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Abstract

Evaluation of reproducibility is important in assessing whether a new method or instrument can
reproduce the results from a traditional gold standard approach. In this paper, we propose a measure
to assess measurement agreement for functional data which are frequently encountered in medical
research and many other research fields. Formulae to compute the standard error of the proposed
estimator and confidence intervals for the proposed measure are derived. The estimators and the
coverage probabilities of the confidence intervals are empirically tested for small to moderate sample
sizes via Monte Carlo simulations. A real data example in physiology study is used to illustrate the
proposed statistical inference procedures.
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1 Introduction

Evaluation of reproducibility is needed for many scientific research problems. For example,
when a new instrument is developed, it is of interest to assess whether the new instrument can
reproduce the results obtained by using a traditional gold standard criterion. Indeed, the need
to quantify agreement arises in many research fields when two approaches or two raters
simultaneously evaluate a response. There are some traditional criteria for measuring
agreement between two rating approaches, such as Pearson’s correlation coefficient and paired
t-test when the responses are continuous. Even though these criteria had been used in practice,
they fail to detect poor agreement in some situations (see, for example, Lin, 1989). Thus, the
topic of assessing agreement for measurements by two approaches has become an interesting
research topic. Lin, Hedayat, Sinha and Yang (2002) gives a review and comparison of various
measures of recent developments in this area. Some measures to evaluate reproducibility
include intraclass correlation (Fleiss, 1986, Quan and Shih, 1996) and within-subject
coefficient of variation (Lee, Koh and Ong, 1989). Lin (1989) introduced the concordance
correlation coefficient which assesses the linear relationship between two variables under the
constraint that the intercept is zero and the slope is one. This measure is more appropriate for
assessing reproducibility of continuous outcomes. King and Chinchilli (2001b) proposed a
generalized concordance correlation coefficient for categorical data and continuous data. They
also show that the generalized concordance correlation coefficient is actually equivalent to the
weighted kappa coefficient (Cohen, 1968) for ordinal data and equivalent to the kappa
coefficient (Cohen, 1960) for binary data.

The concordance correlation coefficient has been widely applied to various research fields
since its introduction. Several extensions have been proposed to address different problems
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recently. Extending Lin’s ideas, Chinchilli, Martel, Kumanyika and Lloyd (1996) suggested a
weighted concordance correlation coefficient for repeated measures design. VVonesh, Chinchilli
and Pu (1996) used the concordance correlation coefficient to assess goodness-of-fit for
generalized nonlinear mixed-effects models. King and Chinchilli (2001a) developed a robust
version of the concordance correlation coefficient. To accommodate covariate adjustment,
Barnhart and Williamson (2001) proposed a generalized estimating equations approach to
model the concordance correlation coefficient via three sets of estimating equations.

This paper deals with the problem when paired data of repeated measures are curves, and
proposes a measure to evaluate the reproducibility of repeated-paired curve data. Such data are
also called functional data. Image data and growth curve data are special cases thereof. Analysis
of functional data is becoming an important topic in the statistical literature. Many interesting
applications can be found in the excellent book by Ramsey and Silverman (1997) and references
therein. The method in this paper is developed to analyze an actual data set collected in the
Noll Physiological Research Center at The Pennsylvania State University (courtesy of Dr. W.
L. Kenney). This study was designed to assess agreement of measurement by two different
approaches to measure body core temperature.

Body core temperature refers to the temperature of tissues located at sufficient depth within
the body so that it is minimally affected by the environmental temperature. The core
temperature may be monitored by measuring the temperature at different locations in the body.
Both the esophageal temperature (Tes) and rectal temperature (Tre) have been used for
measuring indices of core temperature for research purposes. The Tes probe is a thermometer
sealed inside a plastic feeding tube, which is inserted into the esophagus via the nostril to the
level of the right atrium. The Tre probe is a thermometer sealed in soft vinyl tubing and is
inserted into the rectum 8-10 cm beyond the anal spincter. It is known that the Tes probe
includes the temperature of the saliva swallowed by the subject and changes with depth of the
probe in the esophagus and Tre has a slower response time than Tes in the case of rapid storage
of heat during intense thermal stress of a short duration. During this study, temperatures for
each subject were observed by the two approaches every minute over 90 minutes of an
experiment period. The researchers would like to have an overall index of agreement over the
whole time period. They also want to have an index which can summarize the degree of
agreement during different conditions. The experiment consists of using the two methods to
measure core temperature when the subjects will enter a chamber set at 36 degree Celsius and
50humidity. The subjects will sit quietly for 10 minutes and then exercise on a motor-driven
treadmill for 20 minutes. The experiment will end when the subject has undergone 3 cycles of
10-minute rest/20-minute exercise. To address the researcher’s need, we propose a measure of
agreement for repeated-paired curve data. We name it concordance correlation coefficient since
it is motivated by the concordance correlation coefficient proposed by Lin (1989) which is a
measure of agreement at a single time point. When the observations are taken over different
time points, the concordance correlation coefficient proposed by Lin (1989) cannot be used
for the data set. The weighted concordance correlation coefficient for repeated measures may
not be appropriate for this situation because an observation for each subject is very dense, more
like a pair of curves over time rather than a multi-dimensional vector or a set of repeated
measurements.

Since functional data arise frequently, there is strong need for a generalization of concordance
correlation coefficient for such data. In this paper, we deal with this problem and propose an
estimate for it. (Since Pearson correlation coefficient is such a frequently encountered
coefficient, we also provide a generalization of Pearson correlation coefficient for functional
data and propose an estimate for it.) The consistency and asymptotic normality of the proposed
estimator are established. Based on the asymptotic normality, we provide a formula to compute
the standard error of the resulting estimate. The small sample performance of the proposed
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standard error formula is investigated via Monte Carlo simulation, and we found that it is good
for practical use. Statistical inferences on the concordance correlation coefficient are also
discussed. A physiological data set is used to illustrate the proposed methodology.

This paper is organized as follows. In Section 2, we give the motivation and introduce a
concordance correlation coefficient for curve data and image data. We then propose an
estimator for the coefficient. The consistency and asymptotic normality of the proposed
estimator are established. Section 3 contains simulation results and illustration of the proposed
method by analyzing the physiology data set aforementioned. Conclusions are given in Section
4. Regularity conditions, technical lemmas and proof of Theorem 2.1 are given in the Appendix.

2 Concordance correlation coefficient for functional data

Let x and y denote scores from two raters or measurements from two instruments. Let us first
consider that both x and y are univariate. Suppose that (x1, y1), -, (Xn, Yn) are independent and
identically distributed paired observations from (x, y). Denote X = (X1, -, Xp) and y = (yq, -,
yn)- It is said that x and y are in perfect agreement if x; = y; for i = 1, ---, n. Therefore, if x and
y are in perfect agreement, then the angle between x and y, denoted by (X, y), is 0, which
implies that cos@ = 1. It is well known that

9 <Xx,y>

COSU=————,

Iyl

where <, -> denotes the inner product, and || - || is the Euclidean norm in R". In other words,

n 2_\" 2 . . .
<X,Y>=Zi:, xiyi, and Il Il —Ziz,xi for any n-dimensional vectors x and y. However, cosé is
not a good measure for agreement because for any positive constant c,

cosf(cx,y)=cosf(x,cy)=cost(X,y).

This implies that cosd cannot detect a scale change on either x or y.
The sample correlation coefficient between x and y can be written as

<X—Xy-—y>

(x, ):fv
PR = F Ny =51

where xand yare the sample means of x and y, respectively. If x and y are in perfect agreement,
then p(X, y) = 1. However, it cannot detect a location shift on either x or y and a scale change
on either x or y because for any constantsa >0and b

plax+b,y)=p(x,ay+b)=p(x.y).

The degree of concordance between x and y can be characterized by the expected value of the
squared difference E(x — y)2. Using this characterization, Lin (1989) proposed the concordance
correlation coefficient
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2cov(x,y)
var(x)+var(y)+{E(x) — Ep)}* 2.1)

pe(xy)=

The concordance correlation coefficient strikes a balance between a correlation measure
insensitive to location differences and a measure of location discrepancy. It can be further
written as the product of the accuracy and the precision coefficients p. = pCy,. The accuracy
coefficient Cy, is a bias correction factor that measures how far the best-fit line deviates from
2

the identity line. €v= ot Lwaa, Where W= Vvar(y)/var(x) and

2 2 .
vi={E(x) — E(n)}"/ yvar(x)var(y), Note that 0 < C, <1. The further Cp,, is from 1, the greater
the deviation from the identity line. The precision coefficient is the Pearson correlation
coefficient p. It measures how far are the observations from the best-fit line. See Lin (1989)
for more detailed discussion.

Evaluation of reproducibility for functional data is a frequently encountered practical problem.
In this section, we propose a concordance correlation coefficient for functional data to address
the problem. To get more insights into the concordance correlation coefficient and for ease of
presentation, we first concentrate on the case when data are collected over an interval of a real
line.

Suppose that X(t) and Y(t), t € &, a finite closed real interval, are measurements from two
instruments. Regard X(-) and Y (-) as two random elements in some probability functional space
S. For the probability functional space S, define an inner product

<X(.),Y(.)>:ELX(t)Y(t)w(t)dt, (2.2)

where w(:) is a weight function and takes non-negative values over \.

Using the notion of inner product, define the correlation coefficient for two random elements
XandYin S as:

<X - E(X),Y - E(Y)>
IX-ECINY-EX) I (2.3)

pX.Y)=

where Il X [l = V<X.X> 'hoth E(X) = EX(t) and E(Y) = EY(t) are functions of t.
Define a concordance correlation coefficient for X(-) and Y(-) to be

2<X - EX),Y - E(Y)>

(X,Y)= .
peET) | EX) — EDIP+ | X — EQOIP+ | Y — E(Y)I? (2.4)

Both p and p. depend on the weight function w(:). The weight function allows one to assign
importance to different parts of t. The choice of the weight function will be discussed in Section
2.2. No matter what the weight function is, the concordance correlation coefficient possesses
the following characteristics, same as those for p. defined on two random variables (see Lin,
1989):
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a. |pd <lpl <1. Also, pc and p have the same sign.

b. pc=p ifand only if ||E(X) — E(Y)|| = 0 and ||X — E(X)|| = [[Y-E(Y)]|-

c. pc=0ifandonlyifp=0.

d. pc=zlifand only if p =1, || X = E(X)|| = |[Y-E(Y)]|, and ||[E(X) — E(Y)|| = O.

Using the Cauchy-Schwarz inequality and the definition of p, the proofs of these
characteristics are straightforward and are omitted here.

2.1 Statistical inferences

=

In this section, we propose statistical inference procedures for p and p. defined in (2.3) and
(2.4). Without loss of generality, we assume that the interval & = [0,1]. For ease of presentation,
suppose that for subject i, i = 1, -+, n, (Xj(t), Yj(t)) was observed att =tj, j = 1, -, N with 0 <
t1 < <ty<1Thisimplies that all subjects were observed at the same tj, j= 1, -, N. In practice,
different subjects may be observed at different time t. In such a situation, one may use
interpolation to compute the sample means in (2.5) and (2.6) defined below. Thus, the proposed
estimation procedure is still applicable. See, for instance, Fan and Zhang (2000) for
implementation with linear interpolation. When sampling rate is high, the bias caused by the
approximation is small and asymptotically negligible.

Denote Aj = tj+1 —tj, the gap size between tj+1 and tj. Using the sample counterparts to estimate
p and p, we have

LU S X)) = XpHYi)) = Y w()A,

n N Y, 2 1/2 n N vV, 2 12’
BXL 2 i) = X)) wapAj) (2, XY, (Yile)) = Y1) (A} (2.5)
and
_ 2 S X)) = XUPHYi() = Y )hw(A;
Pc= — — — — s
SV LX)~ YapP wipA+ 150, SV 1) - XA +Yi) - VP w)h, 2.6)

where X(1))=n"" Zile,-(t,-) and 7(fj)="_lZi_1 Yi(1)) are the sample means of X(t;) and Y(t),
respectively. We establish the asymptotic normality of the newly proposed estimator in the
following theorem, whose proof is given in Appendix.

Theorem 2.1—Suppose, that {(X;(t), Yi(t)), t=1t,j=1, -, N,i=1, - n}isarandom
realization from {(X(t), Y(t))}att=tj,j=1, -, N. If Conditions (A)—(D) given in the Appendix
hold, then p, is a consistent estimator for pe, and when |o¢| < 1, va(p, — p.) has an asymptotic

i . . . 2 T
normal distribution with zero mean and variance 7, =4 Za, where

_ (2’ _pC9_pC’2pC)T
a= ’
E[ XXw(ndi+E [ YXOw(ndr = 2E [ XY (0w(n)dt

2.7)

and
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fI {X(1) — EX()}{Y(t) — EY()} w(t)dt
~ J X2@w®adt
Z‘COV [, Pomw@ar

f[ {(X(®) = EX()EY()+Y(EX(1)} w(t)dt 2.8)

To estimate the standard error of p¢, we estimate (rﬁ(_ by its sample counterparts:
oo=a' >a,

where & and X" are the corresponding sample counterparts. Thus, using Theorem 2.1, standard
error formulae for p¢ is

SE(p.)=0p./ Vn =3, (2.9)

where we use the factor 1/ Vi — 3 rather than 1/ Vn — 2 for small sample correction in practice.
The accuracy of these two standard error formulae for small to moderate sample sizes will be
examined in Section 3, and we find that they perform well even for small sample sizes.

Since the range of p. is [-1,1], one can improve upon the normal approximation by using
Fisher’s Z-transformation. That is,

= 1 1+p,
Z.==In +€ﬁ .
2 1-pc

Using the 6-method, it can be shown that v(Z, — Unlze) has asymptotic normal distributions
with zero means and variance

2
ol=c, [(1-p3).
Thus,
—~2 = =22
0,.=0,/(1-p7) .

Furthermore, asymptotic 100(1 — «)% confidence intervals for Z, = 271 In{(1 + pc)/(1 — pe)}
is

Ze + ty_3(1 — a/2)7., / Vn - 3. (2.10)
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Using (2.10), we may construct asymmetric confidence intervals for p. The performance of
the standard error formula will be examined in Section 3.

Remark—The consistence and asymptotic normality of p can be derived in the same manner
as those of p¢. Furthermore, standard error formula can be derived and confidence interval for
p can be constructed in the same approach as those for p. See Li and Chow (2001) for details.

2.2 Choice of weight function

The definition of inner product (2.2) over the probability space s involves a weight function.
In this section, we briefly discuss how to determine the weight function for the proposed
procedures.

The weight function allows us to assign importance to different time t. Therefore, when some
prior information on the importance of different time intervals is available, one may determine
the weight function accordingly. We call this kind of approach subjective approach because it
is based on experience of data analysts or prior information.

In some pilot studies, there is no prior information, and hence a data-driven approach to
choosing the weight function is desirable. We refer to this type of approach as objective
approach. The points tq, -, ty at which data were collected are regarded as realizations of a
random variable. In other words, regard t as a random variable defined on . We choose the
density function of t as the weight function. Thus, the inner product defined in (2.2) is indeed
an expectation of XY, which is consistent with the definition of an inner product in a probability
space. Thus, to estimate the weight function, we need to estimate the density of t based on the
dataty, -, ty. There are a large amount of literature on the topic of density estimation. See the
reference book, for example, Silverman (1986) for details. Here we estimate the density
function via a kernel estimator:

I
W)=~ > KAt = 0)/h),
j=1

where K(*) is a kernel density function, such as the Gaussian density function, and h is a
bandwidth to be chosen. A rule of thumb suggests taking h = 1.06s{N~1/> for the Guassian
kernel, where s; is the sample standard deviation of t, - ty.

In many case studies, such as the example in Section 3.2, the data were evenly collected over
time. Without subjective information, the objective approach implies taking a uniform weight
function. This will be implemented in Section 3.

2.3 Concordance correlation coefficient for image data

Suppose that X(t) and Y(t), t € 1, a closed rectangle of the plane R2, are image data produced
by two instruments. Let X(t) and Y(t) be two elements in a probability functional space s, and
define an inner product for s as:

<X.Y>=E [ XOYOw(b)dt.

Thus, we can define a correlation coefficient and a concordance correlation coefficient in the
same manner as (2.3) and (2.4).
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<X -E(X),Y-EX)>

X,Y)= s
P X B Y - ED) | @10
and
2<X-EX),Y-E(Y)>
pe(X,¥)= a . .
X~ ECOP+ | ¥ — EQO)P+ [ EX) — EQD)| 212

The characteristics of p¢ in Section 2 are still valid.

Here we focus on the estimation of p and p.. Without loss of generality, it is assumed that the
rectangle | = [0,1]2. Suppose that X;(t), Y;(t) was observed at tyj = (tyx, to)), k=1, -, Kand | =
1, LwithO<tjy <<tk <land 0 <ty <. <ty <1 Define N=KLandAy=
(tyk+1t1k) (t2,j+1-t2,j- Using the sample counterparts to estimate p and p, we have

_ LYkt Xitir) = Xt Yiltir) — V() w(te) A
p= — 172
(8 (Xilti) — X)) witi) Ay

2°

— m
{12k (Yi(ti) — Y(tkl))zw(tkl)Akl} (2.13)
and

23Xtk — Xt HY i(t) — Y ()t A

’p\C: — ) — ) _ _ B ’
ikt | {Xi(tkr) — X))} HY () — YD)} | wti) A+ 28X (k) — Y (&)} w(ti) A .19
Similar to Theorem 2.1, p is consistent and has an asymptotic normal distribution.
Theorem 2.2—Suppose that {(Xi(tkp), Yiltk))}, i=1, -, n k=1, K, 1=1, - Lisarandom

sample from {X(t), Y(t)} at ty; fork =1, -, K, I =1, -+, L. If Conditions (A), (B), (C") and (D
") given in the Appendix hold, then the p, defined in (2.14), is a consistent estimator for pe,
and v/n(p, — p.) has an asymptotic normal distribution with zero mean and variance

2 T
T, =b" ) b, where

b: (27 — Pecs — pC72pC)T
Ef X2Ow(t)di+E ] YAOw(t)dt - 2E ) lX(t)Y(t)w(t)dt’

(2.15)

and
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f {X(t) - EX(0)} {Y(t) — EY(t)} w(t)dt

- [ X*w®at
Zf‘"” [ Powndt

fl {(X(t) - EX(t)EY()+Y(O)EX(t)} w(t)dt (2.16)

Proof—Using Lemma A.2 in the Appendix, Theorem 2.2 follows by similar arguments in the
proof of Theorem 2.1.

As discussed in Section 2, we may apply the Fisher Z-transformation for p and p to obtain a
better normal approximation. Furthermore, one may construct an asymptotic confidence
interval using the asymptotic properties in Theorem 2.1.

3 Simulation study and applications

In this section, we investigate the small sample performance of the proposed estimators and
test the accuracy of proposed standard error formulae in (2.9) when the sample size is small.
We also investigate the performance of the confidence interval in (2.10) in terms of coverage
probability via Monte Carlo simulations. We then apply the proposed method to a real data
set. In our simulations and analysis of the real data set, the weight function w(t) involved in
the definition of p and p is taken to be 1.

3.1 Simulation study

To assess the performance of proposed estimators in (2.5) and (2.6) and their standard error

formulae, a Monte Carlo simulation was conducted for four underlying K-dependent Gaussian
processes (see Li and Chow (2001) for an algorithm to generate the simulated data) and four
underlying K-dependent non-Gaussian processes (X(t), Y(t)) with mean (u(t), uy(t)), variance

(U,%-(t),ﬂf(t)) and covariance cov(X(t), Y(t)) = axy(t). For the non-Gaussian processes, both X
(t) and Y(t) are generated from a t-distribution with 10 degrees of freedom with a location shift
and a scale change. For each of the K-dependent process, we take K = 20,40 and set the sample
size n = 10, 20. We generate N = 50,100 sample points over a period of time [0,1]. Thus, for
each case of 64(= 2x4x2x2x2) situations, we conduct 1000 Monte Carlo simulations using
MATLAB.

Case 1—In this case, ux(t) = uy(t) = 0, (rf.(t):crf.(t)zl and oyy = 0.95. In this setting, p = pc =
0.95 with no difference in location and scale parameters.

Case 2—Let .(1)= — V0.051, ()= V0.051, 3 =075 (1)=1 and oxy(t) = 0.95. In this case, both
the pointwise correlation coefficient and the pointwise concordance correlation coefficient are
close to 1. Moreover, p = 0.95 and p. = 0.9048 with a slight location shift.

Case 3—Let ()= — V0.1/2, 1, (1)=V0.1/2, X (1)=1.12, X (1)=0.9%, () = 1.1 x 0.9 x {sin
(2xt) + 1}/2. In this example, p = 0.5 and p. = 0.4670 with slight constant differences in both
locations and variance and a varying covariance function. Furthermore, both the pointwise
correlation coefficient and the pointwise concordance correlation coefficient vary between 0
to 1.

Case 4—Let u ()= — V0.051, 41,(1)= V0.051, 03(1)=1.1%, 075 (1)=0.9°, and gy = 1.1 X 0.9 x {sin
(2xt) + 3}4. In this case, the difference in location and covariance between X(t) and Y(t) are

J Multivar Anal. Author manuscript; available in PMC 2009 April 29.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Li and Chow

Page 10

varying in t, but the difference in variance is a constant. In the example, we have p = 0.75 and
pc = 0.7005. The pointwise correlation coefficient and the pointwise concordance correlation
coefficient vary between 0.5 and 1.

These four simulation settings were motivated by actual situations that arise in practice. Cases
1 and 2 correspond to highly correlated and highly agreed paired functional data and were
motivated from the real example studied in Li and Chow (2001); and the means and variances
in Cases 3 and 4 were taken the same as those of Cases 3 and 4 in Lin (1989). The pointwise
correlation function in Cases 3 and 4 periodically changes over time, which was also motivated
by the actual data example in Section 3.2. Table 1 summarizes the simulation results of the
case in which the (X(t), Y(t)) is K-Guassian process with K =20, N =50 and n = 10. The
simulation results for some other cases are similar. See Li and Chow (2001) for more simulation
results.

From Table 1, we can see that the averages of estimates of p, Z, p. and Z are very close to the
true values, although we notice that p slightly underestimate p. The average of estimated
standard errors (SE) is very close to the standard deviation of 1000 estimates, which can be
regarded as the true value of the standard deviation of p and p. The difference between the
average of the estimated standard errors and the true value is less than half standard deviation
of the estimated standard errors. This implies that the standard error formulae proposed in (2.9)
are fairly accurate even for small sample sizes. We also notice that the SE is always less than
the true standard deviation. This may imply that the standard error formulae proposed in (2.9)
slightly underestimate the true standard error. Note that the Monte Carlo standard error for the
coverage probability is 0.0069. It can be seen from the last column of Table 1 that most of the
coverage probabilities are very close to the true probability 0.95. This implies that the proposed
confidence interval formula in (2.10) work well even for small sample sizes.

3.2 An Application

Example—In this example, we illustrate the proposed method in Section 2 by application to
an actual data set collected in the Noll Physiological Research center at the Pennsylvania State
University. The researchers of study is interested in measuring body core temperature and to
compare agreement of measurement by two different methods under the active heating
condition. Data had been collected to compare the temperature recorded by the esophageal
temperature (Tes) approach and the rectal temperature (Tre) approach. There are 12 subjects
in this study. During this study, temperatures for each subject were observed by the two
approaches every minute over one and half hour of an experiment period. The subjects will sit
quietly for 10 minutes and then exercise on a motor-driven treadmill for 20 minutes. The
subjects will alternate rest with exercise on a treadmill for 3 cycles in an environmental
chamber. Figure 1(a), (b) display the sample mean and standard deviation curves of subjects
under the active heating condition, from which we can see that the two means and standard
deviation functions do not agree with each other well. The sample mean curves have tended
to increase over time since the experiment was performed under the active heating condition.
The effect of the three rest and exercise cycles was shown clearly in the sample mean curve.
The pointwise concordance correlation coefficient, depicted in Figure 1(c), changes over time
dramatically. That coincides with the researchers’ expectation since Tre has a slower response
time than Tes during the heating condition. Furthermore, the time points where the
concordances are high or low roughly correspond to the changing points in the sample mean
curve. Again this is as expected since the response time to temperature change of the two
instruments are different.

We further computed the windowed version of concordance correlation coefficient at time t,
using all datum points betweent—hand and t + h. The idea is similar to that of moving average,
and h is referred to as the window size. Figure 1(d) depicts a windowed version concordance

J Multivar Anal. Author manuscript; available in PMC 2009 April 29.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Li and Chow

Page 11

correlation coefficient, using h = 9. Such a window size is decided such that we use about 20%
datum points around time t to estimate concordance correlation coefficient at time t. We also
computed the concordance correlation coefficient using about 10% and 30% datum points
around t. The shape of concordance correlation coefficient is similar to that in Figure 1(d). We
further construct a confidence interval for the windowed version concordance correlation
coefficient using bootstrap method. Here we bootstrap 1000 subject-based samples rather than
observations-based samples. The dotted lines are the 2.5th and 97.5th percentiles of the 1000
bootstrap estimates and provide us a 95% confidence interval. One may construct an asymptotic
pointwise confidence interval for pointwise concordance correlation coefficient (see Lin,
1989), but the confidence interval depicted in Figure 1(c) is the bootstrap confidence interval
due to the small sample size.

Figure 1(e) and (f) display the scatter plot at two typical time points: t = 10 and t = 80. To
assess overall agreement of these two approaches, we compute p and p. and obtain that p =
0.8637 with standard error 0.0574, and p. = 0.6162 with standard error 0.1222. Although the
correlation coefficient is pretty high, the low value of p. implies the the measurements by the
two approaches do not agree with each other. This is also evidenced by Figure 1(a), (b), (e)
and (f). This example shows that p is more effective than p in detecting non-agreement of
measurement.

We now employ bootstrap samples to estimate the sampling distributions of p and p¢. Figure
2 depicts the densities of p and p. using kernel density estimation with Guassian kernel and
bandwidth chosen using the plug-in method proposed by Sheather and Jones (1991). The
sample mean and standard deviation of the 1000 bootstrap estimate for p. are 0.5819 and
0.1140, respectively. They approximately equal to the estimate and standard error of p¢. Result
for p is similar. Based on the 1000 bootstrap estimates, a 95% confidence interval for p. and
p is [0.3261,0.7803] and [0.7011,0.9481], respectively. Since the sampling distributions for
pe and p are skew, the sample means are not the center of the confidence intervals.

4 Conclusions

In this paper, we proposed a concordance correlation coefficient for curve data and image data.
Its characteristics have been investigated. We proposed an estimator for the concordance
correlation coefficient and established the asymptotic normality of the proposed estimator. A
standard error formula for the resulting estimate is derived and empirically tested. An
application to an actual data set illustrates the proposed methodology.
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Appendix
We first present the regularity conditions for Theorem 2.1.
Definition A.1

Let 0 =ty < - <t =1 be any partition P of [0,1], and f(t) be a real function defined on [0,1].
If the variation

l
V=) Ifj0) = f(5))
=1

has an upper bound which is independent of the choice of P, then f is called a function of
bounded variation. The least upper bound of V

P

is called the total variation of f and is denoted by V(f).

For a function of bounded variation, it has been shown that

J Multivar Anal. Author manuscript; available in PMC 2009 April 29.


http://www.stat.psu.edu/~rli/research/reprod_tech.pdf

1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Li and Chow Page 13

N
ol =3 fapA) < V) max i1 = 1)
. <<

J (A.1)

See, for example, Theorem 5.3 of Hua and Wang (1981).

The equation (A.1) tells us how to impose assumptions on V(f) and maxo<j<n-1 [tj+1 — tjl ina
natural way. Let & and Z denote the space consisting of paths X(:) and Y(-). Further, define

Z1={X()Y():Xe X and Y € Y},
Zo={X?():X € X},
Z5={Y2(-):Y € Y}.

Conditions
A For&# =X,Y,2;i=12and3,
supV(f)<oco a.s.
= (A.2)
B. The weight function w(t) is a function of bounded variation.
There exists a constant A such that
1 tjl < A
osl}lsa}\ill IR N
and Vn/N = 0asn — .
D.
EL [ X2()w(n)di]’ <o,
Elf IYz(t)w(t)dtJ2<oo,
2
EL[ X0Y(@Ow(t)di] <o
To prove Theorem 2.1, we need the following lemma.
LemmaA.l

Under the conditions of Theorem 2.1, we. have

n N n
1 1
DD XY j)w(z,-)A,-:;; [ XY own)di+0,(3).

1
= (A.3)
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1 N

2 2
;ZZX (1;)w(t)A = Z [P (Ow(D)di+0,(~ 3

i=1 j=1

n 1
_ZZW(,])W(z,m ; [ i ow@adi+0,().

i=1 j=1

N
g = I
DX WA= [ X Owdi+0,(50),

J=1

ZY tpwpA=[ ¥ Y(t)w(t)dt+0( ),

Jj=1

N
= N 1
D XY wepA=[ XOVOWn)di+0,(35).

J=1

Proof
Denote

G={XOY()w(-):X € X,Y € Y}.
Since w(t) is a function of bounded variation, using (A.2), it can be shown that

supV(f)<oo, a.s.
feG

Thus, by Condition (C), it follows that

I”Z ZX(IJ)Y(IJ)W(I,)A ,élf Xi(OYi(w(n)dl]

l]*

Z|2X(II)Y(tj)w(tj)A f X0 Yiew(n)d]
I— j*
< £ L VOXm) max [t 1

<supV(NH)§.
/<G
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So (A.3) follows. Along the same lines as the proof of (A.3), it can be shown that (A.4) to (A.
8) hold. This completes the proof of Lemma A.1.

Proof of Theorem 2.1

Denote

1 n N _ _
A== D X)) = XUpHYilt) = Vaphw(i)A;.

i=1 j=1

Using Lemma A.1 in the Appendix, it follows that

A,,:%é i XiYiow(ndt ~ i j(t)?(r)w(r)dHO,,(ﬁ)

= zl J, Xi(0) = EXO} (Y1) = EY(0)} w(t)di
- . {Y(z) — EX(t)} {)7(1) - EY(z)} w(t)dt+0,(3).

Since
E[ (X&) - EXo}{¥(1) - EY@)) w(t)dt:O,,(%),
and
var{ [ {X(1) = EX(ONY (1) - EY(z)}w(t)dz}=0P<ni2>,

we have

1 1 1
An=—z ) , Xi() = EX(OHYi() - EY ()} w(t)dl+0p(—)+0p(ﬁ)
o n (A.9)

which tends to E Jo{X(t) — EX()}{Y(t) — EY(t)}w(t) dt in probability by the weak law of large
numbers and N — oo, Similarly, we can show that all other terms involved in p. are convergent
in probability, and therefore . is consistent.

To establish the asymptotic normality of p;, we rewrite p; as

B 22 X X)) = XUpHYity) = Yaphw(pA,
It SN X2 WA+ LR SN VR apwA; = 281 XY wia A

Pc
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Denote
| n N )
Bn:; Zl ZlXi (tj)w(tj)Aj’
i=1j=
| n jN )
Co=3 2 XY (1)w()A;,
i=1j=1
and

N
D= XUpY(t)wtpA,.
=1

By straightforward calculation, we have

n

B”:%izl ll IXl.z(t)w(t)dHOP(%)’

Cr=L 3 [ Y0wndi+0, ().
=177

Next we deal with Dy, It is not difficult to show that

B~ IY(:)?(:)w(z)dH 0,,(%)
which equals

- - — = 1
[, X - Exo}{¥(5) - EY()) winydi+ [ {(X(5) = EXUDEY )+ EX()Y ()] w(Dd1+0,().

This is equal to

1< 1 1
Dn:;; [, (i) = EXADEY0+EXOYi0)} w(t)di+0,(=)+0,(15)

Define V,, = (An, B, Cp, D) T and

E[ {X(t)~ EXO}{Y(1) — EY()} w(t)d1
E[ X*(w(ndt
E[ Y2@w(ndt
) . EYMEX (1)} w(ndt
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By Condition (C), the multivariate central limit theorem and the Slutsky theorem,

\n(V, — V) has an asymptotic normal distribution with mean zero and variance X given by
(2.8).

Define h(vy, Vo, V3, V) = 2V1/(Vo + V3 — 2v4). Thus, pe = h(An, B, Cp, Dp). Using the delta
method, vn(p, — p.) has an asymptotic normal distribution with mean zero and variance
a'>a, where a and X are defined in (2.7) and (2.8), respectively. This completes the proof.

Let us present the regularity conditions for Theorem 2.2.

A.3

Let0=tyg<-<tym; =1and 0=ty < <tpm, =1 be any partition Pof [0,1]2, and f(ty, tp) be
a real function defined on [0,1]2. Define

A f(ti,0)=f(tir)at2) — f(t1i,0),
Ao f(t1.0))= (Tt 1) — f(T12)),
A f(ti)=f(tiita)) — [t nst2) — ftistage )+t tg+1)-

If the variation

my—1lmy—1 mp—1 my—1

Vo= Y ALt ) 1A f (i, DI+ ZO Ao f(1,12))]
=

i=1 j=0 i=0

has an upper bound which is independent of the choice P, then fis called a function of bounded
variation (see, for example, Hua and Wang, 1981). The least upper bound of V
P

is called the total variation of f and is denoted by V(f).

(C") There exists A1 and A, such that
’ 1l < A
m - —,
ockeg 10D T IS G
and

I ol < 22
max |fp+1) — iyl < .
0<I<L D L

Further, Vi/N — 0 as n — oo, where N = KL.

(D)
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EL [ X2(tw(t)dt)” <co,
EL [ Y2(tyw(t)dt)’ <co,
E[ [ XY ®w(t)dr]’ <co.

LemmaA.2

Under the conditions of Theorem 4.1, we. have

1 1 |
- ;Xi(tkl)Yi(tkl)W(tkl)AkI: ;;lei(t)Yi(t)w(t)dt+0,,(ﬁ)_

n

1 1 1
;;X?ak/)w(tmmk;:;; [ XFOwdi+0,(3).

n

1o, 1 . 1
;;Y <tk1>w<tk1)Au—;’; [ i Ow©dr0,(3).

— — 1
DX tmitiAu=[ X Owodr+0,(50),
k.l

— — 1
DY tamtdu=[ ¥ OwOde0,(3),
k.l

=, = = = 1
2 Xt Ftw(tiAu= [ XOTOw(t)dt+0,().
k.l

Proof

Page 18

(A.10)

(A.11)

(A.12)

(A.13)

(A.14)

(A.15)

The proof is similar to that of Lemma A.1. We omit it here. A rigorous proof is given in Li and

Chow (2001).
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(a) Sample Mean Curves

38
$ 375
s .
S
©
@
[N
5 a7
[
36.5
0 20 40 60 80
Time
(c) Pointwise CCC
1
Q
O
o
0
0 20 40 60 80
Time
(e) Scatter Plot at t=10
38
37.5 °
o .
= . .
37 y
36.5
36.5 37 37.5 38
Tes
Figure 1.
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(b) Sample Standard Deviation Curves
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(d) Windowed Version CCC
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(f) Scatter Plot at t=80
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Plots for Example 1. (a) and (b) are plots of the sample mean and standard deviation curves,
respectively. The solid line stands for the Tes, and the dash-dotted line for the Tre. In (c) and
(d), the solid line is plot of pointwise and windowed version concordance correlation
coefficient, respectively, and dotted lines are the 2.5th and 97.5th percentiles of 1000 bootstrap
estimates, respectively, (e) and (f) are scatter plots at t = 10 and 80, respectively.
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(a) Estimated Density of p
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Plot of Estimated Densities of p and p. Based on 1000 Bootstrap Estimates.
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