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Abstract

Repeated measurements on each variables of interest often arise in bioscience or medical research. We need
to account for correlations among repeated measurements to assess the correlation between two variables in
the presence of replication. This paper reviews methods to estimate a correlation coefficient between two
variables in repeated measurements using the variance-covariance matrix of linear mixed effect models. We
analyze acoustic radiation force impulse imaging (ARFI) data to assess correlation between three shear wave
velocity (SWV) measurements in liver or spleen and spleen length by ultrasonography. We present how to
obtain parameter estimates for the variance-covariance matrix and correlations in mixed effects models using
PROC MIXED in SAS.
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Table 3.1. Acoustic radiation force impulse imaging (ARFI) data

ID Liver 1 Liver 2 Liver 3 Spleen 1 Spleen 2 Spleen 3 Spleen length
1 1.36 1.58 1.50 2.20 3.50 0.84 5.50
2 1.69 1.44 1.29 2.45 2.99 2.14 5.70
3 1.65 1.93 1.59 2.93 2.62 3.42 6.00
4 2.93 2.88 2.95 2.31 2.20 2.31 6.40
5 3.32 3.10 3.54 3.42 2.55 3.22 5.90

Liver 1, Liver 2, Liver 3: Three ARFI SWV measurements in liver.
Spleenl, Spleen 2, Spleen 3: Three ARFI SWV measurements in spleen.

Table 3.2. ARFI data in the format for use of SAS PROC MIXED

ID Vtype Replicates Responsel2 Responsel3
1 1 1 1.36 1.36
1 2 1 2.20 5.50
1 1 2 1.58 1.58
1 2 2 3.50
1 1 3 1.50 1.50
1 2 3 0.84 -
2 1 1 1.69 1.69
2 2 1 2.45 5.70
2 1 2 1.44 1.44
2 2 2 2.99 -
2 1 3 1.29 1.29
2 2 3 2.14 -

Responsel2: SWV measurement in liver or spleen.
Responsel3: SWV measurement in liver or spleen length.
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Table 3.3. Estimated variance-covariance matrix for the APRI data for f1

Liver 1 Spleen 1 Liver 2 Spleen 2 Liver 3 Spleen 3
Liver 1 1.2749 0.1754 1.0170 0.1692 1.0170 0.1692
Spleen 1 0.1754 0.5582 0.1692 0.4118 0.1692 0.4118
Liver 2 1.0170 0.1692 1.2749 0.1754 1.0170 0.1692
Spleen 2 0.1692 0.4118 0.1754 0.5582 0.1692 0.4118
Liver 3 1.0170 0.1692 1.0170 0.1692 1.2749 0.1754
Spleen 3 0.1692 0.4118 0.1692 0.4118 0.1754 0.5582

Table 3.4. Estimated correlation matrix for the APRI data for ID #1

Liver 1 Spleen 1 Liver 2 Spleen 2 Liver 3 Spleen 3
Liver 1 1.0000 0.2079 0.7977 0.2005 0.7977 0.2005
Spleen 1 0.2079 1.0000 0.2005 0.7378 0.2005 0.7378
Liver 2 0.7977 0.2005 1.0000 0.2079 0.7977 0.2005
Spleen 2 0.2005 0.7378 0.2079 1.0000 0.2005 0.7378
Liver 3 0.7977 0.2005 0.7977 0.2005 1.0000 0.2079
Spleen 3 0.2005 0.7378 0.2005 0.7378 0.2079 1.0000

AE S FFE o] 83te] AAALE TEH p = 0.2403 (p = 0.1853) oth. 2.2F | A] A HH HpE
ZHEE 1EshE WHES o3t 7 vl SAHE SWV 7k AFAAE B3] 918 SAS

proc mixed;
class ID Vtype Replicates ;
model Responsel2 = Vtype / s ddfm=kr ;
repeated Vtype / type = un subject = Replicates(ID) r rcorr ;
random Vtype / type = un subject = ID g gcorr v vcorr ;

run;

B4 342 PROC MIXEDOA 71EA o7 ARgshe= Alghd Ho)-¢=5A 1 (restricted maximum
likelihood estimation method)< ©]-&3}tlh. DDFM = kr2 A &30 st F24 A4 Al A+
T F4E Kenward®} Roger (1997)7} A¢ksl vbH S o] §3lo] ATl ERE AARsitl= A olth
REPEATED statement?] r, RANDOM statement?] g, vi= 22t R;, G, V; &, rcorr, georr, vcorr<
o] &9 AT BEE s, SASS A3} Felli= SUBJECT = effectol] 7]RFste] A AR th/d=}
o thar BEAZEA 1 = AFAS PPo] 2HHLE 2 A A= A AT o2 g}
st Z PES &Y =% 9t} (SAS Institute, Inc., 2008).

Table 33° ID7} 191tz EAk-gir PJH(Vi)o] F4E ZAfo|xl, Table 3.4%& oo tist
ABAS FHoltl. Table 3.394= 703} nlgo|xel SWVel tist BAHoF,08)°] ZHzh 1.2749,
0.5582=% %2*%% & 4= o). Table 3494 22 AlFAAL F EoAe SWV 7F AdA
F(pow)E 0.20792, A2 o2 A A" SWV 7t AdASsE 7oA pu = 0.7977, Bl
A pw = 0.7378% FATL & 5 Ut A= & AFdA9 I v SWV 7 AdAsE
puwd = 0.2005Q O 5= 0.9644(= 0.2005/0.2079) 2 24 4= ity A EFR Ao 1R ET}
o] 3 AALEE fo = 3.1527 (p < 0.0001), B1 = —0.7029 (p = 0.0011) & FAF A} wetr] ZFf A<
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Table 3.5. Estimated variance-covariance matrix for the APRI data for ID #1

SWYV in Liver 1

Spleen length

SWYV in Liver 2

SWYV in Liver 3

SWYV in Liver 1 1.2749 —0.1919 1.0169 1.0169

Spleen length —0.1919 9.6730 —0.1919 —0.1919
SWYV in Liver 2 1.0169 —0.1919 1.2749 1.0585
SWYV in Liver 3 1.0169 —0.1919 1.0169 1.2749

Table 3.6. Estimated correlation matrix for the APRI data for ID #1

SWYV in Liver 1

Spleen length

SWYV in Liver 2

SWYV in Liver 3

SWYV in Liver 1 1.0000 —0.0547 0.7977 0.7977
Spleen length —0.0547 1.0000 —0.0547 —0.0547
SWYV in Liver 2 0.7977 —0.0547 1.0000 0.7977
SWYV in Liver 3 0.7977 —0.0547 0.7977 1.0000

SWVe] HFL 3.1527 — 0.7029 = 2.4498 %, v Ao A SWVY FFL 3.15278 AL, F I

A7 2ekm & 4 QeAs

FF 5% 3ol A ol gt Aol

Brell Hek &

§ol A A

ARS 58 ¢ 4 Y 2 23 p=0.0011928 F9
By siAE 4= St

3.3. SWVQ} H|ZEH Zo| Zte] Atz 24

MM =429 weletx] a1 FlojLe] ABRALE L 5 = —0.0559 (p = 0.6010)0] 1, ¥HE =3
g e BES o83t ARAASTE FIHEH p = —0.0600 (p = 0.7530) o]t} 2.3- A AFH Tt
2 =2A"ES 1E3hs S o83t A SAE SWV L v do] 7ke] ARAAAE B4 3817 9
5t SAS codex o2} Z2th

proc mixed;
class ID Vtype Replicates ;
= Vtype / s ddfm=kr ;
= Replicates(ID)

random Vtype / type = un subject = ID g gcorr v vcorr ;

model Responsel3
repeated Vtype / subject r rcorr ;

run;

3.223} t}2 HL REPEATED statemento|A] type = un& ARE3HA] 922 Zlojt}. SASOA= 7]&
Aoz FEaE (variance component) 725 7IF3RZ 9] 22 33S o]&31H 4] (2.3)0A2} 7
ol R;¢] vzt 947t 028 7HdE = APERRF S AsHA drh Table 3.5 ID7F 191 thd
ko] BAgBa 8 (Vi) 9] A AT0] 1, Table 3.6 o]0 tdk A5 sl o]t} Table 3.500 4]
£ 7t el SWV el uig dololl thdt Bak(of, o)) 24H2E 1.2749, 9.67302 2 FAHHES & 4 Qith
Table 3.69014 ZrollAe] SWVEF v Zo] ko] AAAT(prw)E —0.0547, A2 the /\]2401] =75
ZHo el SWV 2+ A3AG (pr)= 0.79772 FAHAES & 5 Ak 2.3FoA Bygxo] SWVE vj#
Zol ko] 4AATE SWVZE S49 AFA Zagle] BF —0.05472 TLATES AT 4 Qdrk. A
FEgr oA FAAGTE fo = 9.7319(p < 0.0001), f1 = —6.9221(p < 0.0001) = Tzoﬂ ot
A ZHl XS] SWV O] BHFL 9.7319 — 6.9221 = 2.4498 8, H]Z Zole] HFFL 9.73198 FAF Y, F
B2 FolE 5% stollA o3 Apol & Helrka A 4 drt.
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Table 4.1. Simulation Results

. Correlation using Naive Pearson Pearson correlation

puw " replicates mixed effect model (SE) correlation (SE) based on means (SE)
%0 3 0.2040 (0.1422) 0.2033 (0.1415) 0.2287 (0.1704)
0.2 5 0.2069 (0.1383) 0.2061 (0.1374) 0.2387 (0.1725)
100 3 0.2009 (0.0809) 0.2007 (0.0808) 0.2249 (0.0955)
5 0.2033 (0.0764) 0.2031 (0.0763) 0.2344 (0.0946)
%0 3 0.5981 (0.0933) 0.5961 (0.0931) 0.6706 (0.1026)
0.6 5 0.6002 (0.0896) 0.5978 (0.0894) 0.6916 (0.0998)
100 3 0.5987 (0.0526) 0.5981 (0.0526) 0.6710 (0.0564)
5 0.5995 (0.0497) 0.5988 (0.0496) 0.6905 (0.0541)
20 3 0.7463 (0.0623) 0.7437 (0.0625) 0.8378 (0.0570)
075 5 0.7477 (0.0587) 0.7446 (0.0589) 0.8625 (0.0500)
100 3 0.7484 (0.0346) 0.7476 (0.0346) 0.8393 (0.0306)
5 0.7486 (0.0323) 0.7476 (0.0323) 0.8626 (0.0268)

2o 274 PET Slofee] ARASE BESE WY o) vlwE A3 o P2 AFstart
349 ARFI A58} Zo] vHE SAH = Wee 7 AR 7893, 4 (2.)9] 8 = (3,-1,0) 28,
2 (2.2)9 B4EY] #FEE of = 15,00 = 05,00 = 0.8, pw = 0.7,6 = 0.9, pyw = 0.2,0.6 =
£ 0.752 AASAL U BEFELS ouvw = puwovow,n = op(l — pu),v = o (1 — pw),& =
ovw (1 —8)UE ol g3l ASHATE 4 (22)914 HE W5 .68 FF FUHo| L B
T4t ggo] oA HFH RPEE PR GO RiQ thH AR ERE WY FE5t0] 5
A(Y:) 8 ARSATE TR 47130, 1002 Aol thate] A 8 MEEA R4S 3 EE 52 A
B3te] 10009 WHEsh RO AR S Sk 2801 A48 EFRFL o83 4RAS, W2 =
3P DFA AL 2 A L A5 BRge B4 B9 St sloled 4BASE 2R
T} 10009 WHE ] Qojl AWAG AT F@e TEkL, 2ANSY BEAAES APA BE
2 2}H(Standard Error; SE)& 73} t}.
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£ I 43 TS HY AA AEASTE A-LSE A(bias)S o A b‘rE}l&D} ﬁ$£x}1£
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