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a b s t r a c t

The aim of this study was to identify skeletal variations in the lumbosacral junction (LSJ) of the German
shepherd dog (GSD) compared with other large breeds. The radiographic traits of the LSJ were investi-
gated in a group of 733 GSDs and a control group of 334 dogs of other breeds that were matched in terms
of size. Nine morphological and 17 morphometric traits were recorded and analysed. Furthermore, the
possibility of a genetic basis for these radiographic features was evaluated by calculation of genetic var-
iance components.

Five of the morphological and 14 of the morphometric traits varied significantly between the GSD
group and the control group (P < 0.05). Osteochondrosis of the sacral endplate (SOC) had a higher prev-
alence in the GSDs (10.1%) compared with controls (5.7%). The majority of LSJ degenerative changes
recorded from the radiographs occurred in the GSDs. The extent and relative proportion of lumbosacral
step formations were greater in the GSD group compared with controls (P < 0.001). The lumbosacral ver-
tebral canal height was reduced in the GSD compared with the control dogs (P < 0.001) suggesting a pri-
mary stenosis. This was accentuated by an abrupt tapering of the vertebral canal at the level of the LSJ
indicated by a lumbosacral ratio of 1.51 in the GSD.

The skeletal morphology and morphometry of the LSJ in the GSD seem to be different from that found
in other large dogs. For multiple traits frequently observed in GSD such as SOC, step formations, and LSJ
stenosis, moderate to high non-zero heritabilities were noted. As these features are also assumed to pro-
mote lumbosacral disease, selection against these traits is suggested.

� 2012 Elsevier Ltd. All rights reserved.
Introduction

Cauda equina syndrome (CES) refers to a complex of clinical
signs caused by lumbosacral vertebral canal stenosis and subse-
quent compression of the cauda equina nerve roots. The breed
most commonly affected by clinical signs related to lumbosacral
stenosis is the German shepherd dog (GSD) (Indrieri, 1988; Watt,
1991; Ness, 1994; Danielsson and Sjöström, 1999; DeRisio et al.,
2000; Suwankong et al., 2008). The aetiopathogenesis of the dis-
ease is considered to be complex and congenital, developmental
and acquired abnormalities may contribute to narrowing of the
lumbosacral vertebral canal, nerve root compression, and progres-
sive clinical signs (Lang et al., 1992; Morgan et al., 1993; DeRisio
et al., 2000; Seiler et al., 2002; Flückiger et al., 2006; Meij and
Bergknut, 2010).
ll rights reserved.

.de (N. Ondreka).
Individual characteristics of lumbosacral morphology predis-
posing the GSD to CES have been identified in previous studies.
Lumbosacral transitional vertebrae (LTV) and sacral osteochondro-
sis (SOC) are believed to contribute to the breed-predisposition for
CES because of their pathological potential and frequent occur-
rence in the breed (Lang et al., 1992; Morgan et al., 1993; Hanna,
2001; Damur Djuric et al., 2006; Flückiger et al., 2006). There
may be a genetic background for conditions promoting CES
(Lang et al., 1992; Morgan et al., 1993; Damur Djuric et al., 2006;
Flückiger et al., 2006), and at least partial genetic determination
is indispensable in the justification and efficacy of breeding selec-
tion against traits predisposing the GSD to lumbosacral stenosis.
However, to date, the only trait known to increase the risk of CES
in which the genetic background has been investigated is LTV
(Wigger et al., 2009) and these authors give a heritability range
of 20–30% in the GSD. Information on the genetic involvement of
many other skeletal characteristics of the lumbosacral junction
(LSJ) is lacking.

http://dx.doi.org/10.1016/j.tvjl.2012.07.015
mailto:Nele.Ondreka@vetmed.uni-giessen.de
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A number of studies have examined the diagnostic value of sev-
eral radiographic and tomographic features in the quest to differ-
entiate between dogs with and those without clinical signs of
CES (Mattoon and Koblik, 1993; Morgan et al., 1993; Schmid and
Lang, 1993; Rossi et al., 2004; Scharf et al., 2004; Flückiger et al.,
2006; Suwankong et al., 2006; Steffen et al., 2007). However,
extensive interbreed comparisons regarding the general skeletal
conformation of the LSJ have not been undertaken using normal
dogs. In light of the high incidence of CES in GSDs, there is a need
for comprehensive data on the general LSJ differences between
GSDs and other dogs of similar size. Knowledge of the morpholog-
ical and morphometric variations of the LSJ of GSDs compared to
other large dogs would help to understand why GSDs are prone
to lumbosacral disease.

The purpose of this study was to analyse the variation in con-
genital, developmental and acquired features of the LSJ between
clinically normal GSD and dogs from other large breeds. Morpho-
logical and morphometric radiographic traits of the LSJ in a large
population of GSDs were investigated and compared with a control
group. We hypothesized that there is breed-specific variation in
the radiographic morphology and morphometry of the lumbosa-
cral region in the GSD. Furthermore, our aim was to determine po-
tential genetic involvement in the development of phenotypic
characteristics of the LSJ based upon the pedigree data of the GSD.
Materials and methods

Study design and patient material

The observational study was based on a retrospective analysis of radiographic
material from the Small Animal Clinic, Department of Veterinary Clinical Sciences,
University of Giessen. The study comprises a group of GSDs and a control group
containing other canine breeds matched to the GSD in terms of size. All dogs were
presented for the purpose of screening for canine hip dysplasia (CHD) according to
the Fédération Cynologique Internationale (FCI). To meet the inclusion criteria of
this study, the clinical histories of the dogs had to be devoid of back pain or gait
abnormalities, and the medical records had to be negative for lumbosacral pain,
hind limb ataxia, and neurological deficits at the time of presentation. To be in-
cluded in the control group, the height of the withers of a specific breed had to over-
lap within the range 60–65 cm for males and 55–60 cm for females according to the
breed standard of the FCI. For all dogs, a lateral radiograph of the pelvis in neutral
position centered on the LSJ (Morgan, 1993) was available and had been obtained at
the request of the owner.

Evaluation of radiographs

Image analysis was performed using a dedicated computer software program
(DicomWorks 1.3.5 imaging software1). All images were reviewed by a radiology res-
ident (NO) who was unaware of the breed of the dog. In case of equivocal findings
images were re-evaluated by the resident and a board-certified radiologist (BT),
and consensus was reached.

Nine qualitative traits were evaluated and graded binary according to their ab-
sence (grade 0) or presence (grade 1). These included SOC, LTV identified by the pres-
ence of a radiolucent disc space between the first and second sacral segment,
spondylosis deformans of the opposing lumbosacral vertebral endplates (SPON7/1)
and the opposing endplates of the lumbar vertebrae 6 and 7 (SPON6/7), lumbosacral
facet joint arthropathy (ARTH), sclerosis of the cranial sacral endplate (SCLER), opac-
ification associated with the intervertebral disc space (O-DISC) or vertebral canal (O-
CAN), and reduced delineation of the ventral contour of the sacral roof (ROOF). The
morphological traits and their abbreviations are summarized in Table 1.

The following 17 quantitative morphometric traits were obtained from the radio-
graphs and scaled as continuous measurements based on previously published meth-
ods (Wright, 1980; Feeney and Wise, 1981; Walla, 1986; Morgan and Bailey, 1990;
Mattoon and Koblik, 1993; Schmid and Lang, 1993; Scharf et al., 2004). The metric
measurements are quoted in mm, and the angles in degrees (�). Lumbosacral step for-
mations (STEP) were measured at the level of the caudal endplate of L7 as the distance
between two lines joining the dorsal contour of the vertebral bodies of L7 and S1.
Width of the lumbosacral intervertebral space (IVS) was defined as the distance be-
tween the centers of the opposing lumbosacral endplates along a line dividing the
vertebral body of S1 into equal halves. The lengths of the vertebral bodies of L6
1 Puech, P., and Boussel, L. See: <http://www.dicomworks.com/> – accessed
January 2008.
(L_L6), L7 (L_L7), and S1 (L_S1) were measured as a line intersecting these vertebral
bodies. The heights of the bodies of L6 (H_L6) and L7 (H_L7) were measured in the
mid-portion of the vertebral bodies. The height of S1 (H_S1) was measured at the level
of the cranial sacral endplate. The height of the vertebral canal was measured at six
locations—the cranial and caudal endplate of L6 (CAN_L6CR, CAN_L6CD), L7 (CAN_L7CR,
CAN_L7CD), and the sacrum (CAN_S1, CAN_S3). Table 2 summarizes the morphomet-
ric traits including their abbreviations and units of measurements.

To compensate for possible bias from individual body size, the values obtained
from metric measurements were normalized using anatomical reference points
within the same radiograph as stated below. The unitless normalized values are
indicated by the superscript REL.

RELSTEP ¼ STEP=CAN L7CD;

RELIVS ¼ IVS=CAN L7CD;

and

RELL X ¼ L X=½ðL L6þ L L7þ L S1Þ=3�;

RELH X ¼ H X=½ðH L6þH L7þH S1Þ=3�;

RELCAN XCR ¼ CAN XCR=H X;

RELCAN YCD ¼ CAN YCD=H X;

with

X ¼ L6; L7; S1 and Y ¼ L6; L7; S3 respectively:

The lumbosacral ratio (LS_R) was calculated by dividing the vertebral canal
height RELCAN_L7CD by the vertebral canal height RELCAN_S1 as in a previous study
(Mattoon and Koblik, 1993). The lumbosacral angle was recorded in two different
ways. The dorsal lumbosacral angle (LS_AD) was derived from a line aligned with
the dorsal contour of the vertebral body of the lumbar vertebrae 6 and 7 and a line
that joined the dorsal contour of the sacral vertebral bodies. The central lumbosa-
cral angle (LS_AC) was measured between lines intersecting the vertebral bodies
of the last lumbar vertebrae and the sacrum centrally. In addition, the intervertebral
angle (EP_A) was obtained from the lines being tangential to the opposing lumbo-
sacral vertebral endplates.

Statistical analysis of radiographic traits

The prevalence of the morphological traits among the two groups was calcu-
lated. Descriptive statistics were computed for the morphometric traits. In the anal-
ysis of variance, both morphologic and morphometric data were analysed for
significant differences regarding group, sex, and age. Group (GSD, control group)
and sex (male, female) were regarded fixed effects; age at the time of presentation
was included as linear covariate. To allow for eventual differences between the
groups caused by the varying age at presentation, age within the group was taken
into account. Preliminary trials revealed that the effect of sex between the groups
was negligible. Thus, the interaction between group and sex was not integrated
in the statistical model applied (model 1):

yijkm ¼ lþ bAiðGrjÞ þ RGrj þ Sk þ eijkm

where yijkm is the morphologic or morphometric trait obtained from the radiographs,
l is the model constant, Ai(Grj) is the age within the group in months with the linear
regression factor b, RGrj is the fixed effect of the group (GSD group vs. control group),
Sk is the fixed effect of sex, and eijkm is the random residual error.

When prior testing revealed an influence of the presence of an LTV on a trait, the
presence of an LTV was integrated in the model as a fixed effect and the respective
model was used for that specific trait (model 2):

yijklm ¼ lþ bAiðRGrjÞ þ RGrj þ Gk þ LTVl þ eijklm

where LTVl is the fixed effect of the presence of an LTV.
For the morphologic traits, a GENMOD procedure (Generalized Linear Model)

was employed using a binominal distribution function and probit link function.
The analysis of variance of the morphometric traits was exhibited using the SAS-
procedure General Linear Model (GLM). Results were considered significant at
P < 0.05. All statistical analyses were performed using a commercial statistical soft-
ware package (SAS version 9.2, SAS Institute).

Genetic analysis

In a subset of the GSD group, pedigree data archived by the national GSD Kennel
Club was available, and for these dogs, analyses of genetic variance components
were performed. The morphological and morphometric criteria of these dogs were
analysed for a possible partial genetic background. The genetic analysis of the mor-
phological traits was restricted to traits with a proportion >5%. Hence, two of the
morphological traits (SPON7/1 and SPON6/7) were excluded.

http://www.dicomworks.com/
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Table 3
Prevalence of morphological traits reported as number of dogs (%) for the German
shepherd dog (GSD) group (n = 733) and the control group comprising 334 dogs of 46
breeds.

Variable GSD group Control group P

SOC 74 (10.1) 19 (5.7) 0.013
LTV 50 (6.8) 14 (4.2) 0.270
SPON7/1 79 (10.8) 74 (22.2) 0.915
SPON6/7 31 (4.2) 26 (7.8) 0.963
ARTH 168 (22.9) 28 (8.4) <0.001
SCLER 319 (43.5) 96 (28.7) <0.001
O-DISC 97 (13.2) 21 (6.3) <0.001
O-CAN 166 (22.7) 12 (3.6) <0.001
ROOF 295 (40.3) 145 (43.4) 0.600

A legend to the abbreviations of the variables is provided in Table 1.
P < 0.05 considered statistically significant (95% confidence interval).

Table 4
Distribution of the results for the morphometric traits in the German shepherd dog
(GSD) group (n = 733) and the control group (n = 334) quoted as unitless normalized
values (indicated by the superscript REL). Data are presented as means (standard
deviation). Absolute values are given for the lumbosacral angles with the unit�.

Variable GSD group Control group P

RELSTEP 0.26 (0.18) 0.09 (0.15) <0.001
RELIVS 0.54 (0.14) 0.48 (0.12) <0.001
RELL_L6 1.19 (0.04) 1.21 (0.04) <0.001
RELL_L7 1.04 (0.03) 1.03 (0.03) <0.001
RELL_S1 0.76 (0.04) 0.76 (0.04) 0.374
RELH_L6 0.88 (0.04) 0.92 (0.04) <0.001
RELH_L7 0.96 (0.03) 0.96 (0.03) 0.092
RELH_S1 1.16 (0.05) 1.12 (0.05) <0.001
RELCAN_L6CR 0.66 (0.08) 0.71 (0.10) <0.001
RELCAN_L6CD 0.62 (0.09) 0.67 (0.10) <0.001
RELCAN_L7CR 0.51 (0.07) 0.60 (0.08) <0.001
RELCAN_L7CD 0.50 (0.07) 0.57 (0.08) <0.001
RELCAN_S1 0.34 (0.05) 0.42 (0.06) <0.001
RELCAN_S3 0.25 (0.05) 0.31 (0.05) <0.001
LS_AD 160.66 (6.10) 157.73 (7.67) <0.001
LS_AC 152.99 (7.26) 148.51 (7.22) <0.001
EP_A 17.10 (5.24) 17.50 (4.44) 0.283

A legend to the abbreviations of the variables is provided in Table 2. The superscript
RELis assigned for the variables analysed as unitless normalized values.
P < 0.05 considered statistically significant (95% confidence interval).

Table 2
Survey of the 17 morphometric traits obtained from the radiographs with their
abbreviations and units of measurements.

Morphometric traits
Graded as continuous measurements
Variable Abbreviation Unit

Lumbosacral step formation STEP mm
Width of lumbosacral intervertebral disc space IVS mm
Vertebral body length of L6 L_L6 mm
Vertebral body length of L7 L_L7 mm
Vertebral body length of S1 L_S1 mm
Vertebral body height of L6 H_L6 mm
Vertebral body height of L7 H_L7 mm
Vertebral body height of S1 H_S1 mm
Height of vertebral canal cranial at L6 CAN_L6CR mm
Height of vertebral canal caudal at L6 CAN_L6CD mm
Height of vertebral canal cranial at L7 CAN_L7CR mm
Height of vertebral canal caudal at L7 CAN_L7CD mm
Height of vertebral canal at S1 CAN_S1 mm
Height of vertebral canal at S3 CAN_S3 mm
Dorsal lumbosacral angle LS_AD �
Central lumbosacral angle LS_AC �
Lumbosacral endplate angle EP_A �

Table 1
Survey of the nine morphological traits evaluated from the radiographs with their
abbreviations.

Morphological traits
Graded in a binary mode as absent or present

Variable Abbreviation

Osteochondrosis of the cranial sacral endplate SOC
Lumbosacral transitional vertebra LTV
Spondylosis deformans at lumbosacral junction SPON7/1

Spondylosis deformans at L6/L7 intervertebral disc space SPON6/7

Lumbosacral facet joint arthropathy ARTH
Sclerosis of the cranial sacral endplate SCLER
Opacification associated with lumbosacral intervertebral disc

space
O-DISC

Opacification associated with vertebral canal at lumbosacral
junction

O-CAN

Reduced delineation of the sacral roof ROOF
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For seven morphological and 17 morphometric traits, a statistical model was
evolved via SAS-procedure GLM, entering age as linear variable and considering
sex plus month and quarter of birth as fixed effects. A comparison of models ad-
justed for the inclusion of the fixed effects using a likelihood ratio test yielded no
significant advance for factoring in the month and quarter of birth as compared
to the model involving sex as the only fixed effect. This applied for both the mor-
phological and the morphometric traits equally.

The following linear model was therefore adopted for all 24 traits:

yijkl ¼ lþ bAi þ Gj þ ak þ eijkl

where yijkl is the morphologic or morphometric trait obtained from the radiographs,
l is the model constant, Ai is the age in months with the linear regression factor b, Gj

is the sex as fixed effect, ak is the random additive genetic effect of the animal, and
eijkl the random residual error.

Univariate estimation of genetic parameters was conducted. Accordingly, mul-
tivariate estimates were obtained to account for possible correlation existing be-
tween the traits.

Restricted maximum likelihood procedures were applied to obtain variance
component estimates using dedicated computer software (VCE-5, version 5.1.2
FAL; Mariensee-Neustadt; Kovac et al., 2003). Heritabilities (h2) and genetic (rg)
and residual correlations (rr) of two traits each (traits 1 and 2) were calculated
based on their estimated additive genetic (r2

a ; cova) and residual (co)variance
(r2

e ; cove) as follows:

h2
1 ¼ r2

a1=ðr2
a1 þ r2

e1Þ or h2
2 ¼ r2

a2=ðr2
a1 þ r2

e1Þ;
rg12 ¼ cova12=ðra1 � ra2Þ; and
re12 ¼ cove12=ðre1 � re2Þ:

The implementation of linear models in the analysis of parameters graded in a
binary mode (morphologic traits) leads to underestimation of heritabilities and
residual correlations relative to the prevalence of the trait in question. This under-
estimation can be compensated for via transformation of the estimates based upon
the threshold value scheme, which was applied according to Dempster and Lerner
(1950) and Vinson et al. (1976). Heritability was transformed according to the fol-
lowing equation:

h2
liab ¼ h2

obs½pið1� piÞ�=z2
i

where h2
liab is the heritability of the trait i on the underlying continuous scale, h2

obs is
the heritability of the trait i as recorded from the observed (binary) scale, pi is the
prevalence of the trait 1, and zi the ordinate of the standard-normal distribution at
the threshold that corresponds to pi.

The transformation of residual correlation between two traits (traits 1 and 2)
was obtained as follows:

re liab ¼ re obs ½pi1ð1� pi1Þ�=z2
i1

� �1=2 ½pi2ð1� pi2Þ�=z2
i2

� �1=2

We report below the transformed heritability and residual correlation for all
binary (morphologic) traits. As additive genetic correlation estimates are not af-
fected by underestimation, a transformation was unnecessary. The heritability esti-
mates of all traits investigated demonstrated a high level of agreement according to
the various multivariate analytic procedures. Therefore, the results presented are
confined to the means and standard error.

Results

Descriptive statistics

Seven hundred and thirty-three GSDs met the inclusion criteria
(392 males, 341 females). The mean age was 15 months (range, 9–
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Fig. 1. Proportion of dogs in the German shepherd (GSD) and Control group as a
function of their lumbosacral ratio. Dotted lines define the 90%-quantiles,
which = 1.80 in the GSD group and 1.60 in the control group. There is a shift in
distribution to higher lumbosacral ratios in the GSD group, indicating an acute drop
in vertebral canal height between the last lumbar vertebra and the sacrum in the
GSDs compared to the control dogs.
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145 months) with 90% being <18 months. The control group com-
prised 334 dogs of 46 breeds. These included: Labrador Retrievers
(n = 49), Golden Retrievers (n = 33), Bernese Mountain dogs
Table 5
Multivariate estimates of heritability (h2), genetic and residual correlation for the morph
(GSDs). h2 estimates are arranged diagonally (bold type), the genetic correlation is quoted
presented in parentheses below the estimates.

Variable SOC LTV SCLER AR

SOC 0.505 (0.128) �0.215 (0.189) �0.247 (0.131) 0.
LTV �0.016 (0.142) 0.639 (0.159) 0.544 (0.148) 0.
SCLER 0.554 (0.104) �0.573 (0.133) 0.597 (0.077) 0.
ARTH 0.004 (0.107) 0.206 (0.132) 0.213 (0.091) 0.
ROOF �0.178 (0.116) 0.143 (0.148) 0.152 (0.088) 0.
O-DISC 0.190 (0.109) �0.148 (0.133) �0.065 (0.102) �0
O-CAN 0.392 (0.083) 0.019 (0.105) 0.467 (0.061) 0.

A legend to the abbreviations of the variables is provided in Table 1.

Table 6
Multivariate estimates of heritability (h2), genetic and residual correlation for the morph
(GSDs). h2 estimates are arranged diagonally (bold type), the genetic correlation is quoted
presented in parentheses below the estimates.

Variable LS_AD LS_AC

LS_AD 0.768 (0.079) 0.865 (0.021)
LS_AC 0.672 (0.085) 0.759 (0.058)
EP_A 0.168 (0.221) 0.084 (0.179)
STEP �0.332 (0.138) �0.385 (0.119)
IVS 0.305 (0.087) 0.278 (0.068)

L_L6 L_L7 L_S1

L_L6 0.431 (0.087) �0.501 (0.163) �0.849 (0.0
L_L7 �0.042 (0.093) 0.266 (0.074) �0.031 (0.1
L_S1 �0.1787 (0.029) �0.3583 (0.060) 0.270 (0.08
H_L6 0.300 (0.086) �0.320 (0.063) �0.053 (0.0
H_L7 0.231 (0.073) �0.029 (n.a.) �0.173 (0.0
H_S1 �0.374 (0.072) 0.281 (0.060) 0.148 (0.07

CAN_L6CR CAN_L6CD CAN_L7CR

CAN_L6CR 0.665 (0.056) 0.661 (0.037) 0.798 (0.05
CAN_L6CD 0.641 (0.067) 0.730 (0.047) 0.516 (0.05
CAN_L7CR 0.307 (0.101) 0.476 (0.073) 0.574 (0.04
CAN_L7CD 0.406 (0.086) 0.475 (0.080) 0.535 (0.04
CAN_S1 0.129 (0.078) 0.431 (0.071) 0.070 (0.05
CAN_S3 �0.047 (0.134) 0.453 (0.098) �0.258 (0.1

A legend to the abbreviations of the variables is provided in Table 2.
n.a., not applicable.
(n = 29), Boxers (n = 26), Rottweilers (n = 24), Doberman Pinschers
(n = 23), Giant Schnauzers (n = 21). There were also 129 dogs of 39
other breeds. The control group comprised 190 males and 144 fe-
males. The mean age was 29 months (range, 10–94 months). Less
than 50% of the control dogs were younger than 18 months.

Results of radiographic evaluation

The prevalence of the morphological traits in GSDs and control
dogs is shown in Table 3. SOC lesions were seen in 10.1% of the
GSDs and in 5.7% of the controls (P = 0.013). We also found a great-
er proportion of LTV in the GSD group (6.8%) compared to the con-
trol group (4.2%) but there was no statistical significance.
Differences with a high level of significance (P < 0.001) were evi-
dent for four of the morphological traits, namely, ARTH, SCLER,
O-DISC and O-CAN which each occurred at a higher frequency in
the GSD group than in the control group. Only two of the morpho-
logical traits were significantly influenced by the sex of the animals
(P < 0.05): males were more frequently affected by SCLER than fe-
males, whereas females had a higher proportion of SPON6/7

(P < 0.05).
The descriptive statistics of the morphometric lumbosacral

traits are listed in Table 4. RELSTEP was significantly more pro-
nounced in the GSD group with a value of 0.26 ± 0.18 vs.
ological traits of the lumbosacral junction in a subset of 572 German shepherd dogs
above the diagonal, and residual correlation below the diagonal. Standard errors are

TH ROOF O-DISC O-CAN

084 (0.122) 0.871 (0.090) �0.173 (0.155) �0.243 (0.172)
095 (0.145) 0.053 (0.168) 0.112 (0.177) 0.190 (0.191)
839 (0.057) �0.110 (0.107) 0.800 (0.119) 0.881 (0.086)
620 (0.114) 0.001 (0.110) 0.919 (0.062) 0.928 (0.061)
202 (0.086) 0.619 (0.099) �0.347 (0.166) �0.332 (0.149)

.073 (0.120) 0.296 (0.114) 0.436 (0.104) 0.984 (0.041)
715 (0.073) 0.147 (0.079) �0.044 (0.086) 0.219 (0.054)

ometric traits of the lumbosacral junction in a subset of 572 German shepherd dogs
above the diagonal and residual correlation below the diagonal. Standard errors are

EP_A STEP IVS

�0.840 (0.036) �0.045 (0.115) �0.572 (0.070)
�0.821 (0.034) 0.299 (0.110) �0.165 (0.085)
0.754 (0.052) 0.070 (0.100) 0.442 (0.097)
0.257 (0.103) 0.338 (0.062) 0.473 (0.149)
�0.292 (0.094) 0.197 (0.070) 0.250 (0.064)

H_L6 H_L7 H_S1

47) �0.139 (0.238) 0.269 (0.360) 0.043 (0.272)
92) �0.146 (0.216) �1.000 (0.362) 0.250 (n.a.)
1) 0.258 (0.240) 0.243 (0.540) �0.355 (0.352)
73) 0.225 (0.081) �0.141 (0.419) 0.924 (0.074)
66) 0.014 (0.063) 0.052 (0.048) �0.249 (0.430)
2) �0.751 (0.028) �0.670 (0.034) 0.136 (0.067)

CAN_L7CD CAN_S1 CAN_S3

2) 0.455 (0.074) 0.345 (0.098) 0.295 (0.072)
0) 0.467 (0.066) �0.121 (0.080) �0.217 (0.059)
8) 0.675 (0.038) 0.744 (0.052) 0.666 (0.048)
3) 0.494 (0.045) 0.266 (0.086) 0.265 (0.071)
5) 0.470 (0.051) 0.308 (0.049) 0.954 (0.026)
00) 0.282 (0.089) 0.236 (0.062) 0.722 (0.037)
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0.09 ± 0.15 in the control group (P < 0.001). Moreover, an absolute
measurement for STEP > 0 was noted at a ratio of 2:1 in the GSDs
compared with the control dogs. RELIVS was significantly larger in
the GSD group (0.54 ± 0.14) than in the control dogs
(0.48 ± 0.12). Regarding the dimensions of the vertebral bodies,
the significant differences (P < 0.001) included a shorter RELL_L6, a
longer RELL_L7, a lower RELH_L6, and a higher RELH_S1. Furthermore,
differences with a high level of significance (P < 0.001) were ob-
served for the dorsoventral dimension of the vertebral canal in
general.

At any of the six points measured, the height of the vertebral ca-
nal was reduced in the GSDs. The LS_R was significantly higher for
the GSDs (1.51 ± 0.31) compared to the control dogs (1.38 ± 0.19,
P < 0.001), indicating a greater degree of reduction of spinal canal
height at the level of the LSJ. Fig. 1 demonstrates the distribution
of the lumbosacral ratio (LS_R) between the GSD and the control
groups. Regardless of which method was used to obtain the mea-
surements, the lumbosacral angles (LS_AD and LS_AC) were signif-
icantly higher for the GSDs (P < 0.001).
Results of genetic analysis

Pedigree data were available in a subset of 572 GSDs. The re-
cords represented 298 males and 274 females. The mean litter size
was 1.93 for the sires and 1.35 for the dams. Table 5 contains mul-
tivariate estimates of heritability (h2), genetic correlation (rg), and
residual correlation (rr) of the morphologic traits of the LSJ. The
heritability estimates for the morphologic traits ranged from 0.22
to 0.64. Negative genetic correlations <�0.2 were estimated for
SOC with LTV; SCLER; and O-CAN, ROOF with O-DISC, and ROOF
with O-CAN. Moderate to high positive genetic correlations (>0.5)
were calculated for SOC with ROOF, LTV with SCLER, SCLER with
ARTH; O-DISC; and O-CAN, ARTH with O-DISC and O-CAN, and
O-DISC with O-CAN.

The variance component estimates of the morphometric traits
of the LSJ of the GSDs are illustrated in Table 6. Low-to-moderate
heritabilities were estimated for IVS (h2 = 0.25) and STEP
(h2 = 0.34). In the domain of the normalized vertebral body mea-
surements, multivariate analysis revealed low-to-moderately high
heritabilities (h2 = 0.05–0.43). Among the six reference points for
the lumbosacral vertebral canal height, moderate-to-high herita-
bilities ranging from 0.31 to 0.72 were detected. The vertebral ca-
nal measurements proved to be predominantly positively
correlated with rg P 0.3. In particular, for CAN_S1 and CAN_S3 a
close positive genetic correlation (rg = 0.95) was estimated.
Discussion

Our findings indicate that there is variation in skeletal morphol-
ogy and morphometry of the LSJ in GSDs compared with dogs of
similar size. The percentage of SOC in the GSD group was approx-
imately twice the percentage of the control group (10.1% and 5.7%,
respectively). As SOC has been reported to disrupt the integrity of
the lumbosacral intervertebral disc, it is regarded as a promoter of
lumbosacral stenosis and CES (Lang et al., 1992; Hanna, 2001;
Glyde et al., 2004; Michal et al., 2004; Mathis et al., 2009). Consid-
ering the frequent occurrence of this finding in GSDs, SOC may be a
factor exposing particularly this breed to lumbosacral disease.

The prevalence of an LTV separated from the fused sacral seg-
ments by a rudimentary intervertebral space was greater in the
GSD group (6.8%) than in the controls (4.2%), although this differ-
ence was not statistically significant. A significantly higher preva-
lence of LTV in GSDs than in other breeds has been reported by
others (Winkler and Loeffler, 1986; Morgan et al., 1993; Breit
and Künzel, 1998; Morgan, 1999; Breit et al., 2003; Damur Djuric
et al., 2006; Flückiger et al., 2006), but was not apparent in our
study. Our results would suggest that this disorder is not a major
contributor to the frequent occurrence of lumbosacral stenosis
and CES in the GSDs.

The analysis of the morphometric data highlights the differ-
ences in skeletal morphology between GSD and other large breeds
of dogs. The reduced vertebral canal height throughout the entire
length of the lumbosacral transition, when compared with other
breeds, suggests the presence of lumbosacral stenosis existing pre-
sumably as a primary malformation in the GSD. The confined LSJ
noted in the GSD is further supplemented by the significantly in-
creased LS_R, which indicates an abrupt drop in the dorsoventral
lumbosacral vertebral canal height between the last lumbar verte-
bra and the sacrum.

In our study sample, significantly larger STEPs were found in the
GSDs. Furthermore, and regardless of their metric extent, STEPs
were twice as frequent in the GSD group as in the control group.
Despite disagreement on the metric extent of lumbosacral step for-
mations necessary to cause clinical disease, i.e., >4 mm (Schmid
and Lang, 1993) or as small as 2 mm (Suwankong et al., 2006), this
finding is generally considered to be important in promoting lum-
bosacral disease (Schmid and Lang, 1993; Suwankong et al., 2006).

The significant differences in lumbosacral vertebral canal height,
LS_R and STEP characterize the aberrant morphometry of the LSJ in
the GSD. Given that we focused on young dogs without signs of lum-
bosacral disease, these findings suggest that the changes are of pri-
mary origin. It is known from human medicine that most of the
congenital conditions compromising the spinal canal do not mani-
fest until traumatic or degenerative processes ensue (Kirkaldy-Wil-
lis et al., 1974; Verbiest, 1975; Munday et al., 1994).

In veterinary medicine, it has been proposed that the combina-
tion of congenital lumbosacral stenosis and degenerative changes
may cause cauda equina compression in large breed dogs (Oliver
et al., 1978; Tarvin and Prata, 1980; Palmer and Chambers, 1991;
Bailey and Morgan, 1992; Jones et al., 1996). Due to the reduced
spatial tolerance towards secondary degenerative or hypertrophic
changes in the LSJ, we assume that the risk of developing clinically
relevant stenosis is increased in animals with a narrow lumbosa-
cral vertebral canal or other anomalies such as RELSTEP (as we have
specifically identified in GSDs). With regard to the confined LSJ in
GSDs, the morphological disorders SOC and premature degenera-
tion are of special interest.

Previous work has documented the prevalence of LTV to be as
high as 29% in some populations of GSDs (Larsen, 1977; Winkler
and Loeffler, 1986; Morgan et al., 1993; Damur Djuric et al.,
2006; Flückiger et al., 2006; Wigger et al., 2009). The discrepancy
between the prevalence of LTV recorded in our study and in previ-
ous work may reflect natural fluctuations through unequal study
populations and age groups and, in particular, the difference in
inclusion criteria. Studies reporting higher percentages of LTV pro-
vide for different types of LTV. Isolation of the ‘spinous process
type’ vertebrae account for approximately 80% of LTV (Wigger
et al., 2009), but were disregarded in our study because based on
our experience and that of others (Flückiger et al., 2009) they are
inconsistently identified radiographically, and also as these forms
of LTV can be considered insignificant in the individual dog (Flücki-
ger et al., 2009).

It has been postulated that abnormal biomechanics associated
with a translational motion type and/or altered range of motion
is the most significant aspect of LTV with regard to early disc
degeneration and CES (Bürger and Lang, 1992; Morgan et al.,
2000; Luoma et al., 2004; Flückiger et al., 2006). To date, no study
has documented the actual change in kinetics with a transitional
vertebra, and an alteration in lumbosacral mobility seems to apply
only to complete isolation of the abnormal vertebral segment from
the fused sacral vertebrae.
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Heritability conveys the proportion of the total phenotypic var-
iance that is attributed to genetic factors and heritability estimates
give a measure of the relative importance of genetic variance in
determining the phenotypic variance of a specific trait (Conner
and Hartl, 2004). If the heritability of a trait is between 0.4 and
1.0, it is generally considered high and the phenotype is a good
predictor of the genetic disposition of an animal. With high herita-
bility estimates, beneficial results might be expected by pheno-
typic selection for or against any trait.

Genetic correlations between traits are of substantial interest,
because depending on their value (positive or negative) and the de-
sired breeding objective regarding the individual trait, they can
either facilitate or hamper phenotypic selection of the traits.
Genetic correlations may produce beneficial or undesirable
changes in selection programs. Undesirable correlations have to
be known and must not be ignored in meeting breeding objectives
as they may influence the rate of progress.

With regard to the morphological and morphometric traits that
presumably advance the susceptibility of GSD to lumbosacral dis-
ease, the results of our genetic analysis indicate that a relevant pro-
portion of the phenotypic variance of these traits is determined by
genetic factors. Heritability estimates for SOC and LTV were high
(>0.5) although a low negative correlation was calculated between
SOC and LTV. Fortunately, within that range, minimal (if any) effect
of the traits on each other would be expected and the selection of
one of these traits should not impede selection of the other
significantly.

The heritability estimates of the relevant morphometric traits,
including STEP and lumbosacral vertebral canal height, were mod-
erate to high. Furthermore, a distinctive positive correlation
(rg = 0.95) was noted at the crucial site of spinal canal narrowing
between the caudal endplate of L7 and the cranial endplate of
the sacrum creating favourable conditions for breeding selection.
Due to the relatively limited sample size of animals studied in
the genetic analysis, the definite values estimated have to be inter-
preted with some caution, and a re-evaluation with adjustment of
the population size may be beneficial (Klein, 1974). Nevertheless,
there are non-zero heritabilities of relevant morphological and
morphometric lumbosacral features in the GSD. Our results not
only demonstrate that genetic effects contribute to the phenotypic
variance of the LSJ in GSDs, but also provide efficacy for selective
breeding against factors potentially associated with lumbosacral
disease.

The limitations of the study are mainly attributable to its retro-
spective nature which may have introduced confounding factors
regarding the selection of the study population and the retrospec-
tive matching process of the control dogs to the GSDs. The even
distribution of physical characteristics between the GSD and the
control groups may have been limited by this procedure so a gen-
eralization of the results may not be wholly applicable. The analy-
sis of the genetic variance components makes use of a
subpopulation of GSDs from the GSD group. In addition, the rela-
tively small sample size and deviating population structure (owing
to different ancestry) represent a potential source of bias, particu-
larly in comparison with other populations.

The appearance of acquired lumbosacral features may have
been influenced by the disparity in age between the GSDs and
the dogs in the control group. However, despite the distinctively
lower age of the GSDs compared with the controls, the preva-
lence of acquired traits such as ARTH, SCLER, and both O-DISC
and O-CAN, was greater in the GSD. Thus, although a general
distortion of the results by age differences may exist, it should
not have led to overestimation of findings in the GSD group. This
finding rather suggests premature onset of and/or general dispo-
sition towards degeneration of lumbosacral segments specifically
in this breed.
Conclusions

An aberrant skeletal conformation of the LSJ was found in GSDs
with morphological and morphometric findings when compared
with other large breed dogs. The findings suggest the presence of
a primary lumbosacral stenosis in GSDs that has not been docu-
mented before. Various features that predispose to lumbosacral
disease are greater in frequency or magnitude in GSDs, such as
SOC, early onset of degenerative changes, and STEP of the LSJ. In
addition, relevant proportions of the phenotypic variance of most
of the promoting phenotypic features, including SOC, LTV, STEP
and lumbosacral stenosis, are determined by genotypic variance.
Selection against these factors appears to be feasible and is
suggested.
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