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Fic. 4. Results of axonal myelin silver staining. Photomicrographs of nerve tissue obtained from 2 different rats (upper and
lower rows) that had both undergone glue anastomosis. A and D: Proximal end. B and E: Anastomotic level. C and F:

Distal end.

Statistical Analysis

Comparison between the Glue and Suture groups was
performed using the Mann-Whitney U-test. Correlation
between variables was assessed by means of the Pearson
correlation coefficient and Spearman rank correlation coef-
ficient (rho). Significance was defined as a p value < 0.05.

Results

Of the 40 original study rats, 32 survived to complete
the entire study protocol, 16 in each group. (Eight died
at various stages prior to the formal completion of the
study.) The incapacitance test was performed in 31 rats
(I was too agitated to perform the test adequately). So-
matosensory evoked potentials were available for only 27
rats due to death of 1 during the test and to technical dif-
ficulties related to severe mutilation of the operated leg in
4 animals in the Suture Group. The FSI was calculated in
only 16 rats, either because of automutilation of the oper-
ated limb that precluded the rat from adequately perform-
ing the task, or due to severe contractures in the operated
limb causing it to produce an unacceptable paw print.

Comparison Between the Glue and Suture Groups

The differences between the 2 study groups were sig-
nificant (p < 0.05, Mann-Whitney U-test) for the following
outcome variables: adhesions, SSEPs, axon counts in the
proximal site (all axon sizes), and absolute axon counts
of the large and medium sizes (combined) and small ax-
ons at the anastomotic and distal sites. All the differences
favored the Glue Group except for the SSEPs and adhe-
sions, which favored the Suture Group (Table 1).

There was no significant intergroup difference with re-
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spect to IT value, FSI, or percentage values of axon counts
(relative to the proximal site) for any axon size.

Intervariable Correlations

Both the Pearson and Spearman tests were used to
correlate between outcomes. Correlations were analyzed
for each group (Glue and Suture) and for the whole study
group (Glue and Suture groups combined). We looked for
the following correlations: 1) correlations between ab-
solute axon counts at the anastomosis or distal sites and
the respective percentage value (relative to the proximal
count); 2) correlation between axon counts (absolute and
percentage values) at the various sites for the same axon
size; 3) correlations between the axon counts (absolute and
percentage values) and the non-axonal outcome variables
(for example, adhesions, SSEPs, IT values, and FSIs); and
4) correlations between various non-axonal outcome vari-
ables (adhesions, SSEPs, IT values, and FSIs).

Correlations Between Absolute Counts and Percentage
Values

There was a significant (p < 0.05) correlation between
the absolute counts and percentage values for large axons
at the anastomosis and at the distal sites (the latter in the
Suture Group and the 2 groups combined), but only in the
anastomosis site for the Glue Group. A significant cor-
relation was also found between absolute counts and per-
centage values for large and medium axons (combined) at
the distal site in the Suture Group.

Correlation of Axon Counts Between Various Sites

There was a significant correlation (p < 0.05) be-
tween the proximal and anastomosis site for the absolute
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count of large and medium (combined) and small axons
for both groups combined. The correlation between the
anastomosis and distal sites for the percentage values for
all axon sizes was also significant.

In the Glue Group, there was a significant correlation
between the distal percentage values for large axons and
those for large and medium axons (combined), while in the
Suture Group there was a significant correlation between
the values for the small axons and the large and medium
(combined).

Correlation Between Axonal Counts and Other Outcome
Variables

No significant correlation was found between the IT
value and SSEPs and any of the axon counts in the com-
bined group. There was a significant correlation between
SSEP findings and the absolute axon counts at the proxi-
mal site (the combined large and medium sizes and the
small axons) and the percentage value at the distal site
(the small axons) in the Glue Group. The FSI was sig-
nificantly correlated with the absolute axon counts at the
proximal (the large and medium axons combined and the
small axons) and distal sites (the small axons). The degree
of adhesions correlated with the counts at the anastomo-
sis (the large and medium axons combined and the small
axons) in the combined (Glue and Suture) group. The de-
gree of adhesions correlated with the absolute small axon
count at the proximal site and with the percentage value
of the large axons at the distal site in the Glue Group.
No similar correlations were found in the Suture Group.
There was no significant correlation between the IT value,
FSI, SSEP results and adhesions in either group or overall
(Glue and Suture groups combined).

Correlation Between Non—Axonal Count Qutcome
Variables

There was no significant correlation between the
variables of IT value, FSI, and SSEPs in either subgroup
or the overall study group.

Limb Injuries

The operated limb was injured in 16 of the 32 rats
that survived to the completion of the protocol—4 in
the Glue Group and 12 in the Suture Group. The inju-
ries included autoamputations, pressure wounds, missing
digits, and severe contractures. There was a significant
correlation between the study group and the occurrence
of injured limbs, with the animals in the Glue Group hav-
ing significantly fewer injuries than those in the Suture
Group (p < 0.005).

Discussion

Treatment of a transected nerve is primary anasto-
mosis whenever possible. Approximation of the nerve
endings and nontensile adaptation is the preferred treat-
ment, either in the acute or in the chronic phase following
the trauma.

The common anastomosing technique is microsurgi-
cal suturing, which requires technical skills that are not
widely available. Other anastomotic techniques have been
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TABLE 1: Outcome variables with statistically significant
intergroup differences*

Group

Variable Glue Suture
SSEP in msec 26.3+15.08 12.67 +14.28
degree of adhesions 1.88 £0.89 1+£0
prox area, large axons 241+£142 1.39+£0.68
prox area, large & med axons 20.67 + 11.51 11.36 £5.29
prox area, small axons 23.04+11.77 1269+518
anastomosis, large & med axons ~ 15.09 £ 6.76 9.73+4.23
anastomosis, small axons 1947 +£7.3 13.88 £ 5.59
distal area, large & med axons 13.3+6.51 9.03+4.7
distal area, small axons 22.91+6.73 1775+ 4.7

* Values represent means + SDs. The degree of adhesions was classi-
fied as mild, moderate, or severe, represented numerically as 1, 2, and
3, respectively. The values for axons represent the number of axons in
the given size range identified within a specified area, as described in
Methods. Abbreviations: med = medium; prox = proximal.

tried, including gluing the nerve endings with biological
(fibrin) or cyanoacrylate glue and direct laser soldering, but
each method has its drawbacks. For example, fibrin glue
is weak and will not hold the nerve endings satisfactorily.?
Additionally, there is a possible risk of virus transmission
if the biological glue is of human origin, and fibrin glue
may induce local inflammation and granuloma formation
that may hinder axon regeneration.>* Previous reports that
compared fibrin glue with sutures noted that the tensile
strength of the anastomosis achieved with glue is weaker
than that achieved with sutures, and that motor evoked po-
tentials and histological evaluation of axons (including fi-
brosis and fascicle alignment) showed slightly better results
in the sutured nerves.'® Conflicting results have also been
reported in the literature.'> Cyanoacrylate causes a foreign
body inflammatory reaction and retractile fibrosis, thus se-
verely reducing the nerve diameter.> Histoacryl has been
shown to decrease the action potential amplitude com-
pared with fibrin glue,? although other reports have stated
that cyanoacrylate and sutures have similar nerve regen-
eration capabilities.> Additionally, prior studies have shown
toxic effects of cyanoacrylate-based glues on the brain in
animal models."*?” We did not find any literature regarding
the safety of these glues on the peripheral nervous system.
The results of the current study show comparable results in
the Glue and Suture groups; thus, even in the presence of
toxic effects of the glue, there is probably no added damage
to the nerves, and the regeneration potential remains simi-
lar between both groups. Direct laser soldering does not
simplify the procedure since it necessitates a basic suture
anastomosis.'

The clinical advantage of an anastomosing technique
is measured by the ease with which it is performed, the
availability of the necessary equipment and qualified per-
sonnel for performing it, and whether it has a good func-
tional outcome. These qualifications bestow theoretical
advantages to gluing over microsurgical anastomosis of
transected nerves.
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According to our results, gluing the nerve endings
to each other achieves a stable anastomosis, with signifi-
cantly more axons along the glued nerves than along the
sutured nerves. Despite the association of this technique
with local adhesions, the only functional outcome vari-
able for which we found a significant difference between
the 2 surgical techniques was SSEP. Moreover, the rats
in the Glue Group had significantly fewer automutilation
injuries to their operated limbs.

Adding low-power laser radiation to the anastomotic
region and corresponding spinal segment has been shown
to increase axon counts in the distal end, supposedly im-
proving functional outcome.®!¢!81% This method has been
studied in sutured anastomoses, and studies incorporat-
ing low-power laser radiation are warranted to quantify
its value in combination with the gluing technique.

We found no consistent correlation between the vari-
ables in the following 4 comparisons: 1) the absolute axon
count at the anastomosis and distal sites versus the per-
centage value relative to the proximal site (for the same
axonal size); 2) absolute counts and percentage values at
various sites for the same axon sizes; 3) the axon count
versus other variables (IT value, SSEP, FSI, and adhe-
sions); and 4) between the non—axon count variables (IT
value, SSEPs, FSI, and adhesions). We did, however, find
some significant correlations between specific variables
in certain groups. The clinical implication is that there
was no ideal single outcome variable that could measure
the nerve regeneration. Histological measures, such as
axon counts, have been used frequently, but they seem to
be poorly correlated with the clinical outcome. This fail-
ure to elicit a definitive yardstick for the regeneration of
peripheral nerves questions the reliability of the currently
employed variables as adequate outcome measurements.

Incapacitance Test

This test has not been studied as an outcome measure
for neural regeneration but is rather used to evaluate pain
control in pain models.?' It seems reasonable to consider
that a good functional recovery will enable the rat to re-
gain normal motor behavior and use of the operated limb.
We did not find any correlation between the IT value and
any other outcome variable, nor did the IT value differ
significantly between the 2 study groups. Some of the
limitations of the IT are that contractions in the operated
limb with resulting asymmetrical posture of the rat yield
low values even if the nerve has theoretically regained
full electrical conduction function.

Functional Sciatic Index

The FSI has been used to evaluate the actual motor
function of the nerve by comparing the paw print of the
operated side with that of the healthy side. We noted that
there were major technical limitations of this test due to
contractions in the operated side. Even if the nerve regen-
erates well, we suggest that the presence of contractions
precludes a meaningful FSI. A review of the literature
revealed that the FSI has been used for crush models and
that it was performed within 32 days of the injury.*81524
Studies of FSI in transected and repaired nerves report-
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edly yielded significantly lower values.*® Other limita-
tions of the FSI are as follows: difficulty in interpretation
in hesitant rats, a falsely widened imprint of the healthy
side due to unnatural excessive weight load on the nonop-
erated side, and missing digits and heel ulcerations on the
operated side.”® According to the findings of the current
study, there were no significant FSI differences between
the Suture and Glue groups. This is in accordance with
the findings of Menovsky et al.!* who compared the FSI of
transected nerves anastomosed by suture, fibrin glue, and
local laser soldering. A similar nonsignificant difference
was reported by Martins et al.,'! who compared the FSI
following suture- and fibrin glue—based anastomoses.

Somatosensory Evoked Potentials

Electrophysiological studies of repaired nerves in-
clude nerve conduction time studies, motor evoked poten-
tials, and SSEPs. Martins and colleagues'"-'> compared the
nerve action potential and motor action potential between
3 anastomotic groups: suture, fibrin glue, and combined.
They found no significant between-groups difference in
the nerve action potential and a better motor action poten-
tial result in the fibrin group. We chose to perform an SSEP
test because it is technically easier and because it requires
measurement of the differential latency between the oper-
ated and healthy legs. Previous studies have used SSEP
testing to demonstrate the advantage of adding local laser
radiation to the anastomotic region and the corresponding
spinal cord segment.'” An earlier study by Wtodarczyk?®
showed that Histoacryl (TissueSeal, LLC) abolished elec-
trical activity across the gap when directly injected into
it. In the current study, we elicited SSEP responses in all
the glued nerves, and our results showed that the SSEPs
were significantly longer (about twice as long) in the Glue
Group compared with the Suture Group.

We did not find any constant correlation between the
SSEP values and other variables. Varejdo et al.?> noted
that electrophysiological studies do not necessarily corre-
late with the motor and sensory functions in a regenerat-
ing nerve. It is not clear whether the reason lies in limita-
tions of electrophysiological studies or the other outcome
variables that were tested.

Histomorphological Outcome

Axon counts are used to evaluate nerve regenera-
tion, but sprouting axons do not necessarily yield effec-
tive motor functions, thus limiting the usefulness of this
parameter as being indicative of a functional outcome.??
We found a significant positive effect of using glue com-
pared with sutures on the quantitative measures of large
and medium axons (combined) and small axons in all 3
levels (proximal, anastomosis, and distal). The effect on
the proximal count is not fully understood. It may be that
a better “conduit” through the anastomosis results in less
wallerian degeneration.

We evaluated the quantity of adhesions between the
nerve and the surrounding tissue. The Glue Group had
significantly more adhesions than the Suture Group. This
may be secondary to an inflammatory and granulation
response to the glue.?> Adhesions may further injure the
nerve as adjacent muscles contract and pull on the adher-
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ent nerve. Choi et al.? performed a histological compari-
son of cyanoacrylate glue and suture anastomoses and
their results showed no significant differences between
the 2 methods in the quantity of adhesions.

Study Limitations

This paper has several limitations. The small study
population (20 rats in each subgroup) limits the power of
the results. The high rate (50%) of limb injuries second-
ary to autoamputations, missing toes, pressure wounds,
and contractions, precluded adequate measurement of
outcome in some of the rats, thus limiting the statistical
power of the study. Previous studies have described limb
injuries secondary to nerve injury and stated that the eti-
ology of self-mutilation limb injury is most probably re-
lated to sensory loss in the affected limb.> In the current
study, we were unable to differentiate whether the differ-
ence in limb injuries between the study groups was due to
any difference in neural recovery between the groups. We
speculated that the limb injuries occurred before neural
recovery had time to take place.

Conclusions

We compared the 2 anastomotic techniques of mi-
crosurgical and cyanoacrylate glue and found significant
advantages for the gluing technique as measured by the
histological outcome, despite significantly more local ad-
hesions and prolonged SSEP lag time. Other functional
outcomes were similar for both techniques. Despite the
limitations of this study, we suggest that cyanoacrylate-
based glue may be useful for nerve anastomosis. Given
the important clinical application of this finding, we
stress the need for a larger study comparing the suture
and glue techniques.
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