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Original Article

Central blood pressure relates more strongly to retinal
arteriolar narrowing than brachial blood pressure:

the Nagahama Study

Kyoko Kumagai?®, Yasuharu Tabara®, Kenji Yamashiro®, Masahiro Miyake?,
Yumiko Akagi-Kurashige® Maho OlShI , Munemitsu Yoshlkawa Yugo Kimura?,
Akitaka Tsu;rkawa Yoshlmltsu Takahashi€, Kazuya Setoh®, Takah|sa Kawaguchi®,

Chikashi Terao®, R{o YamadaP®, Shinji Kosugi®,

Akihiro Sekine®, Takeo Nakayama*©,

Fumihiko Matsuda®, Nagahisa Yoshlmura on behalf of the Nagahama Study group

~0bject|ves Although central blood pressure (BP) is
~considered to be more closely associated with large arterral
‘remodeling and cardrovascular outcomes than brachial: BP
~ few studies have mvestrgated these associations with.

- changes in small arteries. As. morphologrcal changes in ﬂ Ao

retinal vessels mlght be. ssocrated with cardiovascular
. outcomes we conducted a cross—sectronal study to

‘ 'j(central/brachr
f:hypertensr n/ne

. Conclusro ‘entra BP was more c!osely assocrated wrth

~ the narrowing of'CRAE than brachral BP. Slight increases in -

central BP might be |nvolved in the morphologrcal changes
in small retinal arteries, even in mdrvrduals wrth optrmal
'brachral BP ' ' : i S :

Journal of Hypertension

: 'rnvestrgate the association of central BP. with retinal vessel

Keywords central blood pressure retmal vessel cailber
;small artery narrowmg F ,

. Abbrevnatlons AIx augmentatron rndex BP blood

~ pressure; | baPWV, brachial-to-ankle pulse -wave velocrty,
CRAE, central retmal arteno[ar equrvalent _CRVE, central

 retinal venular equrva!ent MRRM Meng Rosenthal Rubm
method SBPZ late SBP. . :

INTRODUCTION

entral aortic blood pressure (BP) directly reflects the
‘ BP load on target organs and is therefore considered

to be more closely associated with the cardiovas-
cular outcomes than brachial BP. Compared with brachial
BP, central BP estimated via radial arterial waveform or
measured via carotid tonometry is more effective in show-
ing the degree of association with intima—media thickness
of the carotid artery in hypertensive individuals [1], the
severity of coronary stenosis in patients with coronary
artery diseases [2], the incidence of cardiovascular disease
in the general population (3], and all-cause mortality in
patients with end-stage renal disease [4]. One reason for
these discrepancies is the difference in pulse pressure (PP)
between the brachial artery and central aorta (PP amplifi-
cation), which is largely dependent on the velocity of the
reflection pressure wave. Increased pulse-wave velocity
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(PWV) augments overlapping of the reflection pressure
wave on the forward pressure wave, which strengthens
the forward wave and in turn increases central aortic
BP.

High BP load is also a causative factor for small-vessel
diseases such as silent cerebral infarction [S). Retinal vessels
are the only visible arterioles and venules whose caliber can
be easily measured by fundus photography. Retinal vessel
signs, that is, the narrowing of retinal arteriolar caliber and
widening of venular caliber, have been associated with
cardiovascular risk factors [6,7], systemic inflammation [8],
and decreased renal function [9]. Further, because of the
similar anatomic features and physiological properties of
retinal vessels and cerebral microvessels [10], retinal vessel
caliber has been suggested to predict stroke incidence
[11,12] and stroke death [13]. Recently, Ot et al. [14)
assessed the retinal arteriolar wall-to-lumen ratio in 135
nondiabetic individuals and reported that central PP was
significantly associated with retinal arteriolar remodeling,
though the superiority of central BP to brachial BP was not
evaluated. Muiesan et al. [15] also reported a significant
correlation between central BP and media-to-lumen ratio
of subcutaneous small resistance arteries, but again did
not.evaluate the superiority of central BP. Although it
remains unclear whether changes in retinal vessel caliber
represent structural changes in small arteries and arterio-
les, a strong correlation between arterial diameter and
medial cross-sectional area has been observed in the
subcutaneous small arteries [16]. Further, by considering
a substantial number of studies that reported a clinical
and prognostic significance of retinal vascular caliber
measurements [17], it is promising that retinal vascular
calibers represent the vascular disease risks in various
kinds of populations. Given these backgrounds, it was
speculated that central BP might also be more closely
correlated with the pathophysiological changes in retinal
vessel calibers than brachial BP, whereas a paradoxical
result was reported [18].

Here, we conducted a large-scale cross-sectional study in
a general population to clarify the possibility of a superior
association of central BP with not only large arterial dis-
eases, but also small-vessel properties by measuring retinal
arteriolar and venular calibers. Given that the prognostic
significance of retinal vessel properties on the cardiovas-
cular and cerebrovascular outcomes has been suggested,
our results might be of clinical and epidemiological signifi-
cance to the possible addition of central BP measurement to
conventional brachial measurement in the assessment of
small arterial disease risks.

METHODS

Study participants

Participants consisted of 8054 apparently healthy middle-
aged to elderly citizens who were participants of the
Nagahama Prospective Cohort for Comprehensive Human
Bioscience (the Nagahama Study). The Nagahama Study
cohort was recruited from 2008 to 2010 from the general
population living in Nagahama City, a largely suburban city
of 125000 inhabitants located in central Japan. Community
residents aged 30-74 years, living independently in the
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community and with no physical impairment or dysfunc-
tion, were recruited for the Nagahama cohort. Of a total of
9804 participants, those meeting any of the following
conditions were excluded from this study, which are as
follows: unsuccessful measurement of retinal vascular
caliber (n==1521), presence of retinal vein occlusion or
collateral vessels in either eye (n=78), unsuccessful
assessment of retinopathy (n=45) or clinical parameters
required for this study (n=57), extreme deviation of
renal function [estimated glomerular filtration rate 194 x
creatinine” """ x age™"*" x 0.739 (if women)] less than
30 ml/min per m* (12 =7), and women who were pregnant
(n=42). All study procedures were approved by the
ethics committee of Kyoto University Graduate School of
Medicine and the Nagahama Municipal Review Board.
Written informed consent was obtained from all the parti-
cipants.

Blood pressure measurements

Radial arterial waveform and brachial BP were measured
simultaneously (HEM-9000Al; Omron Healthcare, Kyoto,
Japan) after 5 min rest in the sitting position. Measurements
were taken twice, and the mean value was used in the
analysis. Absolute pressure of the late systolic peak (SBP2)
of the radial arterial waveform was considered the central
SBP. The radial augmentation index (AIx) was calculated
from the waveform as the ratio of the late systolic peak to
the first systolic peak, and the BP measurements are briefly
described in the Supplemental Methods. PP amplification
was calculated by subtracting central PP from brachial PP
and expressed in the absolute values (mmHg). Mean BP
(MBP) was calculated from SBP and DBP using the follow-
ing formula: (SBP —DBP)/3+ DBP. Hypertension was
defined as any or all of the following: use of antihyperten-
sive medication, DBP greater than 90 mmHg, or brachial
SBP greater than 140 mmHg or central SBP greater than
130 mmHg according to a previous report [19] that esti-
mated central BP using the SphygmoCor system. SBP2
measured by the HEM-9000AI was almost identical to
central SBP measured by the SphygmoCor system [20].

Retinal vessel caliber measurements

Fundus photographs of both eyes were taken in a shaded
area using a 45-degree digital nonmydriatic camera
(CR-DG10; Canon, Tokyo, Japan) at a 5-degree angle from
the nasal side of the macula. A fundus photograph of the
right eye was used for retinal caliber measurements. Retinal
vascular caliber was measured using a semi-automated
computer-based program (IVAN; University of Wisconsin,
Madison, Wisconsin, USA). The measurement of central
retinal arteriolar equivalent (CRAE) and central retinal
venular equivalent (CRVE) are briefly described in the
Supplemental Methods. Intragrader and intergrader intra-
class correlation coefficients for the retinal arteriolar
measurements were 0.8040.06 and 0.7540.06, and for
the venular caliber measurements were 0.88+0.13 and
0.86 £ 0.01, respectively.

Assessment of retinopathy

Retinopathy of both eyes was independently assessed in a
masked fashion by two ophthalmologists, with a third
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ophthalmologist making a final decision in cases of
disagreement. Retinopathy was defined by the Early Treat-
ment Diabetic Retinopathy Study Severity Scale [21] by the
presence of any of the following characteristic lesions:
microaneurysms, retinal hemorrhages, cotton wool spots,
hard exudates, intraretinal microvascular abnormalities,
venous beading, vitreous hemorrhages, or neovasculariza-
tion. Individuals having at least one characteristic lesion in
either eye were diagnosed as having retinopathy.

Basic clinical parameters

Basic clinical parameters, including plasma markers, were
measured at baseline. Age was calculated from the year of
birth to the year of baseline measurements. Smoking,
alcohol consumption, and a history of cardiovascular dis-
ease, namely symptomatic stroke or ischemic heart disease,
were determined using a structured self-administered ques-
tionnaire. Daily alcohol consumption was determined
using the standard Japanese alcohol unit (1 unit corre-
sponds to 22.9 g of ethanol). Brachial-to-ankle pulse-wave
velocity (baPWV) was measured as an index of arterial
stiffness. The method of baPWV measurement is detailed in
the Supplemental Methods. Collinearity of baPWV with a
carotid-to-femoral PWV, a standard measure of arterial
stiffness, has been reported elsewhere [22].

Statistical analysis

Comparison of overlapping correlation coefficients was
performed using the Meng—Rosenthal-Rubin method
(MRRM). Identification of the factors independently associ-
ated with retinal vessel caliber, and the assessment of
differences in CRAE by hypertension status was performed
using multiple regression analysis. Statistical analysis was
performed using JMP 9.0.2 software (SAS Institute, Cary,
North Carolina, USA) and R software. A P value of less than
0.05 was considered to indicate statistical significance.

RESULTS

Clinical characteristics of the study participants are shown
in Table 1. Mean age was 52413 years old. There were
approximately two times more female than male partici-
pants. We excluded 1750 individuals from the analysis,
mostly because of the unsuccessful measurement of retinal
vessel caliber. Although the excluded participants were
significantly older (Figure S1), BP levels of these excluded
individuals and roughly measured retinal vessel calibers in
a part of the individuals (nz =229) were not different from
those of the remaining study participants (Table S1, http://
links.Ilww.com/HJH/A416).

Distribution of CRAE and CRVE is shown in Figure S2,
http://links Iww.com/HJH/A416. There was a moderate
interrelationship between CRAE and CRVE (r=0.352,
P<0.001). CRVE was significantly larger in men than in
women (183.8+159 vs. 178.74+15.1um, P<0.001). In
contrast, CRAE was only slightly different between men
and women (125.74+12.0 vs. 126.3411.8 um, P=0.016).
Basic factors that were significantly associated with retinal
vessel caliber included age (CRAE, r=—0.210, P <0.001,
CRVE, r=—0.204, P<0.001), habitual smoking (CRAE: cur-
rent smoker 128.74+11.7 pm, nonsmoker 125.7 4+ 11.9 pm,

Journal of Hypertension
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TABLE 1. Partlcupants characterlstlcs (n 8054)

,‘{Age(yearsold) - 52:‘:13 -
~Sex (male, %) ’ o - 325

- Body height (cm) 160 4484
Body weight (kg) 57.4+£11.0

~BMI (kg/m? , 222433
Wanst cwcumference (cm) 80.0+9.2

 15.1/20.1/64.8
22.4/10.4/67.2

: g (current/past/never, %) : :
Alcohol drlnkmg (habltual/occasmnallnever %)

"‘fDaxly a!cohol _consumption (Japanese alcohol unit) 0604099
History of cardi cular d[sease (%) 23
" Brachial SBP (mmHg) L L b
Central SBP (mmHg) 113+18
~ Brachial PP (mmHg) - CoaTxn
Central PP (mmHg) 3£
- PP amplification (mmHg) - diozen
DB o 76EM
- Radial Alx (%) ‘ © 80x14
Heart rate (beats/min) ) 69 +10
: wfrAnUhypertensave‘;medn:a’txon (%) F 14 6
) mbaPWV (cm/s) ) 1245 +218
: 12614119
VE 180.4+15.5
. Retinopathy (%) 58
Axial length (mm) 24.0+1.3

Values are mean -+ standard deviation. Cardiovascular disease includes symptomatic
stroke or ischemic heart disease. Alx, augmentation index; baPWV, brachial-to-ankle
pulse-wave velocity; CRAE, central retinal arteriolar equivalent; CRVE, central retinal
venular equivalent; PP, pulse pressure.

P <0.001; CRVE: 187.34£15.8, 179.2£15.1 um, P<0.001),
and drinking (CRAE: habitual drinker 125.2411.9 pm, non-
drinker 126.64+11.9wm, P<0.001; CRVE: 182.0+158,
179.6 £ 15.3 um, P<0.001). Figure 1 shows the age-related
changes in BP, baPWV, and retinal vessel caliber. Changes in
CRAE and CRVE were symmetrical to those in MBP, and
were predominant in middle age, whereas the progression of
large arterial stiffness evaluated by baPWV was greater in
older age.

The correlations of BP with CRAE and CRVE are sum-
marized in Table 2. CRAE was strongly associated with SBP,
followed by DBP, PP, radial Alx, and PP amplification.
Results of MRRM analysis indicated that the correlation
coefficient between BPs and CRAE was significantly larger
in central BP than brachial BP even after applying the
Bonferroni correction (P=0.05/16=0.003). Approxi-
mately 6% of individuals were diagnosed with retinopathy
(Table 1). These individuals were significantly older, and
had higher brachial and central SBP (Table S2, http://links.
Iww.com/HJH/A416). However, the results of a sensitivity
analysis (Table S3, http://links Iww.com/HJH/A416) indi-
cated that the superiority of central BP in association with
CRAE was independent of retinopathy (model B), as well as
of antihypertensive treatment (model C), history of cardio-
vascular diseases (model D), and metabolic syndrome
(model E).

Table 3 shows the results of multiple linear regression
analysis for CRAE. After adjustment for possible covariates,
brachial SBP (model 1) and central SBP (model 2) were
independently associated with CRAE. Further, in the
equation that included both brachial SBP and PP amplifi-
cation, higher brachial SBP and smaller PP amplification
were independently associated with the narrowing of CRAE
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FIGURE 1 Age-related changes in retinal vessel calibers and arterial parameters. Each symbol represents the mean of individuals not taking antihypertensive drugs
(n=6877). baPWV, brachial-to-ankle pulse-wave velocity; CRAE, central retinal arteriolar equivalent, CRVE, central retinal venular equivalent.

(model 3), suggesting that a relatively high central PP is a Figure 2a shows the differences in mean CRAE by
risk for the narrowing of CRAE. Radial Alx was significantly =~ hypertension status defined by central and brachial BP.
associated with CRAE in a model that included brachial SBP  Central BP-determined hypertensive individuals had a
(model 4), but not central SBP (model 5). In contrast, central ~ significantly narrower CRAE that was independent of
SBP was not an important determinant for CRVE (central brachial BP. Further, CRAE was linearly decreased with
SBP, B=—0.031, P=0.026). increasing central BP even within the same brachial BP

Multiple linear regression analysis for retinal vessel  levels (Fig. 2b). By a simple correlation analysis, central
caliber (Table 4) indicated that CRAE was strongly associ- ~ SBP corresponded to an approximately 10 mmHg lower
ated with BP. In contrast, CRVE was affected by various brachial SBP (central SBP = —7.15 + 0.98 x brachial SBP).
factors, namely body fluid parameters including hematocrit ~ Individuals exhibiting a relatively lower central SBP, that s,
and white blood cell count, body weight, and smoking, and whose central SBP was more than 10 mmHg lower than
had only a weak association with MBP. Metabolic and  brachial SBP, had a wider CRAE than those whose central
hematological characteristics of the study participants are ~ SBP was at a similar level to brachial SBP. In contrast,
summarized in Tables S4 and S5, http://linkslww.com/  individuals exhibiting a relatively higher central SBP
HJH/A416. showed a narrower CRAE.

TABLE 2. Correlation between BP and retinal vessel caliber

Simple correlation Simple correlation

Central SBP (mmH

Central PP (mmHg)

<0.001

Radial Alx (%)

Overlapping correlation coefficients were compared with the Meng-Rosenthal-Rubin method (MRRM). Alx, augmentation index; CRAE, central retinal arteriolar equivalent; CRVE,
central retinal venular equivalent; PP, pulse pressure.
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TABLE 3. Multiple linear regression analysis for CRAE
Model 1 Model 2

- PP amplification (m
Alx (%)

Central pressure and retinal vessel caliber

Model 3 Model 4 ~ _Model 5

—-0.072 (1.86) <0.001 0.009 (2.40) 0.545

Adjusted factors were as follows: age, sex, body height, body weight, current smoking, daily alcohol consumption, history of cardiovascular diseases, antihypertensive medication, heart
rate, brachial-to-ankle pulse-wave velocity, axial length, retinopathy, and fellow retinal vessel caliber. g, standardized regression coefficient; Aix, augmentation index; CRAE, central

retinal arteriolar equivalent; PP, pulse pressure; VIF, variance inflation factor.

DISCUSSION

In this study of an apparently healthy general population,
we observed that central BP was more closely associated
with the narrowing of CRAE than brachial BP. Even in
individuals diagnosed as normotensive by brachial BP,
slight increases in central SBP might be a risk factor for
the narrowing of CRAE.

We clarified the stronger association of central SBP with
the morphological changes in small arterioles, though close
associations between central BPs and pathophysiological
changes in large arteries [1,2] and cardiovascular morbidity
[3] have already been demonstrated. In contrast, central SBP
was not a major determinant for venular caliber. Given the
strong correlation between BPs and CRAE but not CRVE,
changes in arteriolar caliber might more accurately reflect
the pressure load of the central aorta. Previous cross-
sectional population-based studies have suggested that
the associations of retinal vessel caliber with the cardio-
vascular risk factors largely differs between CRAE and
CRVE, with most observing a strong association between
brachial BP and the narrowing of CRAE rather than the
widening of CRVE [6,7,23,24]. The wide range of covariates
for CRVE (Table 4) might also be a reason for the weak
association between BPs and CRVE.

Correlation coefficient between central SBP and CRAE
was stronger than that of the brachial SBP (Table 2). As a
result of the strong collinearity between brachial and central
SBP, we could not directly compare the superiority by
including both SBPs in a same regression model. However,

TABLE 4. Multiple linear regression analysis for retinal vessel caliber
CRAE

(x10%/pl)

in the model that included brachial SBP and PP amplifica-
tion (Table 3, model 3), both the parameters were identified
as independent determinant for CRAE. As central SBP is a
function of brachial SBP and PP amplification, the results
indirectly support the superiority of central SBP in associ-
ation with CRAE. Further, radial Alx was independently
associated with CRAE in a model that included brachial SBP
(Table 3, model 4). However, when central SBP was
exchanged for brachial SBP (model 5), the association
between Alx and CRAE became insignificant. These results
suggest that the absolute value of central aortic pressure
rather than the ratio of forward and reflection pressure
waves may be important for retinal arteriolar narrowing.
A recent longitudinal study of cardiovascular mortality
[19] reported that a central BP of 130/90 mmHg has the best
discriminatory power in the prediction of cardiovascular
outcomes. In addition, a cross-sectional study based on
10756 Japanese participants reported a central SBP of
129 mmHg as a reference value of normal BP [25]. Here,
we found a significantly narrower CRAE in individuals
whose central SBP exceeded 130 mmHg independent of
the brachial BP levels. Further, the narrowing of CRAE was
observed in cases with even lower central SBP. Small
arteries may be adversely impacted by even minor increases
in central BP load, even in those within the normal limits.
Results from the Strong Heart Study of Native Americans
showed that PP measured at the central aorta or brachial
artery was more strongly associated than SBP at any artery
with large arterial remodeling, namely increased carotid
intima—media thickness, vascular mass, and plaque score

Metabolic and hematological characteristics of patients are shown in Tables S4 and S5, http:/links.lww.com/HJH/A416, respectively. Hyperglycemia was defined as either or both of
plasma glucose greater than 126 mg/di (fasting) or 200 mg/dl (nonfasting), or the use of hypoglycemic treatment, including insulin therapy. Individuals who met any of the following
criteria were diagnosed with dyslipidemia: LDL-cholesterol greater than 140 mg/dl, HDL-cholesterol lower than 40 mg/dl, triglyceride greater than 150 mg/dl, or the use of lipid-lowering
drugs. Adjustment factors were as follows: age, sex, daily alcohol consumption, history of cardiovascular disease, antihypertensive medication, heart rate, axial length, retinopathy,
fellow retinal vessel caliber, and fasting time. B, standardized regression coefficient; baPWV, brachial-to-ankle pulse-wave velocity; CRAE, central retinal arteriolar equivalent; CRVE,

central retinal venular equivalent.
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FIGURE 2 Differences in mean CRAE by central and brachial BP levels. (a) Values are mean + standard deviation. Participants were classified into four groups according to
the hypertension status as defined by central BP (any or all of central SBP >130mmHg, DBP >90 mmHg, or use of antihypertensive medications) or brachial BP (any or all
of brachial SBP >140mmHg, DBP >90 mmHg, or use of antihypertensive medications). (b) Box plot of mean CRAE in patients not prescribed antihypertensive drugs
(n=6877) by various brachial and central BP levels. Statistical significance was assessed by a multiple linear regression analysis adjusted for age, sex, body height, body
weight, current smoking, daily alcohol consumption, history of cardiovascular diseases, heart rate, brachial-to-ankle pulse-wave velocity, axial length, retinopathy, and
CRVE. The number of patients in each subgroup is shown in the figure. CRAE, central retinal arteriolar equivalent; CRVE, central retinal venular equivalent.

[3]. The superiority of PP in prognosis for all-cause mortality
was also reported from a longitudinal study based on
patients with end-stage renal disease [4]. In contrast, we
observed a close association between CRAE and SBPs
rather than PPs. Remodeling of large arteries decreases
the Windkessel function of the aorta, which increases the
SBP, decreases DBP, and consequently increases PP. In
contrast, systemic remodeling of small arteries increases
both SBP and DBP. The different pathophysiological fea-
tures of large and small arterial remodeling in association
with BPs might be a factor that explains the stronger
association of SBP with the narrowing of CRAEs.

Several limitations of our study warrant mention. First,
we estimated central SBP using radial arterial waveform
analysis, that is, late systolic peak of the radial arterial
waveform (SBP2) was considered equivalent to central
SBP. SBP2 was recently reported to not always represent
central SBP accurately, particularly in cases with a type C
aortic pressure waveform, in which peak SBP precedes an
inflection point [26]. The type C waveform is observed in
young individuals [27]. Therefore, misestimation of central
SBP, if any, might have had no substantial impact on the
present findings which were obtained from individuals aged
30 years or older. Second, we excluded a considerable
number of potential individuals from analysis, mostly
because of the unsuccessful measurement of retinal vessel
caliberas aresult of anincreased frequency of cataracts, small
pupils, and difficulties with ocular fixation. However, our
ungradable rate 15.5% (1521 of 9804) was not too high
compared with that of other large-scale epidemiological
studies using the same semi-automated computer system
to measure retinal vascular calibers: Atherosclerosis Risk In
Communities study, 19% [28]; Beaver Dam Eye Study, 13.8%
[29]; and Rotterdam study, 16.3%[30). Further, as BP level and
retinal vessel caliber of the excluded individuals did not differ
from those of the included participants, the findings are
unlikely confounded by the selection bias. Third, as this
study was a cross-sectional setting, further longitudinal stud-
ies are needed to clarify the prognostic significance of central
hemodynamics in retinal vessel morphological change.
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In summary, we have clarified for the first time that
central BP is strongly associated with the narrowing of
retinal arteriolar caliber in a large-scale general population.
As narrowing of the retinal artery is suggested to represent a
subclinical cardiovascular and cerebrovascular risk and has
been associated with poor prognosis, our study supports
the importance of evaluating central BP in the assessment of
small arterial disease risks.
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ABSTRACT: The purpose of this study was to analyze histologic, biochemical, and biomechanical differences between zonal, regional,
and anatomic locations of porcine menisci. We evaluated six menisci removed from pigs. Medial and lateral menisci were divided into
three regions: anterior, middle, and posterior. In each portion, the central zone (CZ) and peripheral zone (PZ) were examined
histologically (hematoxylin & eosin, safranin O/Fast green, and picrosiriusred staining), using scanning electron microscopy,
biochemically (hydroxyproline assay for collagen content and dimethylmethylene blue assay for glycosaminoglycan [GAG] content), and
biomechanically (compression testing). Collagen content in the CZ was lower than that in the PZ. GAG content in the CZ was higher
than that in the PZ. GAG content in the PZ of the posterior portion was significantly higher than that in the anterior and middle
portions. Compression strength in the CZ was higher than that in the PZ. The differences in cellular phenotype, vascular penetration,
and ECM not only between CZ and PZ but also among the anterior, middle, and posterior portions were clarified in the immature
porcine meniscus. This result helps further our understanding of the biological characteristic of the meniscus, © 2014 Orthopaedic

Research Society. Published by Wiley Periodicals, Inc. J Orthop Res 32:1602-1611, 2014.

Keywords: meniscus; porcine; extracellular matrix; structure

The meniscus plays an important role in bearing
biomechanical stress on the knee joint. It has many
functions, including load bearing and transmission,
and joint stability, lubrication, and congruity.»* Menis-
cus tissue contains water (72%), collagens (22%), and
glycosaminoglycans (GAGs) (0.8%).> The meniscus con-
sists of fibrochondrocytes embedded in an extracellular
matrix (ECM) composed of a hydrophilic proteoglycan
gel enmeshed in a dense network of type I collagen
fibrils. The peripheral vascular portion of the meniscus
contains mainly type I collagen, whereas type II
collagen occurs in the central avascular portion. Aggre-
can is a major proteoglycan in the meniscus. Aggrecan
content is higher in the central zone (CZ) than in the
peripheral zone (PZ).* The composition of the ECM of
the meniscus dictates its mechanical properties. Joint
loading creates tension within the circumferential
fibers of the meniscus and insertional ligament.® The
proteoglycan constituents of the ECM enable the carti-
lage to resist compressive loads.® The vascularity of the
meniscus has considerable clinical significance.* These
characteristics suggest that knowledge of differences
between the CZ and PZ is important.

The meniscus is a C-shaped structure. Not only are
zonal (CZ and PZ) structural differences important,
but so are differences in anatomic (medial and lateral)
and regional (anterior, middle, posterior) location. It
was reported that cellular phenotypes, vascular pene-
tration, and ECM differ between CZ and PZ in human
and animal models.>” However, the differences among
anterior, middle, and posterior portion remain un-
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known. Proteoglycans predominantly influence the
compression loading capacity against compression. A
portion of the axial load is transformed into hoop
stresses at the meniscal periphery,* whereas the radial
tie fibers influence the tensile properties of meniscus.®
However, how the biomechanical property is influ-
enced by the regional differences in GAG and collagen
remains unclear.

Since the adult porcine meniscus is an often-used
animal model for meniscus repair, its biological char-
acteristics have been reported elsewhere’; however,
those of the immature porcine meniscus, especially
among different locations, is unknown. In the current
study, using immature porcine menisci, we investigat-
ed the composition of the ECM of the meniscus based
on histologic, biochemical, and biomechanical analyses
of zonal, regional, and anatomic locations for further
understanding of its biological properties.

METHODS
Left and right knees from 20 pigs (age, 6 months) were
obtained from a slaughterhouse.

The medial and lateral menisci were removed. First, each
meniscus was divided into three regions: anterior, middle,
and posterior (Fig. 1). In each portion, the CZ and PZ were
compared by histologic, immunohistochemical, biochemical,
and biomechanical approaches (Fig. 1). For histologic and
immunohistochemical analysis, each piece was cut on the
coronal plane (Fig. 1). For scanning electron microscopic
(SEM) and biochemical analyses, each piece was first cut on
the coronal plane and then divided into two zones (CZ and
PZ) (Fig. 1a). A 1-mm-thick sample was cut from the bottom
to the top after each piece was cut on the coronal plane
(Fig. 1b). The tip of the CZ was trimmed to a 5-mm pillar,
while the adherent portion to the joint capsule was trimmed
to a 5-mm pillar as the PZ.

Histologic Analysis

First, the specimens were washed with phosphate-buffered
saline (PBS) and were fixed in 4% paraformaldehyde (PFA)
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Figure 1. Anatomic, regional, and zonal locations within the right knee joint of a test specimen. The medial meniscus (MM) and
lateral meniscus (LM) were divided into three portions: anterior (A), middle (M), and posterior (P). In each portion, the central and
peripheral zones were examined. (a) For histologic analysis and immunohistochemical staining, each piece was cut on the coronal
plane. For scanning electron microscopic and biochemical analyses, each piece was first cut on the coronal plane and then divided into
central and peripheral zones. (b) For the biomechanical analysis, each sample was cut 1 mm thick from bottom to top after each piece

was cut on the coronal plane.

at 4°C overnight. Then, the specimens were embedded in
paraffin and were cut into 6-pm-thick coronal sections. For
all samples, hematoxylin & eosin (H&E), safranin O/fast
green, and picrosiriusred staining were performed using
standard procedures.

In this study, the diameters of the radial tie fibers® were
measured using Imaged software (US National Institutes of
Health, Bethesda, MD). The diameters >100 pm were consid-
ered large. To quantify the area ratio of the larger radial tie
fibers in the PZ, the areas of the large radial tie fibers and a
sample of meniscus were measured using Imaged (US
National Institutes of Health) software and the area ratio
was calculated.

Immunohistochemical Analysis

Sections were washed with PBS (pH 7.4) and the endogenous
peroxidase activity was blocked by 3% hydrogen peroxide for
30 min at room temperature. As primary antibodies, mono-
clonal mouse anti-pig CD34 antibody (ab81289; Abcam, Cam-
bridge, MA) diluted 1:300 was reacted with the sections
overnight at 4°C. Subsequently, the sections were reacted
using a Vector Laboratories ABC kit (Vector Laboratories,
Burlingame, CA). Staining was visualized using an
ImmPACT DAB kit (Vector Laboratories) with a develop-
ment time of 45s. The DAB reaction was stopped by washing
with tap water, and counterstaining was subsequently
performed with hematoxylin. Sections that were not reacted
with the primary antibodies were stained as negatlve
controls. All the control samples tested negative.

To quantify the extent of vascular penetration, the length
between the PZ edge of the meniscus and the farthest blood
vessel was measured using ImagedJ software and then
normalized to the total length (from CZ and PZ edge) of the
meniscus.”

SEM
Each specimen was fixed in a solution containing 2%
glutaraldehyde and 4% PFA at 4°C overnight. After washing

in 0.1M phosphate buffer, a second fixation step was
performed with 1% osmic acid. The specimens were dehy-
drated with ethanol, transferred into tert-butyl alcohol, and
freeze-dried at —20°C. The dried specimens were mounted on
stages, coated with platinum/palladium, and observed using
a HITACHI S-4700 electron microscope (Hitachi High Tech-
nologies, Tokyo, Japan).'°

Biochemical Analysis
Hydroxyproline Assay

The CZ and PZ of the samples were digested by 1ml of 6N
HCI at 105°C for 6 h. Chloramine-T was added to the samples
for 25 min at room temperature. Ehrlich’s reagent was added
to each sample, and the solution was reacted by incubating
at 65°C for 20 min with shaking. We read the absorbance of
each sample at As3p nm using a microplate reader (Multis-
kan; Thermo, Kyoto, Japan).!’ Finally, 13.5% was used as
the conversion factor for calculating collagen content.?

Dimethylmethylene Blue (DMMB) Assay
Proteoglycan content was estimated by quantifying the
amount of sulfated GAGs with a DMMB assay. The CZ and
PZ of the samples were digested by 1ml of papain solution
containing 20mM sodium phosphate buffer (pH, 6.8), 1m
Methylenediaminetetraacetic acid, 2m Mdithiothreitol, and
300 g papain at 65° for 6 h. Then, we analyzed GAG content
at Aszg nm using a microplate reader (Multiskan).'®

The contents were standardized by dividing by the
samples’ wet weight comparison.

Biomechanical Analysis

For biomechanical analysis, each meniscus portion was cut
to be 1-mm thick from the surface of the tibia face (Fig. 1b),
as measured by a stereoscopic microscope (Multi viewer
system; Keyence, Osaka, Japan). Then unconfined compres-
sion was applied from the cutting face of the sample using a
mechanical testing instrument (Autograph AG-X; Shimadzu,
Kyoto, Japan). Each sample was compressed uniaxially in a
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testing chamber filled with PBS at room temperature. A Statistical Analysis

preload of 0.01N was applied and allowed to equilibrate for Student’s ¢-test was used for the biochemical comparison
3min. Then, peak stress was measured when loading was between zonal (CZ and PZ) locations and between anatomic
applied at a strain rate of 0.001 mm/s up to 50% strain'* and locations (lateral and medial menisci), whereas the Tukey
maintained for 30 min. post-hoc test (after one-way analysis of variance) was used to

Figure 2. Histologic findings of hematoxylin & eosin staining. (A) Cross sections of the anterior (a), middle (d), and posterior (g)
portions of the lateral meniscus. Low power views of the central zone (anterior [bl], middle [e], posterior [h]) and peripheral zone
(anterior [c], middle [f], posterior [i]). (B) Cross sections of the anterior (a), middle (d), and posterior (g) portions of the medial meniscus.
Low power views of the central zone (anterior [b], middle [e], posterior [h]) and peripheral zone (anterior [c], middle [f], posterior [i]).
Magnification 40x. Bar =500 pm. The arrow indicates radial tie fiber.
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determine the area ratio of the large radial tie fibers,
vascular penetration, and biochemical comparison between
regional locations (anterior, middle, and posterior portions).
All statistical analyses were performed using SPSS Ver.
20.0.0software (IBM Corporation, Armonk, NY). A p value of

1605

RESULTS

Histologic Analysis

H&E staining revealed that the PZ was stained more
intensely than the CZ by eosin (Fig. 2A [a, d, gl, B [a,
d, g]). The radial tie fibers were long in the posterior

<0.05 was considered significant. portion of the meniscus (Fig. 2A [g], B [g] arrow).

Aa

Figure 3. Histologic findings of picrosirius red staining. (A) Cross sections of the anterior (a), middle (d), and posterior (g) portions of
the lateral meniscus. Low power views of the central zone (anterior [b], middle [e], posterior [h]) and peripheral zone (anterior [c],
middle [f], posterior [i]). (B) Cross sections of the anterior (a), middle (d), and posterior (g) portions of the medial meniscus. Low power
views of the central zone (anterior [b], middle [e], posterior [h]) and peripheral zone (anterior [c], middle [f], posterior [i]). Magnification
40x. Bar =500 pm. The arrow indicates large radial tie fiber.
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10

area ratio of big radial tie fiber (%)

arteriol portion middie portion posterior portion

Figure 4. The area ratio of large radial tie fiber. The open box
shows the area ratio of large tie fiber of medial of meniscus. The
closed box shows the area ratio of large tie fiber of lateral
meniscus. ‘p < 0.05. Error bar, 42 SD.

Angioid tissues were found in the PZ (Fig. 2A [c, f, il,
B [c, f, i), as was reported by Arnoczky and Warren.'®

Picrosirius red staining demonstrated that collagen
fibers were present in the meniscus (Fig. 3). On the
surfaces facing the femur and tibia, the collagen fibers
were assigned parallel to the surface (Fig. 3A [b-il, B
[b~i]). Cross-sections of circumferential fiber bundles
and radial tie fibers crossed in the transverse direction
were observed. The large radial tie fibers were
observed in the PZ (Fig. 3B [c] arrow). The result of
area ratio of large radial tie fibers, area ratio in
anterior portion was smaller in the posterior portion of
lateral meniscus (Fig. 4).

Safranin O staining demonstrated that the CZ was
richer in GAGs than in the PZ (Fig. 5). In the CZ, the
surfaces facing the femur and tibia did not contain

Figure 5. Histologic findings of safranin Offast green staining. (A) Cross sections of the anterior (a), middle (d), and posterior (g)
portions of the lateral meniscus. Low power views of the central zone (anterior [b], middle [e], posterior [h]) and peripheral zone
(anterior [¢], middle [f], posterior [e]). (B) Cross sections of the anterior (a), middle (d), and posterior (g) portions of the medial
meniscus. Higher power views of the central zone (anterior [b], middle [e], posterior [h]) and peripheral zone (anterior [c], middle [f],

posterior [i]). Magnification 40x. Bar =500 pm.
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1607

Figure 6. CD34 immunohistochemical staining of medial meniscus high power view of the positive control for the peripheral zone
([PZ] of the anterior [a], middle [c], and posterior [e] portions) and central zone ([CZ] of the anterior (b], middle [d], and posterior [f]
portions) of the medial meniscus. Higher power view of the negative control for the PZ (PZ of the anterior portion [g]) and CZ (CZ of the
anterior portion [h]) of the anterior portion of the medial meniscus. Arrow, negative control for blood vessels. Magnification 200x. Bar,

00 pm.

GAGs, but the internal portion was rich in them
(Fig. 5A [b, e, h], B [b, e, h]).

Histochemical findings showed a clear difference in
Safranin O staining between the CZ and PZ and also
between the surface and internal portions. The differ-
ence in Safranin O staining was not so clear between
the lateral and medial menisci or between the anteri-
or, middle, and posterior portions. On picrosirius red
staining, the differences among zonal locations and
among regional locations were unclear.

Immunohistochemical Analysis

Immunohistochemistry revealed the blood vessel dis-
tribution. The vascular penetration was primarily
noted in the PZ but invaded the PZ of the synovial
tissue. After hematoxylin counterstaining, round fibro-
chondrocytes and spindly fibroblast-like cells were
visible in the CZ and PZ, respectively (Fig. 6). The
percentage of vascular penetration was 10-30%, and
that of the posterior portion of the medial meniscus
was the greatest (p <0.05). In the lateral meniscus,
the vascular penetration in the middle portion was
higher than that in the others (p <0.05). In addition,
the differences between the medial and lateral menisci
in the anterior, middle, and posterior portions were
significant (p < 0.05; Fig. 7).

SEM

It was observed that the orientation of the collagen
fibers was different between the surface and internal
portions (Fig. 3). The collagen fibers facing the femur
and tibia formed layers parallel to the surface (Figs. 8
and 9 [a, b, ¢, g, h, i]); the density of collagen fibers
facing the femoral side (Figs. 8 and 9 [a, b, c¢]) were
lower than that of those facing the tibial side (Figs. 8

and 9 [g, h, i]). There was no significant difference
between the surface of the CZ (Fig. 8 [a, b, ¢, g, h, i])
and that of the PZ (Fig. 9 [a, b, ¢, g, h, i]). The density
of collagen fibers in the internal portion of the CZ
(Fig. 8 [d, e, fl) was similar to that in the surface
portion. However, the density of collagen fibers in the
internal portion of the PZ (Fig. 9 [d, e, fl) was quite
different from that in the surface portion. The differ-
ences among the anterior, middle and posterior por-
tions were unclear.

Biochemical Analysis
The hydroxyproline assay demonstrated that collagen
content in the PZ was higher than that in the CZ

vascular penetration (%)

anterior portion ‘middie portion posterior portion

Figure 7. Vascular penetration of meniscus. The open box
shows the vascular penetration of medial portion, whereas the
closed box shows the vascular penetration of lateral meniscus.

*p <0.05, **p < 0.01. Error bar=+2 SD.
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Figure 8. Scanning electron microscopic image of the central zone (CZ) of lateral meniscus. the CZ in the anterior (surface of femoral
side [a], inner layer [d], surface of tibial side [g]), middle (surface of femoral side [b], inner layer [e], surface of tibial side h]) and
posterior (surface of femoral side [c], inner layer [f], surface of tibial side [i]) portions. Magnification 1,500x. Bar = 20 pm.

Figure 9. Scanning electron microscopy image of the peripheral zone (PZ) of the lateral meniscus. The PZ in the anterior (surface of
the femoral side [a], inner layer [d], surface of the tibial side [g]), middle (surface of the femoral side [b], inner layer [e], surface of the
tibial side [h]), and posterior (surface of the femoral side [c], inner layer [f], surface of the tibial side [i]) portions. Magnification 1,500x.
Bar, 20 um. :
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Figure 10. Collagen content of the lateral (A) and medial (B)
menisci. The open box is collagen content of the central zone,
while the closed box is collagen content of the peripheral zone in
each region. *p < 0.05, **p < 0.01. Error bar, +2 SD.

(Fig. 10). The large radial tie fibers found in picrosir-
ius red stain (Fig. 3 [c]) may reflect this difference. In
the CZ of the lateral meniscus, the collagen content of
the middle portion was significantly higher than that
in the posterior portion (Fig. 10A and B).

The DMMB assay showed that GAG content in the
CZ was higher than that in the PZ (Fig. 7A and B).
GAG content in the PZ of the posterior portion was
significantly higher than that in the anterior (p <0.01
in the lateral meniscus, p < 0.05 in the medical menis-
cus) and middle (p <0.01 in both menisci) portions
(Fig. 11A and B). In addition, GAG content in the PZ
of the posterior portion of the lateral meniscus was
significantly higher than that of the medial meniscus
(p <0.05).

Biomechanical Analysis

Results of compression testing showed that the CZ had
significantly higher peak stress strength than the PZ
(p <0.05, Fig. 12A and B). In the medial meniscus, the
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Figure 11. Glycosaminoglycan (GAG) content of the lateral (A)
and medial (B) menisci. The open box is GAG content of the
central zone, while the closed box is GAG content of the
perié)geral zone in each region. *p <0.05, **p <0.01. Error bar,
+2 SD.

anterior portion was significantly higher than the
posterior portion (p < 0.05, Fig. 12B).

DISCUSSION
The main cellular phenotype of the inner and middle
part of human meniscus has been termed the round
fibrochondrocytes, however the outer portion of the
meniscus is primarily populated by spindly fibroblast-
like cells.? In meniscus cellular phenotype, we found
the similar finding in immature porcine. With regards
to vascular penetration of this study, CD34 expression
was observed in 10-30% of the PZ of the menisci. This
result is consistent with the vascular penetration in
human reported by Arnoczky and Warren.'®
Fibrocartilaginous tissues such as the knee menis-
cus that are subjected to both tension and compression
contain relatively large amounts of collagen and
proteoglycans.'® It is important to understand zonal
differences between each region. The current and
previous studies have shown that collagen content in
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