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The anterolateral ligament has similar biomechanical and histological 
properties as the inferior glenohumeral ligament 
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Abstract 
 
Purpose 
To characterize This study characterized the tensile and histological properties of the 1 

anterolateral ligament (ALL), inferior glenohumeral ligament (IGHL), and knee capsule.  2 

 
Methods 
Standardized samples of the ALL (N = 19), the anterolateral knee capsule (N = 15), and IGHL 3 

(N =13) were isolated from fresh-frozen human cadavers for uniaxial tensile testing to failure. 4 

An additional 6 samples of the ALL, capsule and IGHL were procured for histological 5 

analysis and elastin content. 6 

 
Results 
All investigated mechanical properties were significantly greater for both the ALL and IGHL 7 

when compared to capsular tissue. In contrast, no significant differences were found for any 8 

property between the ALL and IGHL. The elastic modulus of ALL and IGHL samples was 9 

174±92 MPa and 139±60 MPa, respectively, compared to 62±30 MPa for capsule (P = 10 

0.001). Ultimate stress was significantly lower (P < 0.001) for capsule at 13.4±7.7 MPa 11 

relative to the ALL and IGHL at 46.4±20.1 MPa and 38.7±16.3 MPa. The ultimate strain at 12 

failure for the ALL was 37.8±7.9 % and 39.5±9.4 % for the IGHL, which was significantly 13 

greater (P = 0.041 and P = 0.02, respectively) for both relative to the capsule at 32.6±8.4%., 14 

capsule, and IGHL was 37.8±7.9 %, 32.6±8.4%, 39.5±9.4 (P < 0.05), respectively, while Tthe 15 

strain energy density of the ALL was 7.8±3.1 MPa, 2.1±1.3 MPa for the capsule, and 7.1±3.1 16 

MPa for the IGHL (P < 0.001). The ALL and IGHL consisted of parallely aligned collagen 17 

bundles, containing elastin bundles, which was in contrast to the random collagen architecture 18 

noted in capsule samples. 19 

 
Conclusion 
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The anterolateral ligament has similar tensile and histological properties as the inferior 20 

glenohumeral ligament. The tensile properties of the ALL are significantly greater than those 21 

observed in knee capsule. 22 

 
Clinical Relevance 
The anterolateral ligament is not just a thickening of capsular tissue and should be considered 23 

as a distinct ligamentous structure comparable to the IGHL in the shoulder. The tensile 24 

behavior of the ALL is similar to the IGHL and treatment strategies should take this into 25 

account. 26 
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Introduction 

Subluxation of the anterior cruciate ligament (ACL) deficient knee was described as early as 27 

1845 by Bonnet,1 but it was not until 1919 when Hey Groves first specified anterolateral 28 

instability;2 a phenomenon later to become known as the pivot shift.3 Despite the use of state-29 

of-the-art intra-articular ACL reconstruction techniques, a remaining pivot shift has been 30 

reported to persist in 11-60% of patients.4–6 Therefore, several authors have favoured an  ACL 31 

reconstruction combined with an extra-articular augmentation in an attempt to limit persistent 32 

rotational laxity after ACL treatment.7–10 33 

Recent studies showed that the anterolateral ligament (ALL) is a distinct ligament in 34 

the human knee11,12, playing an important role as stabilizer for internal rotation13–16 and 35 

whereby ALL reconstruction can therefore help control anterolateral instability.17 The inferior 36 

glenohumeral ligament (IGHL) is an anatomically, histologically, and biomechanically well 37 

described ligamentous structure, and unlike the ALL, it is not perceived as just a thickening of 38 

the shoulder capsule but is widely accepted as an important static restraint.18,19  Given their 39 

microscopic appearance and presumed function in restraining motion of the knee and 40 

shoulder, it can be hypothesized that the ALL and IGHL are comparable structures with 41 

similar roles as internal stabilizers.  42 

Ligaments are essential structures for stabilizing joints. Knowledge of ligament 43 

mechanical properties is therefore key to elucidating their in vivo behavior and function and 44 

for selecting appropriate grafting materials used in reconstruction techniques. Recently, 45 

several review articles have discussed the lack of knowledge on the biomechanical properties 46 

of the knee’s anterolateral components20 while highlighting the need for further research.21 47 
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One study performed tensile testing of the isolated ALL22 while other studies have 48 

characterized the pull-to-failure strength and stiffness of the bone-ALL-bone complex, 49 

however these tests only characterize the structural properties of the bone-ligament-bone 50 

complex, not the intrinsic mechanical properties.23,24 Notwithstanding the lack of information 51 

regarding the mechanical properties, the renewed interest in the ALL has led to the 52 

development of anatomic reconstruction techniques.15,25–27 Generally, these techniques utilize 53 

the gracilis tendon or a portion of iliotibial band as a graft material with a fixed femoral and 54 

tibial screw or anchor fixation. 55 

Despite the fact that several authors have described the ALL as an anatomical, 56 

radiographical, histological and/or functionally distinct ligamentous structure,12,23,28–30 there is 57 

still disagreement within the orthopaedics community, with some suggesting that the ALL is 58 

merely a thickening of the knee capsule.31,32 Therefore, the purpose of this study is to 59 

characterize the tensile and histological properties of the ALL, IGHL, and knee capsule. (1) 60 

provide a detailed mechanical characterization and (2) histomorphological analysis of the 61 

ALL, IGHL and knee capsule. It was hypothesized that the mechanical properties of the ALL 62 

would be significantly different from the capsule, while being comparable to the IGHL.  63 

 

Methods  

Twelve fresh-frozen full body cadavers were obtained (74±7 years, 10 male and 2 female) 64 

under ethical approval from our Institutional Review Board. All donors had no history of 65 

knee/shoulder injury, instability, or prior surgical intervention. Additionally, 3 knees were 66 

excluded because of grade III and IV arthrosis or ACL deficiency. Eight shoulder specimens 67 

were reserved for other cadaveric studies and therefore could not be utilized in this work. A 68 

total of 21 ALL, 21 capsule, and 16 IGHL samples were dissected from the specimens by a 69 

final yearn orthopaedic resident (KS) using previously described techniques.12,33 Furthermore, 70 

the capsule specimens were dissected from the area immediately adjacent and anterior to the 71 
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ALL (Fig. 1).  Isolated specimens were wrapped in saline-soaked gauze and stored at -80°C 72 

until needed.  73 

Mechanical Testing  

One day prior to testing, specimens were removed from the freezer and thawed at room 74 

temperature. Using a surgical scalpel, specimens were cut into standardized shaped samples 75 

(dog-bone). Specimens were secured to custom tensile grips with cyanoacrylate adhesive and 76 

aligned axially (fibers parallel to loading direction) within a materials testing frame (model 77 

4467, Instron, Norwood MA, USA) equipped with a 1 kN load cell (Fig. 2). A 1 N pre-load 78 

was applied and measurements of the cross-sectional area (assuming rectangular geometry) 79 

were taken with a calibrated micrometer five times and the average calculated. The distance 80 

between the grip faces was measured and taken as the original gage length. Specimens were 81 

pre-conditioned using a series of 10 cycles from 1 to 10 N at a strain rate of 0.1%s-1, 82 

immediately followed by a test-to-failure using a strain rate of 2%s-1. Tests were performed at 83 

room temperature (~22 °C) and samples were kept moist with saline at all times to prevent 84 

dehydration.  85 

Histological Analysis   

An additional 6 ALL, capsule, and IGHL specimens were procured from four cadavers to be 86 

used for qualitative histological analysis. Dissected specimens were fixed in 10% buffered 87 

formol and embedded in paraffin wax in a longitudinal orientation. An automated system 88 

(Symphony, Ventana, Tucson AZ, USA) was used to perform section staining with 89 

hematoxylin & eosin (H&E). Additionally, extra slides were prepared for histochemical 90 

analysis: trichrome (structural collagen and fibrin) and Von Gieson (elastin). All processed 91 

slides were digitally scanned (iScan HT, Ventana) and analysed with specialized software 92 

(Virtuoso, Ventana).  93 

Statistical Analysis 94 
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Only those specimens that showed mid-substance failure were used for analysis. In 95 

total, data from 19 ALL, 15 capsule and 13 IGHL samples could be analyzed. The obtained 96 

force and displacement data were converted to stress (force / cross sectional area) and strain 97 

(change in length / original length) to allow the calculation of the tissue mechanical 98 

properties34 (Fig. 3): elastic modulus (slope of the linear portion of the stress-strain curve), 99 

ultimate stress, ultimate strain, and strain energy density (area under the stress-strain curve, 100 

e.g. energy absorbed to failure). The collected mechanical data were found to exhibit non-101 

normal distributions (with the Shapiro-Wilk test) and therefore Kruskal-Wallis tests with 102 

pairwise Mann-Whitney U post hoc tests were used. For all statistical analysis, commercial 103 

software was used (SPSS 23, IBM, Armonk, NY, USA) and significance level was set to α = 104 

0.05. All data are presented as mean ± standard deviation. 105 

 
Results  
 
Mechanical Testing 
The average stress-strain curve obtained for the ALL, capsule, and IGHL specimens is shown 106 

in Figure 4. For all curves, specimens were characterized by an initial non-linear toe region 107 

followed by a linear stress-strain region and eventual specimen rupture.  108 

 All calculated mechanical properties were significantly higher for both the ALL and 109 

IGHL compared to the capsule (Fig. 5; see appendix for all tabulated values). In contrast, no 110 

significant differences were found for any property between the ALL and IGHL. The elastic 111 

modulus of ALL and IGHL samples was 174±92 MPa and 139±60 MPa, respectively, 112 

compared to 62±30 MPa for the capsule (P < 0.001). Ultimate stress was significantly lower 113 

(P < 0.001) for the capsule at 13.4±7.7 MPa relative to the ALL and IGHL at 46.4±20.1 MPa 114 

and 38.7±16.3 MPa. The ultimate strain at failure for the ALL was 37.8±7.9 % and 39.5±9.4 115 

% for the IGHL, which was significantly greater (P = 0.041 and P = 0.02, respectively) for 116 

both relative to the capsule at 32.6±8.4%., capsule, and IGHL was 37.8±7.9 %, 32.6±8.4%, 117 
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39.5±9.4 (P < 0.05), respectively, while the The strain energy density of the ALL was 7.8±3.1 118 

MPa 2.1±1.3 MPa for the capsule, and 7.1±3.1 MPa for the IGHL (P < 0.001).   119 

  120 

Histological Analysis 

 Histological analysis revealed substantial differences between the ALL/IGHL and the 121 

capsule (Fig. 6). The ALL was characterized by the presence of dense, parallel oriented 122 

collagen bundles with strong collagenization and regularly distributed fibroblasts. This was 123 

also illustrated by the trichrome staining, which depicts collagen as dark blue. Generally, the 124 

ALL presented as a homogeneous, hypovascular structure containing elastin bundles. On the 125 

outside of the dense collagenous structures, some nerve fibre could be noted. Likewise, the 126 

IGHL displayed structural characteristics very similar to the ALL, however, the ALL 127 

appeared to be even more strictly organized and a higher concentration of loose connective 128 

tissue separating the collagen bundles in the IGHL could be observed. In contrast, the capsule 129 

showed a disorganized architecture consisting of ‘islands’ of collagenized tissue, where in 130 

between fat, loose connective tissue, and neurovascular bundles are present. Although some 131 

fine and thin dense collagenized bundles and elastin could be noted in the capsule, these were 132 

not all comparable with the ALL.  133 

Discussion  
This study characterized the tensile and histological properties of the anterolateral ligament 134 

(ALL), inferior glenohumeral ligament (IGHL), and knee capsule. The primary finding of this 135 

work demonstrated that the tensile properties of the ALL are significantly higher than those of 136 

the knee capsule, while being comparable to the IGHL. This finding, coupled with the results 137 

from the histological analysis of the tissues, suggest that the ALL is a ligamentous structure 138 

that is distinct from the knee capsule; as is the case with the IGHL, one should refrain from 139 

stating that the ALL is just a simple thickening of the knee capsule.   140 



- 9 - 
 

Previously, a number of surgeons vaguely described the ALL as a ‘pearly, fibrous 141 

band’, the mid-third lateral capsular ligament, the anterior band of the lateral collateral 142 

ligament, the anterior oblique band or the capsulo-osseous layer of the iliotibial tract,35–39 143 

however, it wasn’t until recently that a more detailed anatomic description was given.12 144 

Subsequently, additional anatomic studies followed and despite differences in identification of 145 

attachment sites, it is generally believed that the ALL is a well-defined ligamentous structure 146 

originating around the lateral femoral condyle and running antero-distally to its tibial 147 

attachment approximately midway between the center of Gerdy’s tubercle and the anterior 148 

margin of the fibular head.23,28,40 With internal rotation and flexion of the knee, the fibers of 149 

the ALL could clearly be distinguished from the slack and thin joint capsule lying just anterior 150 

of it. 151 

 Information regarding the mechanical properties of knee ligaments and surrounding 152 

soft tissues, in particular the ALL and capsule, are sparse. With respect to the ALL, this is 153 

surprising given the recent interest in reconstruction techniques using various types of grafts 154 

and fixation methods. The majority of studies previously performed have characterized the 155 

structural properties of these structures using pull-to-failure tests on either isolated bone-156 

tissue-bone complexes or on entire knee cadavers.23,24 Properties derived from these tests, 157 

such as stiffness, failure load, and toughness, are extrinsic and depend on the geometry of the 158 

tissue as well as the properties of the bony insertion sites.34 In contrast, the mechanical 159 

properties measured in this study characterize the intrinsic behavior of the tissue. From a 160 

clinical point-of-view, an increase in a property such as the elastic modulus could be 161 

indicative of increased collagen content, larger collagen fibrils, and/or the tissue being made 162 

of a stiffer material.34  163 

 In this study, samples were isolated from cadavers and cut into standardized, dog-bone 164 

shaped specimens. This technique enabled for the characterization of the intrinsic mechanical, 165 
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not structural, properties of the tissues. This method was chosen since replicating the loading 166 

of ligaments/tissues ex vivo is difficult and moreover insuring uniform load distribution to a 167 

ligament using an intact knee cadaver is particularly challenging. Cutting the tissue into dog-168 

bone shaped-samples insured uniform loading while simultaneously mitigating potential end-169 

effects that occur form gripping samples within the testing frame fixture.41 170 

The tensile testing results obtained in this study provide strong evidence that the ALL 171 

is a distinct structure from the anterolateral knee capsule. All measured mechanical properties 172 

were significantly higher for the ALL relative to the capsule. The relative percent differences 173 

between the ALL and capsule were 95%, 110%, 17%, and 115% for the modulus, ultimate 174 

stress, maximum strain, and strain energy density, respectively. Additionally, one of the key 175 

strengths of this work relative to previous studies is the high number of specimens tested, 176 

done in an effort to mitigate the variability in biological tissue testing. 177 

An overview comparing previously reported mechanical properties for the ALL, 178 

capsule, and IGHL is provided in Table 1. Zens et al.22 reported maximum strain values 179 

similar to those that were found in the current work, however, their calculated yield stress and 180 

modulus was lower (potentially attributable to differences in the modulus calculation 181 

technique). It should be noted that only four samples were tested in their study, cross-182 

sectional area was measured after the specimen was tested, and no sample pre-conditioning 183 

was performed.  Likewise for the knee capsule, similar maximum strain values were found in 184 

the current study and that of Rachmat H et al.42 yet substantial differences were noted in the 185 

modulus and yield stress values. These differences in reported mechanical properties highlight 186 

the variability inherent to biological tissue testing and how variations in methodology (pre-187 

conditioning, strain rate, cross-sectional area measurement, etc.) can influence the calculation 188 

of mechanical properties.  189 
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Several previous studies have performed histological analysis of the ALL. For 190 

example, Helito et al.43 analyzed 20 specimens and demonstrated that the ALL possessed 191 

typical histologic characteristics seen in ligamentous structures. Similar findings were shown 192 

by Vincent et al.29  who noted parallel, dense, collagenous fibers suggestive of ligamentous or 193 

tendinous tissue within the ALL isolated from 10 cadavers. A recent study from Caterine et 194 

al.11 used magnetic resonance imaging, anatomical dissection, and histological analysis to 195 

characterize the anatomical properties of the ALL. They found the morphology of the ALL to 196 

be characteristic of ligament tissue and moreover described nerve innervation within of the 197 

tissue, which they speculated could be indicative of a proprioceptive role. In the current study, 198 

histological analysis agreed with previous reports and showed that the ALL consisted of a 199 

dense collagenized and mostly homogeneous ligamentous structure containing thicker elastin 200 

bundles. Similar to Caterine et al. the presence of nerve intervention was noted in the current 201 

study but was only located outside the densely organized collagenous fibers of the ALL (4/6 202 

samples). As shown in Figure 6, the histological morphology of the ALL was remarkably 203 

similar to the IGHL, with one notable difference being thicker elastin fibers within the IGHL. 204 

In contrast, the knee capsule contained broad islands of loose collagen with proteoglycans and 205 

fatty tissue also present.  206 

Within ligamentous tissue, elastin (elastic fibers) are one of the components 207 

responsible for providing elastic recoil to the structure44 and the distribution of elastic fibers is 208 

considered to reflect the physiologic function of the tissue.45 Previous work from Ticker et 209 

al.46 revealed elastic fibers present within the IGHL and speculated that this is relevant to the 210 

ligament’s role as a static restraint within the shoulder. The presence of organized elastic 211 

fibers within the ALL suggest that it is also capable of providing restraint within the knee 212 

joint. While elastin fibers were present within the capsule, they lacked any apparent 213 

organization and thus indicate low potential for the capsule to resist tensile loads. 214 
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 Similar to the ALL, the IGHL is a structure that lies in close proximity to the joint 215 

capsule. The IGHL is responsible for providing anterior stability in the glenohumeral joint in 216 

90° of abduction and external rotation.47,48 Failure patterns are seen in shoulder dislocations, 217 

where there can be a capsular stretching, Bankart lesions or even bony Bankart lesions.46 218 

Similar to the IGHL, the ALL is thought to be an important stabilizer of knee rotation at 219 

flexion angles exceeding 35°13 and the Segond fracture is thought to be a bony avulsion of the 220 

ALL.49  Data from this study supports the hypothesis that the ALL and IGHL are comparable 221 

structures with similar biomechanical and histological properties. It can be further postulated 222 

that ligaments are a heterogeneous group of connective tissues where subdivisions can be 223 

made. For instance, the IGHL and ALL can be classified in the same group of 224 

capsuloligamentous structures based on their similar stabilization roles and failure modes. 225 

This is in contrast to other ligaments such as the medial and lateral collateral ligaments which 226 

have different restraint functions and therefore different mechanical properties.  227 

Limitations 228 

Several limitations of this study should be noted. First, the mean age of the cadavers 229 

was 74±7 years which may not represent the typical patient undergoing knee ligament 230 

reconstruction. Since ligaments are known to exhibit age-related alterations in mechanical 231 

properties50, data from this study may not be representative of ligament properties from 232 

younger patients. Secondly, all testing was conducted at room temperature, however, the 233 

mechanical properties of ligaments are known to be temperature dependent.51,52 Since all 234 

specimens were all prepared, stored, and tested under identical conditions, any change in 235 

tissue properties resulting from the testing temperature would be carried through all 236 

specimens. Third, only the axial tensile properties of the specimens were tested although in 237 

vivo loading of these tissues is more complex. In this study, axial loading was applied parallel 238 

to specimen fibers, thereby approximating a worst-case scenario. Fourth, ligaments and 239 
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capsular tissue are viscoelastic materials yet only the quasi-static properties were measured in 240 

this study. Fifth, the ALL as a distinct ligamentous structure was examined by comparing it to 241 

the adjacent knee capsule and an existing ligament (IGHL). Hereby, other interesting 242 

anatomical structures, like the shoulder capsule, were not tested in this study. 243 

Conclusion 

The anterolateral ligament has similar tensile and histological properties as the inferior 244 

glenohumeral ligament. The tensile properties of the ALL are significantly greater than those 245 

observed in knee capsule. 246 
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Figure Captions 
Figure 1: Knee capsule specimens were dissected from the area immediately adjacent and 
anterior to the ALL, as shown by the bounding box. LFC – lateral femoral condyle, LCL – 
lateral collateral ligament, FH – fibular head, ALL – anterolateral ligament.  
 
Figure 2: The clamping system used to perform tensile testing of the tissue specimens. 
Samples were kept hydrated at all times during testing with saline. 
 
Figure 3: Representative stress-strain curve obtained from tensile testing of the anterolateral 
ligament showing the derivation of the calculated mechanical properties. 
 
Figure 4: Average stress-strain curves for the ALL, capsule, and IGHL specimens. The final 
points represents the average ultimate stress and ultimate strain and the error bars indicate the 
standard deviation. 
 
Figure 5: Results (mean ± SD) for a) elastic modulus, b) ultimate stress, c) ultimate strain, 
and d) strain energy density obtained from tensile testing. All measured properties were 
significantly (P < 0.001 a-b-d – c and P < 0.05 for cd) higher for the ALL and IGHL relative 
to the capsule. No significant differences were found between the ALL and IGHL. 
 
 
Figure 6: Representative histological cross sections of the ALL, capsule, and IGHL using 
three different staining techniques. The arrows represents the elastin fibers. 
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Table 1: Comparison of the mechanical properties from the current study with previously reported 
data. All data are presented as mean ± standard deviation. A dashed line indicates the property was 
not reported. Note, only mechanical properties, not structural properties (stiffness, load at failure), 
are reported here.  

Reference Structure N 
Modulus 

(MPa) 
Ultimate 

Stress (MPa) 
Maximum 
Strain (%) 

Strain Energy 
Density (MPa) 

Zens M.22 ALL 4 1.2±0.4* 32.8±4.0 36.0±4.5 --- 
Current study ALL 19 174±92 46.4±20.1 37.8±7.9 7.8±3.1 
Rachmat H.42 Capsule 15 9±11 1.8±1.9 35±10 --- 
Current study Capsule 15 62±30 13.4±7.7 31.9±8.4 2.1±1.3 
Bey M.53 IGHL 7 38±19 8.7±3.8 36±15 1.6±1.1 
Ticker J.46 IGHL 8 115±44 13.9±7.1 17±5 --- 
McMahon P.48 IGHL 11 104±10 8.0±1.0 10±1 --- 
Current study IGHL 13 139±60 38.7±16.3 39.5±9.4 4.3±2.3 
*this property was ‘calculated at 20% strain’ and is thus a different calculation methodology than that used in 
the current study 
 
 
 
 
 
 

 AppendixTable A: Raw values obtained from tensile testing of the ALL, capsule, and IGHL 

 Elastic Modulus 
(MPa) 

Ultimate Stress 
(MPa) 

Ultimate Strain 
(mm/mm) 

Strain Energy Density 
(MPa) 

 ALL 
Capsul

e 
IGH

L 
ALL 

Capsul
e 

IGH
L 

ALL 
Capsul

e 
IGH

L 
ALL 

Capsul
e 

IGH
L 

 389 56 77 90 12 35 0.27 0.38 0.61 11.4 2.3 9.6 
 121 56 109 30 12 38 0.32 0.28 0.48 4.2 1.7 8.7 
 129 68 180 27 14 47 0.31 0.24 0.36 4.5 1.6 8.1 
 102 109 112 24 19 24 0.39 0.24 0.29 4.5 2.2 3.1 
 130 115 168 40 31 44 0.47 0.37 0.34 7.6 5.3 7.5 
 114 54 83 32 10 18 0.41 0.35 0.27 6.3 2.0 2.1 
 60 21 71 20 6 19 0.50 0.35 0.42 4.5 1.3 3.5 
 198 54 131 73 18 29 0.44 0.40 0.31 14.1 3.3 5.1 
 211 89 147 52 27 45 0.29 0.36 0.48 6.8 4.3 8.8 
 227 55 293 62 13 79 0.34 0.28 0.32 10.9 1.7 11.3 
 421 8 150 90 2 39 0.28 0.54 0.39 11.1 0.7 7.1 
 173 43 189 40 7 55 0.31 0.27 0.44 5.5 1.0 12.2 
 150 55 101 49 11 30 0.47 0.24 0.42 11.1 1.4 5.6 
 140 98  37 9  0.34 0.22  6.1 0.7  
 159 50  55 10  0.44 0.27  12.1 1.4  
 204   46   0.28   5.7   
 122   35   0.39   5.3   
 147   43   0.43   7.3   
 103   36   0.50   9.0   

Mean 174 62 139 46 13 39 0.38 0.32 0.39 7.8 2.1 7.1 

SD 92 30 60 20 8 16 0.08 0.09 0.09 3.1 1.3 3.1 

 


