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Mouse models serve as a tool to study vein graft fail-
ure. However, in wild-type mice, there is limited inti-
mal hyperplasia, hampering efforts to identify anti–
intimal hyperplasia therapies. Furthermore, vein
graft wall remodeling has not been well quantified in
mice. We hypothesized that simple hemodynamic ma-
nipulations can reproducibly augment intimal hyper-
plasia and remodeling end points in mouse vein
grafts, thereby enhancing their experimental utility.
Mouse inferior vena cava–to-carotid interposition
isografts were completed using an anastomotic cuff
technique. Three flow restriction manipulations were
executed by ligating outflow carotid branches, creat-
ing an outflow common carotid stenosis, and con-
structing a midgraft stenosis. Flowmetry and ultra-
sonography were used perioperatively and at day 28.
All ligation strategies decreased the graft flow rate and
wall shear stress. Morphometry showed that intimal
thickness increased by 26% via carotid branch liga-
tion and by 80% via common carotid stenosis. De-
spite similar mean flow rates and shear stresses
among the three manipulations, the flow waveform
amplitudes were lowest with common carotid ste-
nosis. The disordered flow of the midgraft stenosis
yielded poststenotic dilatation. The creation of an
outflow common carotid stenosis generates clini-
cally relevant (poor runoff) vein graft low wall
shear stress and offers a technically flexible method
for enhancing the intimal hyperplasia response.
Midgraft stenosis exhibits poststenotic positive wall
remodeling. These reproducible approaches offer
novel strategies for increasing the utility of mouse
vein graft models. (Am J Pathol 2011, 178:2910–2919; DOI:
10.1016/j.ajpath.2011.02.014)
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Mouse vein graft models serve as a practical research
tool to study intimal hyperplasia and wall remodeling of
vein bypass graft and transplant failure, with several vari-
ations having been reported in the past decade.1–5 Ow-
ing to relatively lower technical demand and its reduced
bleeding, thrombosis, and mortality rates (and, conse-
quently, high reproducibility), the cuff technique is widely
used.6–11 Although atherosclerosis-prone (such as apo-
lipoprotein E–deficient) mice show higher intimal and wall
thickening,6,12 approximately 23% of human vein graft
failure still occurs without presenting hyperlipidemia.13

Normolipidemia and hyperlipidemia clinical conditions
have similar incidence rates of graft failure,13 and there is
a lack of direct evidence that hyperlipidemia is an inde-
pendent risk factor for human vein graft failure.14–17 Also,
to avoid the complicated atherosclerotic backgrounds,
many mouse vein graft studies use wild-type (mostly
C57BL/6 background) mice with a standard diet, which
by the cuff and hand-sewn techniques at the common
time points (postoperatively 4 weeks, 6 weeks, or even 6
months) does not show substantial intimal and wall ad-
aptations that simulate human vein graft failure.18 The
mild intimal hyperplasia decrement from vein graft anti-
failure therapies may be obscured by some difficult-to-con-
trol factors (such as variations in surgical and fixation ma-
nipulations) and, consequently, may hamper efforts to
statistically identify these therapeutic strategies to attenuate
intimal hyperplasia and negative wall remodeling.

Experimental hemodynamic manipulation of blood
vessels to dissect mechanisms of wall adaptations
stands as a recognized research strategy,19,20 and this
approach has also been adopted for vein grafts.11,21–24

We hypothesized that the modification of mouse vein
graft hemodynamics can not only yield mechanistic infor-
mation on the interplay between biomechanical forces
and vascular adaptations but also increase their rele-
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vance to the human conditions and augment various
desired experimental end points (intimal hyperplasia,
wall remodeling, etc). To test this hypothesis, we recon-
structed the cuff technique mouse vein graft model with
three different novel flow restriction manipulations and
completed parallel hemodynamic, ultrasonographic, and
detailed morphologic analyses.

Materials and Methods

Mice

Nine-week-old male C57BL/6J mice weighing 20 to
24 g were purchased from The Jackson Laboratory
(Bar Harbor, ME). The animals were maintained on a
12-hour light/dark cycle, and they received water and
standard chow ad libitum. All animal experiments were
performed according to protocols approved by the
Institutional Animal Care and Use Committee and com-
plied with the Guide for the Care and Use of Laboratory
Animals.25

Mouse Vein Graft Models Under Various Flow
Situations

All operative procedures were performed aseptically,
with general continuous isoflurane inhalant anesthesia
(1% to 2% isoflurane mixed with 1 L/min oxygen), using a
Zeiss binocular OPMI MD surgical microscope (zoom,
�4 to �24; Carl Zeiss Inc., Oberkochen, Germany) con-
nected to a Canon EOS Rebel T1i SLR camera (Canon
Inc., Lake Success, NY) via an ACCU-Beam adaptor (TTI
Medical, San Ramon, CA) for micrography.

Mouse vein bypass isograft was generated via inter-
position of a supradiaphragmatic inferior vena cava from
a donor mouse into the right common carotid artery of a
recipient mouse, similar to the report by Zou et al1 with
modifications. Briefly, the mouse right common carotid
artery was mobilized free from surrounding connective
tissues as far distally and proximally as possible. It was
then ligated using 9–0 nylon sutures at the midpoint and
divided. After clamping, the ligatures were removed, and
the proximal and distal artery ends were everted over
premade polyetheretherketone cuffs (Zeus Inc., Orange-
burg, SC), which had a 0.51-mm outside diameter (OD),
a 0.41-mm inside diameter, and an approximately 0.60-
mm-long cuff body. The inferior vena cava was then
sleeved over the cuffed arterial ends and was secured in
position using another 9–0 suture.

Normal-flow mice (Figure 1A) had no further manipu-
lations (n � 8). In additional mice, flow reduction was
achieved through one of three constructions: outflow ca-
rotid artery branch ligation (n � 15), outflow common
carotid artery focal stenosis (n � 11), or midgraft focal
stenosis (n � 5).

Outflow restriction was generated by ligating the ipsi-
lateral internal carotid artery plus the occipital artery (Fig-
ure 1B) or by gently placing a 9–0 ligature over the
outflow common carotid artery (approximately 1 mm from

the tail of the distal cuff body) using an external mandrel
(33-gauge blunt needle; OD, 0.21 mm; Hamilton Co.,
Reno, NV) and then removing the needle to restore blood
flow (Figure 1C). A midgraft focal stenosis was con-
structed by placing the ligature over the middle portion
of the vein graft using a 32-gauge blunt needle (OD,
0.23 mm; Hamilton Co.) and then removing the needle
(Figure 1D). High-resolution micrography was used
during surgery and harvest to determine vein graft
external dimensions.

Flowmetry

To monitor blood flow change among vein grafts, flow
rate was measured before and more than 20 minutes
after vein graft flow restriction (to avoid any possible
vessel spasms) and before harvest (day 28) using a flow
meter (model TS420) with a flow probe (model 1PRB;
both from Transonic Systems Inc., Ithaca, NY) and a data
acquisition system (PowerLab 4/30 with LabChart v7.0.2;
ADInstruments Inc., Colorado Springs, CO). All the data
were acquired under a consistent respiratory rate and
from the middle portion of each vein graft (the middle
portion of each half graft of the midgraft stenosis model).

Ultrasonography for Vein Graft Dimension
Measurement

High-resolution ultrasonography of postoperative mouse
vein grafts was completed at days 4 and 28 using a Vevo
2100 imaging system with 18- to 70-MHz linear array
transducers (VisualSonics Inc., Toronto, ON, Canada).
Mice were anesthetized with inhaled isoflurane, and body
temperature was maintained using a 37°C heated stage.
Depth of anesthesia, heart rate, and respirations were
continuously monitored. Color and pulsed wave Doppler
modes were used to evaluate flow turbulence, M-mode
for vessel cross-sectional dimensions, and B-mode for
vessel length.

Tissue Harvest and Processing

Vein grafts were collected at postoperative day 28 for
morphometric analysis. Whole-body perfusion fixation
(by 10% formalin) under physiologic mean arterial pres-
sure (100 mmHg) was completed by intravascular ac-
cess via the left ventricle. The vein graft segment was
gently harvested, in vitro formalin fixed, processed, and
paraffin embedded. Using the cuff edges and midgraft
ligature (for the midgraft stenosis model) as landmarks,
paraffin serial sections were obtained at 100- to 200-�m
intervals.

As shown via horizontal planes in the schemata in
Figure 1, the cross sections 400 and 600 �m from the
proximal/distal cuff edge were selected to represent the
proximal/distal vein graft. Similarly, the 400- and 600-�m
cross sections proximal/distal to the stenosis site in the
midgraft stenosis model also represented the proximal/
distal midgraft. Masson’s trichrome staining and com-
puter image processing (Zeiss Axio A1 microscope

and AxioCam HRc camera, with AxioVision Rel 4.7;
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Figure 1. Hemodynamically modified cuff technique mouse vein graft models. A: Normal-flow model. B: Outflow carotid artery (CA) restriction by ligating the
internal CA plus the occipital artery. C: Outflow common CA 33-gauge focal stenosis model. D: Midgraft 32-gauge focal stenosis model. The horizontal planes
in the schemata show the locations of histologic sections for Masson’s trichrome staining and morphologic analysis. Micrography was performed after each model
was completed. An electron microscopy mesh was used in micrography for the midgraft stenosis model (D) for accurate vessel scaling. Representative color and
pulsed wave Doppler sonograms of mouse vein grafts at day 4 are shown. Pulsed wave Doppler images were captured 900 �m from the distal cuff or midgraft
ligature. Red arrows depict blood flow direction; green arrows, ligation sites; white arrows, cuffs; and yellow arrows, blood flow turbulence. The image
colors represent the direction and magnitude of the Doppler signal frequency shift. Representative Masson’s trichrome staining of the serial sections for that portion
of the vein graft are shown. Red staining depicts cytoplasm and muscle fibers; green, collagen; and black, cell nuclei. Three black lines delineate the boundaries

of different layers of vein graft wall (from the lumen to the outside): lumen boundary, internal elastic lamina, and outside boundary. Between the lumen boundary
and the internal elastic lamina � intima; and between the internal elastic lamina and the outside boundary � M�A. Scale bars � 200 �m.
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Carl Zeiss Inc.) were used. We used Masson’s staining
strategy as rationalized previously18: the continuous
green lines in these sections correlate well with the
elastic lamina fibers in Van Gieson’s–stained murine
vein graft sections.

Calculation of Vein Graft Shrinkage Factors

Due to the loss of longitudinal stretch from the common
carotid artery on the two sides of the vein graft, shrinkage
via tissue processing (fixation, dehydration, and paraffin
cooling), and possible nonideal perfusion fixation (lead-
ing to elastic lamina recoil), the geometric characteristics
of vein graft tissue in the paraffin block for final morpho-
logic analysis may not reflect the in vivo situation. Thus,
vein graft longitudinal shrinkage factor (SFL) and cross-
sectional shrinkage factor (SFC) were determined.

Micrography [at day 0 after vein implantation and at
day 28 before harvest, with a G7530-Cu rectangular
mesh (Electron Microscopy Sciences, Hatfield, PA) for
scaling, as shown in Figure 1D] and B-mode ultrasonog-
raphy (at days 4 and 28) were used to measure in vivo
vein graft length (Lv in Figure 2A). The length of the
formalin-fixed, paraffin-embedded (FFPE) in vitro vein
graft (Lt) was measured by counting serial sections.
Thus, the formula for calculating the SFL was as follows:
SFL � (Lv � Lt)/Lv. The results at different time points via
micrography or ultrasonography were quite consistent
(shown in Figure 2B), so we chose 0.31 as an SFL con-
stant value of our mouse vein graft models, which meant
that the vein graft in paraffin block was on average 31%
shorter longitudinally than its in vivo one, and 400- and
600-�m paraffin cross sections were approximately iden-
tical to the in vivo 600- and 900-�m relative locations to
the landmark.

Based on the SFL, the SFC was calculated. Day 28 in
vivo vein graft lumen diameter (DvL in Figure 2A; localized
at proximal and distal 900 �m) was measured using
M-mode ultrasonography. In vitro vein graft (day 28) con-
centric lumen diameter (DtL; not cross-sectional lumen
diameter given that several of the thin grafts harvested
failed to hold their cylindrical geometry during fixation

Figure 2. Vein graft shrinkage factor calculation. A: Schematic drawing of an
calculated by micrography (at days 0 and 28) and by B-mode ultrasonograp
and embedding; see the calculation in the Morphometry
of Masson’s-Stained Sections subsection) was from either
the proximal or distal 600-�m section. An SFC was cal-
culated as follows: SFC � (DvL � DtL)/DvL. The mean �
SEM result of the proximal SFC was 0.16 � 0.02 and of
the distal SFC was 0.14 � 0.04.

Calculation of Vein Graft Wall Shear Stress

From Doppler scanning of these vein graft models, there
was noticeable flow turbulence only near landmarks [ap-
proximately confined to the in vivo 300-�m zone close to
the cuff and the 500-�m poststenotic zone of the midgraft
stenosis model, as shown in Figure 1 (color Doppler)],
and in vivo 600- to 900-�m locations rarely had obvious
flow turbulence [Figure 1 (pulsed wave Doppler)]; thus,
we assumed Poiseuille (laminar) flow and calculated vein
graft mean wall shear stress as follows: � � 32�Q/�D3,
where Q is the mean flow rate; �, the viscosity of blood
(0.035 Poise); and D, the day 0 in vivo vein graft lumen
diameter (D0vL) or the day 28 in vivo lumen diameter
(DvL). D0vL was calculated as follows from the deduction
of two times the mean normal inferior vena cava wall
thickness (approximately 12 �m; 100 mmHg; n � 3 in a
separate experiment) from the OD of each day 0 in vivo
vein graft (D0vO): D0vL � D0vO � 24 �m. Based on the
SFC constant value calculated previously herein, the DvL

of each vein graft was estimated from its day 28 in vitro
(histologic) concentric lumen diameter (DtL) as follows:
DvL � DtL/(1 � SFC).

Morphometry of Masson’s-Stained Sections

The boundary of the lumen, the internal elastic lamina,
and the outside boundary of the vein graft to adjunctive
tissue were carefully recognized and traced as previ-
ously reported,18 and, consequently, the circumferences
and included areas of these three lines were obtained
using AxioVision Rel 4.7 software (Carl Zeiss Inc.). Spe-
cifically, we identified the elastic lamina as internal elastic
lamina by the �-actin expression (IMMH2-1KT; Sigma-
Aldrich, St. Louis, MO; by the manufacturer’s instructions)
seen beyond it in the inferior vena cava and day 28 vein

in vitro vein graft labeled with lengths and diameters. B: Vein graft SFL results
ays 4 and 28). Error bars represent SEM.
graft as previously described.18 The media, adventitia,
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and fibrous scar tissue are a continuum that physically
and biologically constitutes the outer vein graft wall
dense structure, thus we labeled them as M�A.18 Several
variables were calculated via the following formulas: con-
centric lumen diameter, DtL � CL/�; concentric lumen area,
AtL � CL

2/4�; intimal thickness, TI � (AI
1/2 � AL

1/2)/�1/2; and
M�A thickness, TMA � (AO

1/2 � AI
1/2)/�1/2, where CL is the

circumference of the lumen and AL, AI, and AO are the
cross-sectional inclusive areas of the lumen circumference,
internal elastic lamina, and outside boundary, respectively.
The “thickness,” not “area,” variables were selected be-
cause the latter may not be an accurate reflection of vein
graft wall morphologic features if outward/inward wall re-
modeling took place.18

The remodeling index (RI) was calculated in a manner
similar to previous reports.26,27 The relation between vein
graft wall area (AW) and outside boundary including area
(AO; including wall area plus concentric lumen area) was
evaluated by linear regression analysis: AO � aAW � b,
where a (the regression coefficient or slope) is defined as
RI and b is the intercept. Although the threshold of RI
remains controversial, we adopted the criteria from arterial
studies27 and defined vein graft inward (negative) remod-
eling as RI � 0.75, outward (positive) remodeling as RI �
1.25, and compensatory remodeling as 0.75 � RI � 1.25.

Statistical Analyses

Data are expressed as mean � SEM. Statistical tests
were completed using SigmaPlot v11.0 (Systat Software
Inc., San Jose, CA) or Excel 2003 (Microsoft Corp., Red-
mond, WA). Comparison of two groups was performed
using the unpaired two-tailed Student’s t-test. Differences
among more than two groups were analyzed by one-way
analysis of variance.

Results

No mice died and there were no clinically apparent
postoperative stroke symptoms in any experimental
group. Two of 11 vein grafts in the outflow common
carotid 33-gauge stenosis group were found to be
occluded (with tremendous intimal hyperplasia) at har-

Figure 3. Flowmetry comparison of all four mouse vein graft models. A: Me
manipulation and at harvest (day 28 graft). B: Mean wall shear stress compar

day 28 shear stress calculated via adjusted in vitro histologic analysis. Values are sh
†P � 0.05 versus day 0 graft of each group; and ‡P � 0.01 versus the normal-flow g
vest, although ultrasonography showed that they were
patent at postoperative day 4. All other grafts were
patent.

Blood Flowmetry

Although the cuff inside diameter may be slightly smaller
than the average OD of in vivo mouse common carotid
artery, no mean flow rate differences in the normal-flow
group were found in ipsilateral native common carotid
(at day 0 before vein implantation), vein graft (at days
0 and 28), and contralateral common carotid (at days 0
and 28) (data not shown). All flow restriction manipu-
lations significantly decreased vein graft mean blood
flow rates versus the baseline rate of each group at
day 0 (approximately 50% decreased) and day 28
(mean � SEM decrease: carotid branch ligation model,
66.23% � 6.10%; common carotid stenosis model,
72.84% � 4.29%; and midgraft stenosis model, 53.13% �
3.13%). There were no differences in day 0 mean flow
rate change among these three manipulations, but ca-
rotid branch ligation and outflow common carotid focal
stenosis significantly exhibited a further decreased
mean flow rate at harvest and the midgraft stenosis
model showed little change (Figure 3A). All three flow
manipulations decreased acute (day 0) and accommo-
dated (day 28) mean wall shear stresses significantly
(all �54% decreased), but there were no significant
differences among the three manipulated models (Fig-
ure 3B).

In contrast, flow rate waveforms among the four vein
graft models were quite different in morphologic features
and regarding amplitude (Figure 4). All three flow restric-
tion manipulations exhibited attenuated flow waveform
amplitudes. Specifically, the two stenosis models acutely
decreased their amplitudes at day 0, and the outflow
common carotid stenosis situation showed progressive
decrease until day 28. The difference in flow waveform
amplitude between two outflow restriction models was
consistently present: the outflow common carotid steno-
sis vein graft exhibited a significantly more attenuated
waveform amplitude than did the carotid branch ligation
model, with a lower peak value.

d flow rate measured before (baseline) and after (day 0 graft) hemodynamic
ute (day 0) shear stress calculated via micrography of in vivo vein grafts and
an bloo
ison: ac
own as mean � SEM (error bars). *P � 0.01 versus baseline of each group;
roup at the same portion of vein graft.
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Morphologic Analysis of Vein Graft Wall
Adaptations

All relative flow uniform vein graft models (normal flow,
outflow branch ligation, and outflow common carotid ste-
nosis) showed a tendency toward the highest intimal
hyperplasia at the proximal portion of the vein graft, the
lowest in the middle portion, and intermediate at the distal
portion. Normal-flow vein grafts developed mild intimal
thickening along the graft: mean � SEM of 49.64 � 4.71
�m at the proximal portion and 42.63 � 3.41 �m at the
distal portion [Figure 1 (Masson’s trichrome stain) and
Figure 5A]. Outflow carotid branch ligation grafts exhib-
ited moderately increased intimal hyperplasia [on aver-
age, 26.21% increased at the proximal portion (P � 0.06)
and 38.36% at the distal portion (P � 0.05)]. The outflow
common carotid 33-gauge focal stenosis model showed
the highest intimal hyperplasia among the four groups:
79.15% increased at the proximal portion and 81.75% at
the distal portion (both P � 0.05). The 32-gauge mandrel
(OD, 0.23 mm) gave the midgraft stenosis model an
approximately 78% reduction in lumen diameter (com-
pared with the day 0 normal-flow vein graft in vivo mean
lumen diameter of 1.04 mm via micrography), an approx-
imately 50% mean flow rate decrease, and a �54% de-
crease in mean wall shear stress in both halves of the
graft, whereas only the proximal half showed intermedi-
ate (56.98%) augmentation in mean intimal thickness.
Meanwhile, the outflow common carotid stenosis and
midgraft stenosis models mildly increased mean M�A
thickness (Figure 5B).

To date, there are limited studies of vein graft wall
remodeling (especially in mice) and few widely recog-
nized morphologic variables to describe this pathologic
change. We adopted three commonly used end points in
arterial studies, intima/(M�A) thickness ratio, concentric
lumen area, and RI, to describe wall remodeling after vein
graft implantation.

Of the three flow manipulations, the midgraft stenosis
procedure yielded significant changes in these remodel-
ing variables [Figure 1 (Masson’s trichrome stain)]. Spe-
cifically, the distal half of the vein graft of this model
showed a significantly smaller intima/(M�A) thickness
ratio (Figure 5C), a �56% larger concentric lumen area
than all the other groups at the distal vein graft portion
(Figure 5D), and outward vein graft wall remodeling (RI �
1.35), which especially presented at the distal midgraft
portion (RI � 3.16; Figure 5E).

The vein graft deformation in the midgraft stenosis
model led to differential flow turbulence and distinct
morphologic patterns between the two halves; thus, the
internal morphometric comparison between the proxi-
mal and distal counterparts was completed via serial
sectioning and analyses. We found that only the distal
200- to 500-�m midgraft portion demonstrated signifi-
cantly larger lumen radii, without obvious difference in
intimal or wall thickness, suggesting localized and near
pure poststenotic positive wall remodeling/dilatation
Figure 4. Vein graft blood flow rate waveforms. A: Representative wave-
forms of each group: baseline graft waveforms (before flow restriction), acute
waveforms (day 0 graft after flow restriction; no restriction for the normal-
flow group), and harvest waveforms (day 28). B: Comparisons of mean flow
waveform amplitudes. Values are shown as mean � SEM (error bars). *P �
0.01 versus baseline of each group; †P � 0.01 versus day 0 graft of each

‡

(Figure 6).
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Discussion
Herein we described a flexible focal stenosis strategy
that reproducibly manipulated mouse vein graft hemody-
namics, and these adjuncts resulted in defined altera-
tions in vein graft morphologic features at day 28.

Owing to its relatively larger vessel dimension and sub-
sequently lower microsurgical technical demands, the ca-
rotid artery is more widely used than is the femoral artery3

for mouse vein graft studies. While the cerebral blood flow
pattern differs from that in the peripheral circulation be-
cause of the relatively low resistance in the cerebral vas-

Figure 5. Morphologic analysis of mouse vein graft wall adaptation. Th
proximal/distal midgraft 400- and 600-�m sections (to the stenosis site) in the
(I)/(M�A) thickness ratio. D: Concentric lumen area. E: RI. Values are show
portion of vein graft; †P � 0.05 versus outflow 33-gauge common carotid st
distal midgraft of the midgraft stenosis model.

Figure 6. Morphologic analysis of the midgraft 32-gauge focal stenosis mod

to the focal stenosis site. Values are shown as mean � SEM (error bars). *P �
B: Representative Masson’s trichrome staining of the longitudinal serial cross sectio
cular bed28 (which, consequently, has a higher flow
rate23,29 and higher mean wall shear stress30), one sees
only moderate intimal hyperplasia in mouse carotid vein
graft models, unsatisfactory for simulation of clinical by-
pass graft failure mechanisms. These murine grafts start
with smooth muscle cells in the wall but no true neoin-
tima.18 It has been previously reported that nonresident
cells contribute to the subsequent neointima that devel-
ops with arterialization.31,32

Hemodynamic forces that affect intimal hyperplasia
and wall adaptation have been described.20,33–36 Re-

of any measurement from proximal/distal 400- and 600-�m sections or
t stenosis model are shown. A: Intimal thickness. B: M�A thickness. C: Intima
an � SEM (error bars). *P � 0.05 versus the normal-flow group at the same
roup at the same portion of vein graft; ‡P � 0.05; and §P � 0.09 versus the

adii of different vein graft layers corresponding to the axial position relative
†

e mean
midgraf
n as me
el. A: R

0.05 and P � 0.051 versus the counterpart at the proximal vein graft.

ns. Scale bars � 200 �m.
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searchers, therefore, used outflow artery branch ligation
to decrease wall shear.11,23 However, similar to what the
outflow carotid branch (internal carotid plus occipital ar-
tery) ligation model showed here ligation of the external
carotid artery only moderately enhanced the mouse inti-
mal hyperplasia response.18,23 Meanwhile, the less vari-
able mouse carotid anatomy limits its ability to induce
different levels of hemodynamic change to meet various
experimental goals.18

Clinically, the vein graft patency rate is compromised
in the setting of poor distal runoff (smaller size or dis-
eased/narrowed) vessels,37–40 and the outflow restriction
manipulation probably better mimics this scenario over
the low-resistance cerebral outflow. To extend this strat-
egy to augment vein graft intimal or wall adaptations, we
developed a novel outflow common carotid focal stenosis
vein graft model. The 33-gauge external mandrel (OD,
0.21 mm) was selected to generate an approximately
50% (day 0) to approximately 75% (day 28) mean flow
rate decrease, a �60% wall shear stress decrease, and,
consequently, an 80% enhancement of intimal thickness.
One main advantage of this external mandrel–induced
focal stenosis strategy is its flexibility of application. As
always, many determinants of the vein graft wall adapta-
tions depend on the mouse strain and genetic back-
ground, diet type, surgical technique (including injury to
the vascular wall, vein ischemia time based on the
method of donor vein harvest either before or during
recipient carotid operation, vein desiccation time, etc),
cuff size, experiment duration, etc.18 Researchers who
want to use this novel strategy could select different
mandrel sizes according to their research design needs
and individual experimental conditions.

Whereas the values of traditional vascular hemody-
namic variables (such as mean flow rates and mean wall

Figure 7. Intimal hyperplasia and wall remodeling took place in a failed 8-
saphenous vein). A–V: Masson’s trichrome staining of longitudinal serial (5-m

[negative remodeling, A–I (RI � 0.63); positive remodeling, J–P (RI � 1.28); and com
W: Angiogram of the failing graft. Yellow arrows depict two stenosis sites.
shear stresses) were similar among all the flow restriction
groups, subtle variations in the flow patterns were asso-
ciated with the significant differentials in the final wall
adaptations. This finding suggests a highly complex bio-
mechanical environment in which shear stress is not the
only major factor leading to intimal hyperplasia41,42 and
the mean value of wall shear stress is not enough to
analyze the effect of hemodynamics on vascular wall
adaptations. Pulsatility, flow amplitude, strain, and other
biomechanical variables need to be characterized.

It is important to acknowledge that there is a complex
interplay between biological and hemodynamic forces in
vein graft adaptations: every severe vein graft narrowing
derives from early mild to moderate lesions, and these early
adaptations affect local hemodynamics, which subse-
quently contribute to the final vein graft wall adaptation/
failure. The midgraft stenosis vein graft model was devel-
oped to investigate the impact of focal lumen narrowing on
local hemodynamic forces and subsequent vein graft bio-
logical end points.

This midgraft 78% stenosis model developed approx-
imately 57% more intimal hyperplasia than the normal-
flow model at the proximal portion, although not as much
as the reported 50% focal stenosis rabbit vein graft
model.43 Possible explanations are differences in local
hemodynamic characteristics and species effects. With
the midgraft focal stenosis (especially at the poststenotic
200- to 500-�m zone), positive vein graft wall remodeling
took place (RI � 3.16, and the concentric lumen area was
much larger) with modest intimal hyperplasia. Exacer-
bated flow turbulence at this zone may serve as an im-
portant contributor. These situations can simulate clinical
vein graft poststenotic dilatation and positive remodeling
presentations (Figure 7).44,45 To our knowledge, no good
vein graft wall remodeling animal models have been re-

ld human vein graft (originally from a uniform-sized anterior branch of the
al) cross sections. Intimal hyperplasia (all A–V images) and wall remodeling
month-o
m interv
pensatory remodeling, Q–V (RI � 0.86)] can be found. Scale bars � 1 mm.
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ported to date. Although this midgraft stenosis mouse
model holds some disadvantages (eg, more flow turbu-
lence; poststenotic remodeling that is localized and uneven
so that meticulous sectioning is needed), it may be used to
study vein graft wall remodeling.

Finally, leveraging micrography and ultrasonography,
we compared the in vivo anatomy with the in vitro histo-
logic (10% FFPE) vein graft dimensions and introduced a
new concept: longitudinal and cross-sectional shrinkage
factors for these vascular tissues. Use of other tissue
fixation strategies (eg, paraformaldehyde or glutaralde-
hyde) may alter the level of tissue shrinkage. These ob-
servations should be considered when researchers de-
rive in vivo conclusions from histologic findings.

Limitations

This article focuses on the potential of these models, but
several limitations are acknowledged. Day 28 is the most
widely used time point in animal vein graft studies, and
we are unable to provide insights into other time points.
However, this work provides a standardized platform for
future studies that might include additional time points
while simultaneously drilling down on mechanisms linking
the interplay of physical forces and vascular wall biology.
We purposely interrogated portions of the conduit that
have more laminar flow, but information on the impact of
disordered flow (particularly with in the 500-�m postste-
notic portion of the midgraft stenosis model) on these
systems remains to be determined. Pressure analyses
are not included in these experiments owing to the tech-
nical challenge of getting accurate pressure measure-
ments in these small blood vessels. Owing to the difficulty
in surgically exposing the mouse proximal common ca-
rotid artery, this external mandrel focal stenosis strategy
may not be feasible to study impaired inflow situations.
Finally, although the blood flow waveform amplitude cor-
relation with final vascular morphologic features is novel,
further research is required to delineate the precise bio-
logical mechanisms of this observation. This work fo-
cused on physical forces that can be manipulated to alter
the wall adaptations. The standardized tools herein de-
scribed can now be used to explore this complex inter-
play with biological mediators, especially because a mu-
rine platform is used.

Conclusions

A focal stenosis approach via an external mandrel tech-
nique offers a flexible strategy to broaden the experimen-
tal utility of mouse vein graft models. Surgical creation of
an outflow common carotid stenosis generates clinically
relevant (poor runoff) vein graft low wall shear stress,
enhancing the intimal hyperplasia response of mouse
vein grafts. Subtle variations in the conduit flow patterns
result in significant differentials in the final wall adapta-
tions, with low flow waveform amplitude being associated
with accelerated vein graft wall adaptation. The midgraft
focal stenosis model predominantly exhibits positive vein

graft wall remodeling at the poststenotic portion. These
approaches, especially when combined with genetic and
dietary manipulations in mice, offer powerful tools for
dissecting the mechanisms of vein graft failure.
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