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Abstract

Introduction—Several histologic features have been identified in the upper-extremity arteries
and veins of patients with advanced chronic kidney disease (CKD), which may affect
arteriovenous fistula maturation. However, it is unclear whether these CKD vascular features are
abnormal.

Methods—\We obtained upper-extremity arterial and venous specimens from 125 advanced CKD
patients undergoing AVF creation, and from 15 control subjects. We quantified medial fibrosis,
micro-calcification, and intimal hyperplasia with appropriate histology stains. We characterized
medial collagen fiber configuration in second-harmonic-generation microscopy images for the
fiber anisotropy index and the dominant fiber direction.

Results—The advanced CKD patients were significantly younger than control subjects (53+14
vs 76x11 yr, p<0.001). After controlling for age, the CKD patients had greater arterial medial
fibrosis (69+14 vs 51+10%, p<0.001) and greater arterial micro-calcification (3.03+5.17 vs
0.01+0.03%, p=0.02), but less arterial intimal thickness (30+25 vs 63+25 pm, p<0.001), as

Correspondence to: Yan-Ting Shiu, Ph.D., Division of Nephrology & Hypertension, University of Utah, 295 Chipeta Way, Suite 4000,

Salt Lake City, UT 84108, USA, Tel: +1 (801) 582-1565 ext 1704, Fax: +1 (801) 581-4343, y.shiu@hsc.utah.edu.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Allon et al. Page 2

compared to control subjects. The anisotropy index of medial collagen fibers was lower in both
arteries (0.24+0.10 vs 0.44+0.04, p<0.001) and veins (0.28+0.09 vs 0.53+0.10, p<0.001) in CKD
patients, indicating that orientation of the fibers was more disordered. The dominant direction of
medial collagen fibers in CKD patients was greater in the arteries (49.3+23.6° vs 4.0£2.0°,
p<0.001) and the veins (30.0+£19.6° vs 3.9+2.1°, p<0.001), indicating that the fibers in general
were aligned more perpendicular to the lumen.

Conclusions—Advanced CKD is associated with several abnormalities in vascular histology
and collagen fiber configuration. Future research is needed to investigate whether these
abnormalities affect the maturation outcomes of arteriovenous fistulas.

Keywords

Chronic kidney disease; collagen; hemodialysis arteriovenous fistula; intimal hyperplasia; vascular
calcification; vascular fibrosis

Introduction

Patients with advanced chronic kidney disease (CKD) have a high prevalence of
atherosclerosis and medial calcification affecting the coronary and femoral arteries, leading
to ischemic heart disease, congestive heart failure, and ischemia of the lower extremities (1-
3). Less is known about the vascular histology and ultra-structures, especially those in the
upper extremities, in patients with advanced CKD. Several studies have examined specimens
of upper-extremity arteries or veins used to create an arteriovenous fistula (AVF) from
patients with advanced CKD, and described heterogeneous histologic features, including
arterial and venous intimal hyperplasia, medial fibrosis, and micro-calcification (4-11), with
the notion that these features may play a role in determining whether the AVF will mature
for adequate hemodialysis. It is not clear, however, which of these histologic features are
indeed abnormal, compared to individuals with normal kidney function.

A single study compared the cephalic vein histology in 20 patients with advanced kidney
failure (mean age, 44+16 yr) undergoing AVF creation to three normal controls (ages 20-27)
undergoing surgery to repair vascular trauma to the upper-extremity arteries (12). As
compared to normal controls, the cephalic veins from patients with CKD exhibited more
intimal hyperplasia, muscular atrophy, and inflammatory cell infiltration. That study was
limited by the small sample size, the lack of quantification of histologic abnormalities, the
absence of information on arterial histology, and the age difference between the two groups.
Better understanding of the vascular histology in patients with advanced CKD may provide
novel insights into its role in AVF maturation. To achieve this goal, we compared
quantitatively upper-extremity arterial and venous histology in a cohort of patients with
advanced CKD to that observed in upper-extremity vessels procured from embalmed
cadavers (anatomic donations) of patients with co-morbidities that did not include end stage
renal disease (ESRD).
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Methods

Patient population and procedure for obtaining vascular specimens

One hundred and twenty-five advanced CKD patients who were receiving hemodialysis or
anticipated to initiate hemodialysis in the near future, and who were scheduled to undergo
AVF creation, were enrolled in a prospective study previously reported by us (7). The
patients provided informed written consent during their preoperative visit, under a protocol
approved by the University of Alabama at Birmingham Institutional Review Board and
adherent to the Declaration of Helsinki. At the time of AVF creation, the surgeon obtained a
circumferential specimen from the vein and an elliptical section of the artery used to create
the AVF. The specimens were immediately fixed in formaldehyde for subsequent processing.
Vascular samples from CKD patients were obtained from a newly created AVF that was
created in the side that did not have any previous access. 44 patients (35%) received a
forearm AVF and their samples were from radial arteries and cephalic veins. 81 patients
(65%) received an upper-arm AVF, and their samples were from brachial arteries and
cephalic or basilic veins.

The control group consisted of deceased individuals whose bodies were donated for
educational purposes. The cadavers were embalmed with phenol and formaldehyde and used
for medical-school anatomy classes. At the end of the school semester, a pathologist (SHL)
harvested upper-extremity arterial and venous samples from each cadaver, at the level of the
elbow. We obtained brachial arteries from all cadavers; vein samples were mostly brachial
but a few were cephalic. For this control group, the only clinical characteristics available
were age, gender, and primary cause of death (Table 1).

Histologic staining of vascular specimens

Tissue samples fixed in formaldehyde were processed and cut into 5-um thick sections. The
arterial and venous tissue slides were stained with three different histological stains:
Masson’s trichrome for identification of medial fibrosis and better delineation of the internal
elastic lamina, von Kossa for identification of calcification, and hematoxylin and eosin for
quantification of intimal hyperplasia. Masson’s trichrome stains smooth muscle red and
collagen blue. Von Kossa stains calcium black. Using a Bioguant software program, medial
fibrosis was quantified and expressed as the percent of the total medial area that stained blue
(7). Similarly, calcification was quantified as the percent of total medial area that appeared
black on von Kossa stain.# © Intimal hyperplasia was defined as the greatest thickness
between the internal elastic lamina and the lumen along the circumference (4, 13). To
facilitate intimal hyperplasia and medial fibrosis quantification, elastic van Gieson stain was
used to highlight elastic fibers, which appear black. This stain permitted us to better
delineate the internal elastic lamina and reveal elastin in the medial layer. The pathologist
was blinded to the clinical characteristics of the patients.

Collagen fiber configuration

Second-harmonic-generation (SHG) microscopy was used to image the individual collagen
fibers in the media, as previously described by us (7). In brief, SHG signals of collagen fiber
bundles in unstained paraffin-embedded tissue sections (5-pm thickness) were acquired at

J Vasc Access. Author manuscript; available in PMC 2020 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Allon et al.

Page 4

850-nm excitation under a multi-photon microscope (Bruker Optics Inc., Billerica, MA). At
least three fields per sample were acquired (by YTS) and then analyzed for fiber patterns and
orientation by three independent observers (YTS, JCST, and CAS), who were blinded to the
subjects’ clinical information. Qualitative fiber patterns were categorized as described by us
previously (i.e., parallel to the lumen, perpendicular to the lumen, micro-perpendicular with
macro-parallel, railroad track, honeycomb, random, and a mixed pattern) (7). Algorithms in
the Fiber Analyzer and OrientationJ software were used to quantify the anisotropy index and
orientation angles, respectively, of the collagen fibers in the media (14, 15). The anisotropy
index is a measure of the randomness of the fiber network, ranging from “0” for totally
random (i.e., no preferential directionality) to “1” for totally aligned in one direction. Each
fiber’s orientation angle is calculated as the angle between the fiber’s main axis and the
perimeter of the adjacent lumen, ranging from 0° (parallel to lumen or circumferential
direction) to 90° (perpendicular to the lumen or radial direction).

Statistical analysis

Results

Two sample t-tests were used to compare the vascular histology characteristics (medial
fibrosis, calcification, intimal thickness, medial anisotropy index, and medial dominant
directionality), assuming unequal variance between the advanced CKD patients and the
control subjects. In addition, linear regressions adjusting for patient age were performed for
each comparison. Chi-square test was used to compare gender frequencies between the two
groups. Linear regressions were used to examine the association of age with medial fibrosis,
calcification, and intimal thickness in advanced CKD patients. All data analyses were
performed using Stata 13 Statistical Software (College Station, TX). Two-sided tests were
performed, with a p-value < 0.05 considered statistically significant.

Clinical features of the study population

There were 125 patients in the CKD group and 15 subjects in the control group. The
proportion of males was similar in both groups (54% and 60%, respectively) (Table 2). The
CKD patients were substantially younger than the control subjects (mean age 53 vs 76 yr).
Co-morbidities in the patients with CKD included diabetes (51%), hypertension (90%),
congestive heart failure (17%), coronary artery disease (13%), peripheral artery disease
(10%), and cerebrovascular disease (10%).” Information on co-morbidity other than the
primary cause of death was not available for the control group, but none of them were
dialysis patients.

Correlation of age with vascular features in the CKD and control croups

We investigated the correlation of age with histological features (Table 3) and with collagen
fiber configuration. Arterial medial fibrosis was directly associated with age in the patients
with advanced CKD; specifically, for each one-year increase in age, the absolute medial
fibrosis increased by 0.25% (95% CI 0.09 to 0.42, p=0.003). However, venous medial
fibrosis was not associated with patient age (p=0.24). Age was not associated with arterial
medial fibrosis (p=0.64) or venous medial fibrosis (p=0.06) in control subjects. Arterial
calcification was not associated with age in CKD patients (p=0.45) or in control subjects
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(p=0.38). Arterial intimal hyperplasia was not associated with age in CKD patients (p=0.75)
but was associated with age in control subjects; specifically, for each one-year increase in
control subject age, the absolute intimal thickness increased by 1.42 um (95% CI 0.40 to
2.44 ym, p=0.01). Venous intimal hyperplasia was not associated with age in CKD patients
(p=0.88) or in control subjects (p=0.91). Finally, there was no significant correlation of age
with the medial anisotropy index or the medial dominant directionality in the arteries or the
veins of the CKD patients or control subjects (data not shown).

Arterial and venous medial fibrosis in the CKD and control groups

While there was a broad range of medial fibrosis in the arterial samples from the CKD
patients (32% — 96%) and control subjects (30% — 64%), elastin was minimal in the medial
layers of all samples (Figure 1). The mean arterial medial fibrosis was significantly higher in
the patients with advanced CKD than in the control group (69% vs 51%), and this difference
remained significant even after controlling for subject age (Table 2). Similar to the arteries,
the veins also had a broad range of medial fibrosis in the CKD patients (33% — 94%) and
control subjects (41% — 72%), with minimal elastin in the medial layers. However, the mean
venous medial fibrosis was similar in the CKD patients and the control group (63% vs 59%),
before and after controlling for subject age (Table 2).

Arterial and venous calcification in the CKD and control croups

There was a broad range of micro-calcification in the arterial samples from the CKD patients
(0.01% — 34%). Although a few control subjects had notable arterial micro-calcification,
most had no or minimal arterial micro-calcification (Figure 2). The mean arterial micro-
calcification was significantly higher in patients with CKD than in the control group, even
after controlling for patient age (Table 2). There was negligible calcification in the veins
from patients with advanced CKD and the control group.

Arterial and venous intimal hyperplasia in the CKD and control croups

There was a broad range of intimal hyperplasia in the arterial samples (1 — 184 um in the
CKD patients and 22 — 109 um in the controls) (Figure 3) and venous samples (1 — 279 um
in the CKD patients and 6 — 27 pum in the controls). The mean arterial intimal thickness in
the CKD group was approximately half the value of that in the control group, and this
difference remained highly significant even after controlling for patient age (Table 2). In
contrast, the age-adjusted venous intimal thickness was not different between the CKD
patients and the controls.

Arterial and venous medial collagen configuration in the CKD and control croups

The most common medial collagen fiber pattern for both the arterial and venous samples
from the control group was the parallel pattern, i.e., fibers largely aligned parallel to the
lumen’s circumference (Figure 4). In contrast, advanced CKD patients exhibited a variety of
medial collagen patterns, with the honeycomb, perpendicular to lumen, and random patterns
being most common in the arteries; and railroad track, parallel to lumen, and mixed patterns
most common in the veins (Figure 4). Both the arterial and venous medial anisotropy indices
were significantly lower in the patients with CKD than in the control group, consistent with
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a more random configuration of the collagen fibers in the media. The dominant medial angle
was close to zero in the controls (i.e., parallel to the lumen), and substantially higher (more
perpendicular) in the patients with CKD (Table 2). All the comparisons between the CKD
patients and controls of anisotropy index and dominant medial angle remained highly
significant, after controlling for patient age.

Discussion

The current study documented several striking differences in the histology of upper-
extremity blood vessels in patients with CKD, as compared to the controls. Specifically,
after controlling for age, patients with CKD had greater arterial medial fibrosis and arterial
micro-calcification, but less arterial intimal hyperplasia. In addition, analysis of medial
collagen fiber configuration using SHG observed a more random configuration in both
arteries and veins, and a fiber orientation more perpendicular to the vascular lumen, in CKD
patients compared to the control group.

Avrterial medial fibrosis increases with age, presumably reflecting exposure of the arterial
wall to higher blood pressures, inflammation and extracellular matrix remodeling (16, 17).
Notably, the arterial medial fibrosis was greater in patients with advanced CKD than in
control subjects, even though their mean age was over 20 years lower. This finding suggests
that CKD accelerates the development of arterial medial fibrosis by a yet to be defined
mechanism.

Patients with CKD are known to have accelerated medial calcification of the coronary and
femoral arteries (18, 19). We previously reported that arterial medial micro-calcification was
also common in the upper extremities of advanced CKD patients, but was not associated
with AVF maturation failure (4, 6). In the current study, we found that most control subjects
had no or minimal arterial micro-calcification. Of note, even though aging is reported to be
associated with arterial calcification in non-CKD subjects (20) and our CKD patient group
was younger than the control group, arterial micro-calcification was higher in the CKD
patient group. This finding suggests that CKD per se is associated with arterial micro-
calcification.

In native arteries and veins, neointimal hyperplasia occurs frequently following vascular
injury such as venipuncture, angioplasty (21) or after arteriovenous vascular access creation
(22, 23). Animal studies have shown that CKD accelerates the formation of neointimal
hyperplasia after AVF creation, in part by changing vascular smooth muscle cells from the
contractile to the proliferative and mobile phenotype (24-27). In contrast, the mechanisms of
de novo venous or arterial hyperplasia in patients with CKD are poorly understood.
Preexisting venous intimal hyperplasia occupying at least 20% of the lumen was observed in
57% of CKD patients enrolled in the Hemodialysis Fistula Maturation (HFM) Study (11).
However, veins from normal controls were not available for comparison in the HFM Study.
Wali et al. described a qualitative increase in venous intimal hyperplasia in the cephalic
veins of 20 patients with CKD, as compared to veins obtained from three normal controls
(12). We have confirmed this finding in a larger cohort of patients (125 with advanced CKD
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and 15 controls) in whom the venous intimal thickness was quantified, but the difference
was no longer significant after controlling for patient age.

Although it is tempting to speculate that preexisting venous intimal hyperplasia accelerates
neointimal hyperplasia after AVF creation (manifesting as AVF stenosis in the postoperative
ultrasound), a recent analysis of the HFM Study found limited evidence for such an
association (28). In contrast to venous intimal thickness, arterial intimal thickness was
significantly lower in patients with CKD than in the control group in the current study. This
observation may be explained in part by the significantly younger age of the CKD patients
than the control subjects and other factors that remain to be explored. Indeed, it has been
previously reported that arterial intimal hyperplasia increases with age in patients without
CKD (29, 30), and we also confirmed such a correlation in our cohort of control subjects.

Medial collagen fibers are organized into lamellar units and oriented circumferentially
(parallel to the lumen) in healthy arteries and veins (31). We have confirmed this
architectural pattern in a cohort of control subjects, despite their advanced age (mean 76 yrs)
and that our samples were obtained from embalmed cadavers. Abnormal vascular collagen
fiber organization has been found to be associated with several diseases, including aortic
abdominal aneurysms and aneurysms in Marfan syndrome (32). We have previously
described seven distinct medial collagen patterns in advanced CKD patients enrolled from a
single center: parallel to the lumen, perpendicular to the lumen, micro perpendicular with
macro parallel, railroad track, honeycomb, random, and a mixed pattern (7). Only a minority
of the CKD patients in the present study exhibited the parallel pattern seen in normal
controls; most had other collagen configuration patterns, suggesting that CKD disrupts and
changes collagen fiber configuration. CKD is associated with progressive changes in central
arterial extracellular matrix composition and collagen fiber configuration (33) and increased
arterial stiffness (34-36). Changes in the matrix structures of venous walls, however, have
not been studied in CKD patients until our recent report describing qualitative patterns of
collagen configuration (7).

The current study has expanded on our previous qualitative description of collagen fiber
patterns (7), by quantifying two components of upper-extremity vascular fiber configuration,
namely anisotropy index and orientation angle. The medial collagen fiber configuration was
more random (i.e., lower anisotropy index) in both the arteries and veins of patients with
advanced CKD, as compared to the control group. Additionally, the medial collagen fiber
orientation was more perpendicular to the vascular lumen (i.e., greater orientation angles) in
both the arteries and veins of patients with advanced CKD. Taken together, these
observations suggest that advanced CKD results in substantial changes in arterial and venous
medial collagen fiber architecture, which may affect their mechanical and functional
properties.

One should not necessarily assume that the vascular histologic abnormalities observed in
patients with advanced CKD patients translate into inferior vascular access outcomes. In
fact, several publications suggest that the opposite may be true. We recently reported the
counterintuitive observation that greater arterial medial fibrosis was associated with greater
postoperative AVF blood flow and lower AVF maturation failure (7). Another study of
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patients with arteriovenous grafts found that the frequency of graft interventions was
inversely proportionate to preexisting venous intimal thickness, arterial medial fibrosis, and
arterial micro-calcification (13). Finally, our preliminary data suggested an association
between a more perpendicular fiber configuration in the preoperative veins with higher post-
operative AVF blood flow rate (37). Thus, the contributions of various arterial and venous
wall histological features to AVF development require further detailed studies.

The strengths of our study include the quantification of several vascular histologic features
from both advanced CKD patients and control subjects, the inclusion of both venous and
arterial samples, and the use of a state-of-the-art method (SHG imaging) to quantify the
configuration of medial collagen fibers.

One limitation of our study is that all CKD patients were enrolled from a single dialysis
center, so the results may not generalize to CKD patients in other centers. Additionally, we
had limited clinical information on the control subjects, some of which may have had other
co-morbidities (possibly including CKD) associated with vascular abnormalities. We do
know, however, that none of the controls were dialysis patients. We also must consider the
possibility that postmortem changes or the embalming solution may have contributed to
vascular abnormalities in the control subjects. However, this seems less likely given the
observation that the controls had greater arterial intimal hyperplasia but less venous intimal
hyperplasia than the CKD patients. It seems unlikely that postmortem changes or the
embalming solution could have opposite effects on arteries and veins.

Conclusions

There are major abnormalities in histologic features in the vasculature of CKD patients,
which may affect its physiologic properties. Future research is needed to investigate whether
these abnormalities affect the maturation outcomes of arteriovenous fistulas and other
cardiovascular events.
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Figure 1. Medial fibrosis in the upper-extremity arteries
Masson’s trichrome stain shows (A) an artery with severe medial fibrosis (86%) and (B) an

artery with moderate medial fibrosis (65%) from patients with advanced CKD, as well as (C)
an artery with representative medial fibrosis (50%) from a control subject. Elastic van
Gieson stain of these samples shows that all arteries have very few elastic fibers in their
respective medial layers (D, E, F). Collagen appears blue and smooth muscle cells appear
red in Masson’s trichrome stain. Elastic fibers appear black in elastic van Gieson stain.
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Figure 2. Micro-calcification in the upper-extremity arteries
Von Kossa stain shows (A) an artery with significant micro-calcification (15%) and (B) an

artery with mild micro-calcification (1%) in the medial layer from patients with advanced
CKD, as well as (C) an artery with typical medial micro-calcification (0%) from a control
subject. Calcification appears black in this stain.
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Figure 3. Intimal hyperplasia (IH) in the upper-extremity arteries
Hematoxylin and eosin stain shows (A) an artery with significant IH (170 um) and (B) an

artery with mild IH (13 um) from patients with advanced CKD, as well as (C) an artery with
representative IH (63 pm) from a control subject. Masson’s trichrome stain of these samples
shows their respective internal elastic lamina (D, E, F), which appears red and has the
characteristic wavy-line structure.
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Figure 4. Representative second-harmonic-generation (SHG) images of the upper-extremity
arteries and veins

Upper panels: SHG images show (A) an artery whose medial collagen fibers had the
honeycomb pattern and (B) an artery whose medial collagen fibers had the perpendicular to
lumen pattern from patients with advanced CKD, as well as (C) an artery whose medial
collagen fibers had the parallel to lumen pattern from a control subject. Lower panels: SHG
images show (D) a vein whose medial collagen fibers had the railroad track pattern and (E) a
vein whose medial collagen fibers had the parallel to lumen pattern from patients with
advanced CKD, as well as (F) a vein whose medial collagen fibers had the parallel pattern
from a control subject.
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Table 1

Age, gender, and primary cause of death of the control subjects

Subject ID | Age | Gender | Primary cause of death
1 72 M Lung cancer
2 80 F Dementia
3 96 F Dementia
4 84 M Cardiomyopathy without significant coronary artery disease
5 87 M Esophageal carcinoma
6 69 M Lung cancer
7 81 M Cerebrovascular accident
8 86 M Emphysema, respiratory failure
9 83 F Dementia
10 82 M Dysphagia
11 64 F Metabolic encephalopathy
12 54 F Chronic obstructive pulmonary disease
13 67 F Protein calorie malnutrition
14 67 M Brain tumor
15 67 M Lung cancer
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Demographics and histologic features of arteries and veins in patients with advanced chronic kidney disease

and control subjects

mean = SD

Variables Advanced CKD patients | Control subjects Unadjusted p- Adjusted p-
value* (CKDvs. | value® (CKD vs.

control) control)

No. of subjects 125 15

Age, mean = SD 53+14 76 +11 <0.001

Male gender, N (%) 68 (54%) 9 (60%) 0.68

Vascular histology

Arterial medial fibrosis (%), mean + SD 69 + 14 51+10 <0.001 <0.001

Venous medial fibrosis (%), mean + SD 63+ 12 59+10 0.12 0.12

Arterial calcification (%), mean £ SD 3.03+5.17 0.01+0.03 <0.001 0.02

Arterial intimal thickness (um), mean + SD 30+25 63+ 25 <0.001 <0.001

Venous intimal thickness (um), mean + SD 37+40 14+6 <0.001 0.06

Collagen fiber configuration

Avrterial medial anisotropy index, mean + SD 0.24+0.10 0.44 +0.04 <0.001 <0.001

Venous medial anisotropy index, mean + SD 0.28 £ 0.09 0.53+0.10 <0.001 <0.001

Arterial medial dominant directionality (°), 49.3+£23.6 4.0+2.0 <0.001 <0.001

mean + SD

Venous medial dominant directionality (°), 30.0+19.6 39+21 <0.001 <0.001

*

t-tests were used for comparing the continuous variables assuming unequal variance between groups, and unadjusted p-values were reported.

Linear regressions were used to obtain the adjusted p-values after controlling for age. Chi-squared test was used for comparing gender between the

two groups.
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Correlation of age with histologic features of arteries and veins in patients with advanced chronic kidney

disease and control subjects

Table 3

Variables

P-value for advanced CKD patients

P-value for control subjects

Vascular histology

Arterial medial fibrosis 0.003 0.64
Venous medial fibrosis 0.24 0.06
Arterial calcification 0.45 0.38
Arterial intimal thickness 0.75 0.01
Venous intimal thickness 0.88 0.91
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