 
Based on the identification of the proxy objects, the inven
tion creates an augmented data set by collecting a second 
type of data, different from the first type of data, for the 

The present invention relates to a method of augmenting 
data sets, for example, data characterizing patients' clinical 
tests, by undertaking selective, additional data acquisition 
(for example, additional clinical measurements) to effi
ciently estimate missing data when not all data can be 
practically obtained. 

20 proxy objects. This augmented data set maximizes the value 
of the additional data collection. 

It is thus a feature of at least one embodiment of the 
invention to provide a way of determining where scarce data 
collection resources should be allocated in order to improve 

25 the value of an entire data set. The wavelet transform on 
In clinical studies of patients, it can be important to 

characterize potential patients for the study with respect to 
their likelihood of developing a given medical condition. 
For example, in a clinical study of Alzheimer treatments, it 
would be desirable to have a pool oftest patients who are all 30 

likely to experience Alzheimer's disease. Having a "pre
screened" pool of patients can increase the statistical insight 
provided by the study, for example, in this case, because it 
can be assumed that patients who ultimately do not experi
ence Alzheimer's disease were beneficially affected by the 35 

treatment being studied. 
For Alzheimer's disease as well as other diseases, it can 

be difficult to determine in advance whether an individual is 
ultimately likely to have Alzheimer's disease in the future. 
This is a particular problem, when the treatment being 40 

studied must be initiated many years before Alzheimer's 
disease presents. Currently, Alzheimer's risk is studied by 
clinical measurements including, for example, PET studies, 
for example, using radio chemicals, such as 11C Pittsburgh 
compound B. Such clinical measurements are costly in 45 

terms of dollar outlay, availability, procedure time, and 
patient inconvenience (collectively termed high-cost data). 
For this reason, such studies may rely heavily on non
imaging tests such as patient questionnaires or laboratory 
tests or relatively economical image/image-derived mea- 50 

surements that are less costly in terms of dollar outlay, 
availability, procedure time or patient inconvenience (col
lectively termed low-cost data). Generally, the high-cost 
procedures can greatly improve the accuracy of character
ization of a patient who is likely to have Alzheimer's disease 55 

or not but are impractical for large studies. 

SUMMARY OF THE INVENTION 

graphs provides a way of operating on a generalized graph 
( capturing similarity between objects) that is sensitive to the 
interrelatedness of the objects (in the transform domain) 
while localizing that interrelatedness to a particular object 
(in the graph domain) to identify objects where additional 
data would be most valuable. 

The augmented data set may be used to produce an 
estimation of the second type of data for objects other than 
the proxy objects. 

It is thus a feature of at least one embodiment of the 
invention to use the selected additional data collection to 
provide improved estimates of missing data for the remain
ing objects. 

The estimation may employ minimization of an estima
tion error in a frequency domain of the graph subject to a 
band limited constraint and a subsequent inverse transfor
mation from the frequency domain back into the graph. 

It is thus a feature of at least one embodiment of the 
invention to incorporate a constraint of band limiting prop
erty into the estimation process by performing optimization 
in the frequency domain allowing reconstruction of esti-
mated values through a simple inverse transformation. 

The estimated type of data may be used to characterize the 
objects according to some predetermined criterion. 

It is thus a feature of at least one embodiment of the 
invention to use additional data collected on particular 
objects to enhance the characterization of all objects with 
respect to a given criterion. 

The objects may be patients for a clinical trial and the first 
type of data may represent a low-cost data for the patients 
and the second type of data may, represent higher cost data 
for the patients and the estimated type of data for the entire 
set of patients may be used to select patients for a clinical 
trial according to the predetermined criterion where the cost, 

60 of acquisition is minimized by not collecting the second type 
of data for every patient. 

The present inventors have recognized that predictive 
clinical measurements, both high-cost data, and to data, 
relate to a unifying underlying condition and that for this 
reason it should be possible to estimate the values of 
high-cost data for some individuals using measured low-cost 
and high-cost data for other similar individuals where the 65 

evaluation of similarity uses low-cost data. In this respect, 
the present invention provides a system for identifying those 

It is thus a feature of at least one embodiment of the 
invention to greatly, reduce the cost of important clinical 
trials particularly those that require substantial data collec
tion on the individuals including significant high-cost data as 
a tool to identify the population appropriate for testing the 
drug or therapy under evaluation. 
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The first type of data and second type of data may be 
medical measurements related to Alzheimer risk and the 
clinical trial may relate to Alzheimer treatments applied 
before Alzheimer disease has been identified and the pre
determined criterion may select patients likely to experience 5 

Alzheimer's disease. 

Later additional colunms 23c may hold some high-cost 
data 26, for example, obtained through an imaging machine 
28 such as a PET scanner performing scans of radio chemi
cals such, as uc Pittsburgh compound B, for example, or a 
magnetic resonance imaging (MRI) scanner providing dif
fusion-weighted MRI images. 

It is thus a feature of at least one embodiment of the 
invention to provide improved patient pools for clinical 
studies for diseases like Alzheimer's disease that would 
otherwise require large numbers of prohibitively high-cost 10 

data collection. 

This collection of data to form data table 22 holding a data 
set is indicated by process block 29 of FIG. 2 and may be 
performed using standard computer entry and data storage 
techniques, for example, associated with database manage
ment. 

The graph may be non-Euclidean and may have nodes 
representing each object and edges based on the similarity of 
data elements of the first data set of the objects. Non
Euclidean here means that the distances ( or similarities) 
between pairs of nodes in the graph may not satisfy the 
classical Euclidean distance definition. 

It is thus a feature of at least one embodiment of the 
invention to provide a technique that can be used with 
non-Euclidean graphs of the type likely to be generated by 
multiparameter clinical tests. 

The step of creating the augmented data set may collect 
the second type of data only for selected of the proxy 
objects. 

These particular features and advantages may apply to 
only some embodiments falling within the claims and thus 
do not define the scope of the invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a data flow diagram of a system for collecting 
clinical data for patients including both high and low-cost 
data as stored in a table for processing by an electronic 
computer; 

FIG. 2 is a flowchart of a program executed by the 
computer of FIG. 1 for identifying particular individuals or 
whom additional high-cost data should be collected and for 
using this additional high-cost data to estimate high-cost 
data for other patients ultimately to be used to qualify 
patients with respect to both high and low-cost data; 

FIG. 3 is a simplified representation of the graph structure 
logically representing the data of the table of FIG. 1; 

FIG. 4 is a data flow diagram of the acquisition of 
additional high-cost data to supplement the table of FIG. 1 
based on an analysis of the graph of FIG. 3; and 

FIG. 5 is a diagram showing the reconstructed data as 
applied to a criterion, for example, for selecting a pool of 
patients for clinical trial. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENT 

Referring now to FIG. 1, a system for data augmentation 

At succeeding process block 30 and referring also to FIG. 
3, the data of table 22 may be used to construct a graph 32 

15 
logically providing multiple nodes 34 connected by edges 
36. Each node 34 represents a different patient 19 and the 
data, for that patient 19 and the edges 36 have a length based 
on a similarity between the low-cost data 24 associated with 
the nodes 34 of the edge 36. For example, the length and 

20 edge 36 may be a multidimensional Euclidean distance 
between vectors representing the data 24. The resulting 
graph 32, however, will generally be a non-Euclidean, graph 
32 meaning that a physical model with straight-line edges, 
between the nodes 34 in multiple dimensions is not neces-

25 sarily possible given the length of the edges 36. 
The constructed graph 32 may be stored in tables provid

ing an adjacency matrix and degree matrix generally under
stood in the art and discussed further below. 

Per process block 38 of FIG. 2, a wavelet analysis of the 
30 graph 32 is then conducted to identify nodes 34 that will 

serve as "proxy" nodes, being defined herein as nodes 34 
where the collection of additional high-cost data 26 will 
maximize the ability to estimate high-cost data 26 for the 
other nodes 34 not having the high-cost data 26. Generally, 

35 the wavelet analysis will determine how much energy is 
preserved at a given node n for a specific scale s in frequency 
space over the range of the wavelet used for analysis. The 
more energy that a node 34 has, the more likely it is that the 
estimated high-cost data 26 for that node will be accurate on 

40 that specific node 34. Accordingly, the best proxy nodes will 
be nodes 34 having low energy value where additional 
high-cost data 26 is required for an accurate estimate. 

45 

50 

Specifically, the wavelet analysis may be according to the 
following equation (1) 

1 1 N-1 

p,(n) = -i/Jn(s, n) = - ~ h(sA1)x,(n)2 
Zs Zs l=O 

(1) 

where 
n is the node index; 

10 may provide an electronic computer 12 having one or 
more processors 14 communicating with an electronic 55 

memory 16 holding a stored program 18 whose operation 
will be discussed below. Electronic memory 16 may, for 
example, include database memory 20 holding one or more 
data tables 22 containing patient data. 

1.jln(s,n) is the mother wavelet function having a scale s 
and translation values localized at each node index n; 

h( ) is a filter for wavelets which can be, any known filter 
for wavelets such as Morlet, Meyer, Difference of Gaussians 
(DOG) etc.; 

A1 and Xz are pairs of eigenvalues and corresponding 
eigenvectors of a graph Laplacian L operator. The L operator 

Logically the table 22 may provide for multiple rows 
associated with different patients 19 (here identified by the 
numbers 1-5 in a first colunm 23a). Multiple additional 
colunms 23b of each row may hold low-cost data 24 
associated with each patient 19, for example, obtained using 
low-cost techniques such as patient questionnaires or simple 
laboratory tests or the like. Generally, each patient 19 will 
have low-cost data 24. 

60 is a matrix described by a difference between a matrix 
representing the graph 32 as an adjacency matrix A where 
each element a,,1 of this adjacency matrix denotes the weight 
of an edge 36 between the ith and jth nodes 34 of the graph 
32 and a degree matrix D being a diagonal matrix where the 

65 ith diagonal is the sum of the edge weights connected to the 
ith node. In this case L=D-A. Lis a self-a joint and positive 
semi-definite operator and 
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Zs is a normalizing factor 

N 

Z,= ~i/tn(s,n) 
n=l 

computed over the selected wavelet. 
The formulation in (1) is especially useful when the 

distribution is known prior to the analysis by imposing 10 

higher weights on the frequency band where the signal is 
concentrated. 

As shown in FIG. 4, the probability values may be used 
to establish a new column 23d in table 22' listing those nodes 

15 
34 (rows of table 22') that would be most benefited to have 
additional data collected. 

Referring now to FIGS. 2 and 4, per process block 40, 
additional high-cost data 26' is then collected (indicated by 
arrows 27) for proxy nodes (in this, example being nodes 1 20 
and 5) as guided by equation (1). For example, this addi
tional high-cost data 26' may be collected using imaging 
machine 28 and the processes described above. This data is 
then entered into the table 22' for the selected nodes 34. 
Generally, at the conclusion of this process, high-cost data 25 

26 or high-cost data 26' will not be needed for many of the 
rows of graph 32 as depicted. The result of this data, 
collection process will be termed augmented data table 22'. 

The resulting augmented data set (where all additional 
high-cost data 26' that is budgeted has been acquired) may 30 

then be used to estimate, high-cost data 26 for those nodes 
34 where it has not been collected per process block 42. 

This estimation process may, for example, be implicit in 
a general use of the high-cost data in fitting the augmented 
data set to a multidimensional function using, for example, 35 

regression, machine learning, or linear program associated 
with a convex problem. These approaches have three weak
nesses: (1) they do not take into account whether the 
reconstructed signal is bandlimited; (2) they provide a 
solution that is insensitive to whether the estimated data for 40 

the un-sampled nodes 34 is correct; and (3) an analytic 
solution is not easily obtainable without a regularizer 

Accordingly, the present invention provides a two-step 
estimation process including a minimization of an objective 
function after a frequency domain transformation of the 45 

graph 32 (the data of table 22'), as indicated by process block 
44, followed by an inverse transformation of the minimized 
form of the graph back to the graph domain as indicated by 
process block 46. 

More specifically, in process block 44, the minimization 50 

reduces the error in the sampled nodes according to the 
following equation (2) 

1 

g; = arg min IIP~2 (MVd, - yJJll2 
+ y(V,gJ h(L)Vd, 

kkE1l 2 

(2) 55 

where 

{ 

1 if j = W; 

Mi,J = o otherwise; 

N-! 

h(LJ = ~ h(J.,Jx,xT; 
l=O 

6 

V k is a matrix with eigenvector colunm vectors 
Vk=[xo, · · · , Xk-1]; and 

y is an arbitrary convergence variable, for example, 
selected experimentally in one embodiment to have a value 
of 0.01. 

Equation (2) is minimized as a convex problem by 
computing where the derivative becomes zero providing 
estimated frequency space values of node data that are band 
limited to k values (the highest value of k being much less 
than N, the number of nodes). 

The optimum solution to gk * must satisfy the condition: 

(3) 

which reduces to: 

(4) 

where Ak is a kxk diagonal matrix where the diagonals are 
the first k eigenvalues of L. 

The values of gk* are then used to recover a low-ranked 
estimation of g*=V kgk * that reconstructs to f using the 
inverse Fourier transform to yields a graph 32. The nodes of 
this reconstructed graph 32 that previously did not have 
high-cost data 26 now have estimated high-cost data 26" 
reflecting estimates of the high-cost data elements for those 
rows (nodes 34). 

Note that limiting the transformation process to k eigen
values greatly reduces the complexity of the problem ren
dering the solution more efficient. Moreover the filtering 
operation of h( ) on L is much simpler. 

Referring now to FIGS. 2 and 5, the table 22" then 
provides a complete set of low-cost data 24 and high-cost 
data 26, the latter formed of collected data and estimated 
data ( collectively the estimated data set). This data may then 
be used for a variety of purposes. In one important example, 
the data may be applied to a selection, criterion per process 
block 50. This selection process, indicated by arrow 52, 
provides subset of particular rows and hence patients 19 
based on a complete understanding of the data for each row 
(patient 19). It will be appreciated that, to the extent that the 
present invention identifies those individuals where more 
complete knowledge of the individuals improves the char
acterization of others not extensively characterized, the 
invention can also provide benefits, for example, to reduce 
the cost of diagnoses. By taking additional effort to identify 
and characterize certain individuals who are closely related 
to uncharacterized individuals, the predictive power of 
lower-cost screening can be better leveraged, for screening 
the population at large. 

Certain terminology is used herein for purposes of refer
ence only, and thus is not intended to be limiting. For 

gk are the first k coefficients of a function gz, ~n~iNg(n) 
xzCn) being the Fourier transform of function g representing 
the augmented graph 32 (the data of table 22'); and 

P Q=diag(p(Q)) where Q is the index of high-cost data 26' 
{wi, ... wm} of m nodes 34 yielding y(i)=f(w,) where 
'v',E{l, 2, ... , m}. 

60 example, terms such as "upper", "lower", "above", and 
"below" refer to directions in the drawings to which refer
ence is made. Terms such as "front", "back", "rear", "bot
tom" and "side", describe the orientation of portions of the 
component within a consistent but arbitrary frame of refer-

M is a projection operator MnxN based on the new 
high-cost data 26 and 26' as follows: 

65 ence which is made clear by reference to the text and the 
associated drawings describing the component under dis
cussion. Such terminology may include the words specifi-
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cally mentioned above, derivatives thereof, and words of 
similar import. Similarly, the terms "first", "second" and 
other such numerical terms referring to structures do not 
imply a sequence or order unless clearly indicated by the 
context. 5 

When introducing elements or features of the present 
disclosure and the exemplary embodiments, the articles "a", 
"an", "the" and "said" are intended to mean that there are 
one or more of such elements or features. The terms "com
prising", "including" and "having" are intended to be inclu- 10 

sive and mean that there may be additional elements or 
features other than those specifically noted. It is further to be 
understood that the method steps, processes, and operations 
described herein are not to be construed as necessarily 
requiring their performance in the particular order discussed 15 

or illustrated, unless specifically identified as an order of 
performance. It is also to be understood that additional or 
alternative steps may be employed. 

It is specifically intended that the present invention not be 
limited to the embodiments and illustrations contained 20 

herein and the claims should be understood to include 
modified, forms of those embodiments including portions of 
the embodiments and combinations of elements of different 
embodiments as come within the scope of the following 
claims. All of the publications described herein, including 25 

patents and non-patent publications are hereby incorporated 
herein by reference in their entireties. 

What we claim is: 

8 
A1 and Xz are pairs of eigenvalues and corresponding 

eigenvectors of a graph Laplacian L operator; and 
Zs is a normalizing factor 

N 

Z,=~i/tn(s,n) 
n=l 

computed over a selected wavelet. 
2. The computerized system of claim 1 wherein the 

estimation employs minimization of an estimation error in a 
frequency domain of the graph subject to a band limitation 
and a subsequent inverse transformation from the frequency 
domain back into the estimated data of the graph. 

3. The computerized system of claim 1 wherein the 
estimated data is used to characterize the objects according 
to predetermined criterion. 

4. The computerized system of claim 3 wherein the 
objects are patients for a clinical trial and the first type of 
data has a first cost and the second type of data has a second 
cost higher than the first cost and wherein the estimated data 
can be used for downstream analyses of the clinical study. 

5. The computerized system of claim 4 wherein the first 
type of data and second type of data represent medical 
measurements related to Alzheimer risk and the clinical trial 
relates to analyses of the second type of data the analyses 
being at least one of categorical analyses and statistical 

1. A computerized system for selectively augmenting a 
data set of data describing objects of a group of related 
objects each object characterized by a first type of data, the 
computerized system comprising at least one electronic 
computer having a memory for holding a stored program 
and executing to: 

30 analyses. 

(a) use the first type of data of the objects to generate a 
graph of the objects providing multiple nodes each 
representing a different object; 

35 

(b) use a wavelet expansion operating on the graph to 
identify a limited set of proxy objects from among the 40 
group and representative of the group with respect to a 
second type of data of the objects but being less than 
the number of objects in the group; 

(c) based on the identification of the proxy objects, create 
an augmented data set by collecting the second type of 45 
data different from the first type of data for the proxy 
objects and not for the objects other than the proxy 
objects; and 

(d) using the augmented data set of the proxy objects and 
information of the graph to produce estimated data 50 
estimating the second type of data for objects, repre
sented in the group of the augmented data set, other 
than the proxy objects, where the second type of data 
has not been collected; 

wherein the wavelet expansion is in accordance with the 55 
equation: 

1 1 N-1 

p,(n) = -1/tn(s, n) = - ~ h(s1<.1)x,(n)2 
Zs Zs l=O 

(1) 

60 

where: 
n is a node index; 
1.jln(s,n) is a mother wavelet function having a scale s and 65 

translation values localized at each node index n; 
h( ) is a filter for wavelets; 

6. The computerized system of claim 1 wherein the graph 
is in non-Euclidean spaces and has nodes representing each 
object and edges based on a similarity of data elements of 
the first data set of the objects. 

7. A method of selectively augmenting a data set provid
ing related objects each characterized by a first type of data, 
the method operating on at least one electronic computer 
having a memory for holding a stored program and execut
ing to perform the steps comprising: 

(a) using the first type of data of the objects to generate a 
graph of the objects; 

(b) using a wavelet expansion to identify proxy objects of 
the graph to identify a limited set of proxy objects from 
among the group and representative of the group with 
respect to a second type of data of the objects but being 
less than the number of objects in the group; 

(c) based on the identification of the proxy objects, 
creating an augmented data set by collecting the second 
type of data different from the first type of data for the 
proxy objects; and 

(d) using the augmented data set of the proxy objects and 
the graph to produce estimated data estimating the 
second type of data for objects of the group of the 
augmented data set other than the proxy objects where 
the second type of data has not been collected; 

wherein the wavelet expansion is in accordance with the 
equation: 

(1) 

where: 
n is a node index; 
1.jln(s,n) is a mother wavelet function having a scale s and 
translation values localized at each node index n; 
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h( ) is a filter for wavelets; 
A1 and Xz are pairs of eigenvalues and corresponding eigen
vectors of a graph Laplacian L operator, and 
Zs is a normalizing factor 

N 

Z, = ~ i/Jn(s, n) 
n=l 

10 

computed over a selected wavelet. 
8. The method of claim 7 wherein the estimation employs 

minimization of an estimation error in a frequency domain 
of the graph subject to a band limitation and a subsequent 
inverse transformation from the frequency domain back into 15 

the graph. 
9. The method of claim 7 wherein the objects are patients 

for a clinical trial and the first type of data has a first cost and 
the second type of data has a second cost higher than the first 
cost and wherein the estimated data can be used for down- 20 

stream analyses of the clinical study. 
10. The method of claim 7 wherein the first type of data 

and second type of data represent medical measurements 
related to Alzheimer's risk and the clinical trial relates to 
analyses of the second type of data, the analysis providing 25 

at least one of a categorical analyses and statistical analyses 
identifying the effects from Alzheimer's disease. 

11. The method of claim 9 wherein the graph is in 
non-Euclidean spaces and has nodes representing each 
object and edges based on a similarity of data elements of 30 

the first data set of the objects. 

* * * * * 

10 


