
In rabbits, 9 g rectus femoris (RFM) muscles were grafted with tendon re- 
pair and with (1) nerves and blood vessels intact, (2) nerves intact and 
blood vessels anastornosed, or (3) nerves and blood vessels anasto- 
mosed. The influences of tendon, nerve, and vascular repair on the func- 
tional capabilities of grafts were compared 15- 120 days after grafting. 
Data were collected on the mass, total protein content, oxidative capacity, 
maximum force development, and fatigability of grafts and control RFM 
muscles. When stabilized 90- 120 days after grafting, mean values for the 
three types of grafts were not significantly different. Compared with values 
for control RFM muscles, each type of graft had significantly lower mean 
values for mass, total protein content, and maximum force, but the grafts 
were more resistant to fatigue. In RFM grafts, nerve and vascular repair do 
not contribute significantly to the impairments. Consequently, tendon repair 
appears to be responsible for the major functional deficits. 
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Following the ischemia of free grafting, skeletal 
muscles larger than 6 g become necrotic, are  infil- 
trated with connective tissue, show little evidence 
of viable muscle, and develop no measureable 
force (for reviews, see Refs. 1 and 5). Ti-ansplan- 
tation with neurovascular anastomoses allows 
muscles larger than 6 g to be transplanted svith lit- 
tle evidence of necrosis or excessive connective 
tissue, l' the preservation of muscle mass, and the 
cievelopment of significant f ~ r c e . " " ~ . ~ ~  Despite the 
success of grafting muscles with neurovascular 
anastomoses, considerable variability is observed 
in the functional recovery of the grafts. When the 

From the Departmenls of Physiology (Drs. Guelinckx and Faulkner) and 
Kinesiology (Dr Essig), the University of Michigan. Ann Arbor. MI 

Acknowledgments We thank Dr Bruce M. Carlson for his assistance in 
the interpretation of histological sections The research was supported 
by program prolect grant DE 07687 from the National Institute of Dental 
Research and grant HL 34164 from National Heart, Lung. and Blood In- 
stitute Dr. Guelinckx's current address IS Department of General Sur- 
gery, Division of Plaslic Surgery and Microsurgery, The Catholic Univer- 
sity of Leuven. Leuven, Belgium Dr Essig's current address is 
Department of Medicine. Section Cardiology, The University of Chicago. 
Chicago, IL. 

Address reprint requests to Dr. Faulkner at the Department of Physiol- 
ogy. the University of Michigan. Ann Arbor. MI 48109-0622 

Accepted for publication July 15, 1987 

0148-639)(/1107/0745 $04 0017 
0 1988 John Wiley & Sons, Inc 

maximum isometric tetanic force (Po)  of grafts 
made with neurovascular anastomoses is ex- 
pressed as a percentage of the control value, the 
P,,  reported in different studies has varied from 
25%" to 55%88 and within a single study from 39 
to 74% .' For small free grafts in and cats,' 
the functional recovery of grafts is also improved 
by grafiing inuscles with the nerve left intact. The  
rectus femoris (RFM) muscle graft in rabbits pro- 
vides an animal model of grafting similar to the 
grafting models used clinically7 in terms of mass, 
single neurovasculai- pedicle. and variability of 
functional recoi'ery. Out- purpose was to evaluate 
during whole muscle grafting the relative contri- 
butions of the repair of the tendons, of the nerve, 
and of the blood vessels to the magnitude of the 
structural and fiinctional deficits found in the 
grafts. We utilized the techniques o f  grafting with 
nerves and vasculature intact (NVI grafts), with 
nerves intact and vasculature anastomosis (NI-VA 
grafts), and nei-ve arid vasculature anastomoses 
(NVA grafts) to clarify the contributions of each 
of these operative procedures to the deficits ob- 
served in stabilized grafts of RFM inuscles in rab- 
bits. 

MATERIAL AND METHODS 

Skeletal muscles were grafted in 43 healthy New 
Zealantl white male rabbits (body inass 3.1 ? 0.06 
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kg, >.;; 2 SE). Data were collected 011 4 control 
RFM muscles from rabbits of similar body mass. 
The  grafting procedures were performed under 
sterile conditions. Rabbits were anesthetized with 
a combination of phentanyl and fluanison 1.M. 
(0.5 mg/g body mass). Treatment of the rabbits 
during the operative and postoperative periods 
was in accordance with the Guiding Principles in  
the Care and Use of Animals of the American 
Physiological Society. Following the collection of 
data, the animals were killed by a lethal injection 
of pentobarbital sodium solution. 

All RFM muscles were grafted orthotopically. 
The  muscles were grafted bilaterally in four ani- 
mals. In the reinaining 39 animals, only the left 
RFM muscle was grafted. Of’ the 47 RFM muscles 
grafted, 8 were NVI grafts, 18 were NI-VA 
grafts, and 21 were NVA grafts. I n  each grafting 
operation, the RFM muscle was exposed and iso- 
lated, and the tendons of the muscle were sev- 
ered. As few muscle fibers as possible were dam- 
aged, but satisfactory stumps were left at both the 
origin and the insertion. T h e  neurovascular pedi- 
cle was dissected free under an operating micro- 
scope. For NVI grafts the muscle was lifted from 
its site without damage to the neurovascular pedi- 
cle and then replaced in the site. T h e  blood flow 
to the N V I  grafts was uninterrupted. For the N I -  
VA grafts, the arterial and venous branches to the 
RFM muscle were clamped and severed without 
interrupting o r  stretching the branch of the fem- 
oral nerve to the RFM muscle. T h e  muscle was 
lifted free and replaced immediately in its bed. 
The  artery was repaired first, with 10-0 nylon su- 
ture using the “back wall first” technique for 
ariastornosis. The  vein was repaired between the 
fernoral vein and the collecting site of‘ the vena co- 
mitans arid the vein on the anterior su r fxe  of‘ the 
muscle. Thc blood flow to the NI-VA and NVA 
grafts was interrupted for 60-90 minutes during 
the vascular ~ ~ ~ S ~ O I I I O S ~ S  but appeared f u l l y  re- 
stored when the clanips were removed from the 
vessels. For NVA grafts. perineural repair with 
11-0 nylon suture was followed by vascular anato- 
mosis and tendon repair. For each type of graft, 
the proxinial and distal ends of the muscles were 
sutured securely to the fascia and tendon stumps 
with 5-0 nylon. and the fascia and skin were 
closed with interrupted stitches using 3-0 chromic 
catgut and 5-0 nylon suture, respectively. I ‘ )  

At 8 days af’ter grafting, 3 animals with NVA 
grafts were anesthetized. The  grafts were re- 
moved and placed in Bouin’s solution for subse- 
quent histological assessment of fiber degenera- 

tion. A complete cross section through the 
proximal and distal parts of each of the three 
grafts was removed and stained with hematoxylin 
& eosin.14 At 15 and 120 days, the mass, total pro- 
tein content, succinic acid dehydrogenase (SDH) 
activity, and Po of 4 NVI grafts, 4 NI-VA grafts, 
and 4 NVA grafts were compared (Table 1) .  
Comparisons were also made of the mass. total 
protein content, SDH activity, and P,, of NI-VA 
grafts and N V A  grafts at 30 01 = 3 in each 
group), 60 ( n  = 3), and 90 (n = 4) days after 
grafting. The  Po of the different types of grafts is 
plotted against time after grafting (Fig. 2). The  
resistance to fatigue of 4 NI-VA and 4 NVA 
grafts was compared with that of control RFM 
muscles 120 clays after grafting (Fig. 3) .  

To measure the contractile properties, rabbits 
were anesthetized, and the RFM muscle or  graft 
was isolated with the proximal tendon, nerve, and 
blood vessels intact. T h e  distal tendon with patella 
and patellar ligament were connected to a Grass 
force transducer with 4-0 stainless steel wire. The  
nerve branch to the RFM muscle was isolated and 
divided under the inguinal ligament. The  RFM 
rnuscle was maintained at 37°C in a skin pouch 
filled with niineral oil. A supramaxinlal electrical 
stimulus was applied to the nerve by means of 
stainless steel electrodes or  directly to the muscle 
by means of electrodes inserted into the proximal 
and distal ends of the muscle. The  stiniulus dura- 
tion was 0.2 msec. T h e  muscle was adjusted to op- 
timal length for force developnient (LJ. Measure- 
ments were made of P ,  during both nerve and 
muscle stimulation. Fatigability of the RFM mus- 
cles and grafts was ineasured by continuous 3 Hz 
stimulation for 10 minutes. The  twitch forces 
were plotted against time to assess changes in 
force with time. T h e  ratio of potentiatecl twitch 
force over twitch force at  10 minutes \+’as useti as 
a fatigue index. 

Aftei- nieasurement of contractile properties, 
the muscles were excised and weighed. For NI- 
VA and NVA grafts, a section was removed from 
the proximal, middle, and distal part of the mus- 
cle for measurements of total protein content and 
SDH activity. Protein was assayed b y  the Lowry 
technique.’ T h e  SDH activity was assayed bio- 
cheriiically as a marker for niitochondrial oxida- 
t ive capacity. SDH activity was assayed by the 
method described by Clark and Porteus.” 

Statistical significance among the three types 
of grafts at 15 and 120 days was determined by a 
one-way analysis of variance. When significant F 
ratios were obtained, statistical differences be- 
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tween groups were determined by l-tests using the 
Welch- Aspin convention, which does not require 
equal sample sizes and assumes variancs to be un- 
known and not necessarily equal.'* T h e  level of 
significance accepted a priori was P 5 0.05. Data 
are presented as means * one standard error.  

RESULTS 

By 8 days after grafting, the histological sections 
from three NVA grafts showed survival of 95% or 
more of all muscle fibers (Fig. 1). At the proximal 
end of the muscle grafts, a small area of muscle 
fibers underwent degeneration apparently caused 
by repair of the tendon. At the distal end the area 
of damage was significantly smaller. Degeneration 
of skeletal muscle fibers was not evident in  the 
central portion of the grafts, except for the occa- 
sional small area of damaged fibers just under the 
muscle fascia. Damage to peripheral fibers in the 
central portion of the graft was attributed to han- 
dling during the operation. A typical transition 
pattern of necrosis, degeneration with invasion of 
macrophages, niyoblast formation, and restora- 
tion of muscle fibers was found in the areas of 
muscle damage (Fig. I ) .  Degeneration of fibers 
appeared to result from direct trauma rather than 
ischemia. 

The  vascularized RFM muscle grafts all main- 
tained a bipennate structure, similar to that of the 
control RFM muscles. T h e  mass of each of the 
three types of grafts was significantly lower than 
control values throughout the study (Table 1). 
T h e  muscle masses of the NVI and NI-VA grafts 
remained at approximately 80% of the control 

v a l u e  from 15 to 120 days after grafting, whereas 
the mass of the nerve-anastoniosed grafts cle- 
dined to 67% 15 days after grafting, presumably 
due to denervation atrophy. T h e  mass of the 
NVA grafts increased gradually to 80%:. at 90 
days. For each type of graft, the total protein con- 
tent followed a pattern similar to that ot' mass 
throughout the experimental period. Total SDH 
activity of both types of grafts demonstrated an 
initial drop in activity but recovered to control Val- 
ues by 90 days (Table 1 ) .  

For NVI and NI-VA grafts, no significant dif- 
ference was observed between nerve and muscle 
stimulation at any of the test periods. For N V A  
grafts, nerve stimulation produced a significantly 
lower P,, between 15 and 60 days after grafting 
(Fig. 2). After 90 days, no difference in Po was ev- 
ident between the two methods of stimulation. 
T h e  P,, of the 3 types of grafts increased steadily 
to reach an asymptote 90- 120 days after grafting 
at 62-71%, of the control value (Fig. 2). T h e  val- 
ues for stabilized P,, were not significantly differ- 
ent from one another. 

During the fatigue test, the twitch responses of 
the RFM muscles and grafts to 3 Hz stimulation 
were similar (Fig. 3).  Each response showed an 
initial potentiation by 1 minute, a decline in force, 
and,  subsequently, a plateau. T h e  RFM muscle 
potentiated to 173% of initial force. the NI-VA 
grafts to 158%, and the NVA grafts to 120%. The  
fatigue indices of 0.50 * 0.02 for NI-VA grafts 
and 0.62 2 0.02 for N V A  grafts were significantly 
higher than the fatigue index of 0.35 ? 1 of the 
control RFM tnuscles (Fig. 3). 

Table 1. The mass, total protein content, total SDH activity of control rectus femoris (RFM) muscles, and maximum isometric 
tetanic maximum force (expressed as a percent of the value for control RFM muscles) and of neurovascular-intact (NVI) grafts 

nerve-intact vascular anastornosed (NI-VA) grafts, and neurovascular-anastomosed (NVA) grafts from 15 and 120 days after 
the grafting operation 

Total protein Total SDH activity Maximum force 
Mass (9) content (9) (pniproteinihour Maximum force (N) (% of control) 

Control RFM muscle (n  = 8) 9.1 c 0.1 1.61 ? 0.09 163.9 rt 4.8 41.2 ? 0.4 100 

NVI grafts (n  = 4) 7 10 ? 0.2 - - 15 7 * 0.8' 38 
NI-VA grafts (n = 4) 7.18 ? 0.7 1.45 ? 0.17' 65.7 * 0.3. 15 5 ? 0.4' 38 

15 day grafts 

NVA grafts (n  = 4) 6.10 2 0.1' 0.94 ? 0.4-t  83.4 c 7.1' 16.6 ? 0.6* 40 

NVI grafts (n = 4) 6.7 ? 0 1' - - 26.1 ? 1.9' 64 
NI-VA grafts (n  = 4) 7.5 ? 0.1 1.16 rt 0.97' 188.9 ? 4 8 29.3 2 1.8' 71 
NVA grafts (n  = 4) 7.3 ? 0.1 1.16 rt 0.15' 148.8 ? 8.5t 25.5 c 2.1. 62 

90- 120 day grafts 

'8gnifcant difference (P 0 05) between NVI, NI-NA, and NVA grafts and the control RFM muscle 
tSignikant ddference ( P  0 05) between the NVA grafts compared with the NI-NA grafts 
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FIGURE 1. (A) By 8 days after grafting with microneurovascular repair, a small area of basophilia surrounds an area of necrosis in the 
region of the proximal tendon (T). The basophilic area represents a zone of degeneration and regeneration of skeletal muscle fibers 
likely resulting from tenotomy and the surgical repair of the tendon. There IS no overt histological evidence of injury to the fibers in the 
remainder of the cross section. A higher power view of the area enclosed by the rectangle is shown in 6. Hernatoxylin 8 eosin; bar = 
0.2 mm. ( B )  Higher power section of the area of basophilia (B) viewed in A. On the left side (B) increased interstitial space is visible 
among degenerating muscle fibers. The degenerating fibers show characteristic transverse fissures (arrows). On the center and right of 
the section, most fibers have undergone sarcolysis. In this region, a cluster of regenerating myotubes (M) is associated with interstitial 
phagocytic cells. Hemotoxylin & eosin; bar = 100 mm. 
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FIGURE 1, cont. (C) Section from the middle of the muscle belly in which most of the fibers appear undamaged except for a few that 
have central nuclei (arrows). The interstitial space is increased. Hemotoxylin & eosin; bar = 0.1 pn .  (D) Cross section through the 
lateral side of the midportion of an RFM graft shows an area of fiber degeneration (D). Under the epimysium, increased cellularity in the 
interfascicular connective tissue is associated with damage to skeletal muscle fibers along the lower right side of the fascicle. Hemo- 
toxylin & eosin; bar = 0.1 mm. 
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FIGURE 2. The maximum isometric tetanic force developed by 
nerve-intact vascular-anastomosed (NI-VA) grafts and neuro- 
vascular-anastornosed (NVA) grafts plotted against time after 
grafting Both nerve and muscle stimulations are reported for 
the neurovascular-anast0mos-W grafts at the time perioos when 
differences were significant (X i- 1 SE) 

DISCUSSION 
7'11~ ef'rect that grafting with neurovascular anas- 
toiitoscs has on the structure and function of skel- 
t:(;tl muscle has not been described definitely for 
tllc pcriod immediately after grafting. Based o n  
histological evidence, Prendergast et al. l 5  con- 
clutlt.d that the majority of skeletal muscle fiber-s 
survived in grafts made with neurovascular 
anastomoses.15 Our estimate of the survival of ap- 
proximately 95% of the skeletal muscle fibers in  
the NVA grafts is in good agreement with the oh- 
servations of Prendergast a n d  his assc)ciaLes.'' In 
our s tudy ,  degeneration and regeneration of' fi- 
bers bvere obseryed primarily near the cut ends o f  
the graft at the site of the tendon repair. hlore 
musc-le fiber damage occurred at the proxinial 
end than at the distal end of the muscle because 
01' ihe broader muscular origin of the muscle o n  
the pelvis. The fibers that degenerated likely sus- 
tained direct injury as a result of the operative 
procedure. The RFM muscle is bipennate, and l i-  
1x1- lengths are 34% of the muscle length. (:onst'- 
quently, only a small proportion of the fibers wci-e 
exposed to the trauma of cutting and S I I L L I I I I I ~  

tfiiring grafting. The survival of fibers and o l~ser -  
vations during the grafting operation indicate that 
blood flow was uninterrupted to most of thc mass 
of the NVI  grafts and rapidly restored to most of 
the fibers in the NI-VA and NVA grafts. 

The IICSI single measure of the functional ca- 
palditic-s of' grafts is the Po.'96 The P, has been 
uscd t o  evaluate the functional recovery of both 

and vascularized8- 10217 grafts. Free 
grafts OP extcnsor digitorurn longus muscles in 
cats rcyuirr 180 days for Po to achieve stability.6 
?'he shortci time (90 days) required for stabiliza- 

fi.eel .2.5.(i, I l i  
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FIGURE 3. The twitch force developed by control RFM muscles, 
nerve-intact vascular-anastomosed (NI-VA) grafts, and neuro- 
vascular-anastomosed (NVA) grafts plotted against time of stim- 
ulation Stimulation was at 3 Hz An initial potentiation, a decline 
in twitch force, and a plateau in twitch force are evident in each 
of the curves. 

tion of the P ,  of vascularized gtafts conipared 
with free grafts is likely due to the survival of the 
majority of the fibers in vascularizcd gpfts '5 and 
the degeneration and regeneration of' fibers ill the 
free  graft^.'.^,'^ The deficit of about 60% in the 
Po of each of the 3 types of grafts in rat~bits 8- 14 
days after grafting indicates a much greater loss 
of force than lvould be expected bawd on the his- 
tological e\.idence of injury. In  a mouse extt'nsor 
digitoruni longus muscle, tenotomy and repair of' 
the distal tendon with no damage to Iniisc-lc li1)ei-s 
resulted in a 25% loss of P,, 3 - 5  days itltei- the 
 pera at ion.'^ Consequently, a deficit in l'<, may oc- 
cur even in the absence of direct injury t o  skeletal 
muscle fibers. The mechanism responsilk l o r -  thc 
deficit in P,, is unknown. 

The stabilization of the PO of the NVA gralts 
at 62% of the control value for RFM musdcs intli- 
cates the recovery of a slightly greater relative t',, 
than has been reported for previous RFM grafts 

functional deficit in P, is associated with a 20%) 
dccrease in muscle mass and a 30% decr-e;isc in  
the content of total protein. Increases in coriiicc- 
tive tissue and volume of interstitial space arc also 
possibilities." The lack of any major structural 01- 

furtctional difference among the three types of 
grafts indicates that the deficits in the grafts coni- 
par-ed with control RFM muscles cannot be attrib- 
uted to either the repair of the nerves' or of the 
hlood vessels. LVe conclude that the tenotomy and 
the repair of the tenotomy constituted the majot -  
cause of the long-term (1 20 day) deficit following 
grafting of 9 g muscles in  rabbits. This conclusion 

made with neurovascular anastor~oses.~."' . '~ mle 
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differs from the observation of a complete recov- 
ery of the control value for P ,  by 30 days follow- 
ing tenotomy and repair of 8 mg muscles in 
mice.13 

Although the mean deficits for the P,, of stabi- 
lized NVI, NI-VA, and NVA grafts were not dif- 
ferent, the NVA grafts showed much greater vari- 
ability than NVI and NI-VA grafts. The range of 
deficits in Po for NVA grafts was from 27 to 57%, 
whereas NVI and NI-VA grafts ranged from 24 
to 36%. The increased range of deficits for NVA 
grafts is likely the result of variability in the suc- 
cess of the nerve anastomo~es.~ Our range of def- 
icits for the Po of NVA grafts of RFM muscles in 
rabbits are in excellent agreement with the range 

reported by Frey et a1.' of 26-61% for the same 
muscle and species. 

The pattern of a greater resistance to fatigue 
in vascularized grafts compared with control mus- 
cles is similar to the greater resistance to fatigue in 
small 100 mg free grafts in rats4 but significantly 
different from the increased fatigability observed 
for large 3 g free grafts in cats.' The mechanism 
responsible for a change in the fatigability of nius- 
cles is not clear in any of these models. Compared 
with free muscle grafts, the greater P,, and the 
greater resistance to fatigue of the vascularized 
grafts provide significant advantages for the resto- 
ration of the functional capabilities of injured or 
paralyzed tissues. 
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