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UPDATE ON MANAGING

NEUROPATHIC

ABSTRACT

Severe chronic neuropathic pain, which can profoundly and negatively affect quality of life, is usually caused by damage to
peripheral nerve tissue from various physical, thermal, or chemical agents and is difficult to relieve. Commonly used opioids
are quite effective in relieving nociceptive pain, but nerves that are damaged send pain-sensing fibers into an area of the spinal
cord in which there are no mu or kappa receptors to receive opioids or the endogenous endorphins that relieve pain. Clinicians
who treat neuropathic pain face daunting therapeutic challenges, but specific analgesic agents have proven effective in reliev-
ing that excruciating discomfort. In this article, drugs that target neuropathic pain are discussed, and case reports of patients
who have overcome nerve-related pain are presented. Formulations for effective analgesic preparations useful in treating neu-
ropathic pain are included.

CHRONIC NEUROPATHIC PAIN

Jack P. McNulty, MD, FACP,

Fack P. McNulty, MD, FACP, FAAHPM, clinical associate professor of medicine, Louisiana State University FAAHPM
Health Sciences Center, New Orleans, Louisiana; medical director, Hospice of St. Tummany Parish Hospital,

L - . o : . - i L Louisiana State University Health
Covington, Louisiana; and president, Palliative Care Institute of Southeast Louisiana, Covington, Louisiana

Sciences Center
. . L e o New Orleans, Louisiana
It is well recognized that neuropathic pain, especially if it is severe and chronic, is difficult : ’
to relieve. Sudden, sharp, lancinating, stinging, burning neuropathic pain, which may feel to the

patient like an electric shock, is usually a consequence of damage to peripheral nerve tissue from George Muller, RPh
various physical, thermal, or chemical agents, and that type of pain often afflicts patients long Compounding Corner
term. Although there are instances of isolated neuropathic pain (e.g, postherpetic or chemo- Madisonville, Louisiana
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therapeutic pain, diabetic neuropathy), it is important to realize that
patients with nonmalignant pain, like that caused by failed back or neck
operations, or cancer-related pain often experience neuropathic pain in
addition to somatic and /or visceral pain.

Why is neuropathic pain difficult to alleviate? If somatic pain is
relieved by a conventional opioid like morphine or hydrocodone, why
doesn’t nerve pain respond to those agents? Many neurotransmitters and
receptors are involved in the perception of pain, and legions of research-
ers are studying different hypotheses on that topic, but there is no single
definitive explanation thus far. Commonly used opioids (morphine,
fentanyl, hydromorphone, oxycodone, hydrocodone) relieve pain by
acting as agonists on mu and/or kappa receptors in the dorsal horn of
the spinal cord. Those agents are quite effective in relieving nocicep-
tive (somatic and visceral) pain. However, when nerve tissue is injured,
the damaged nerves send pain-sensing fibers into an area of the spinal

cord in which there are no mu or kappa receptors to receive opioids or
endogenous endorphins that relieve pain. One interesting line of investi-
gation has shown that activation of the N-methyl-D-aspartate (NMDA)
receptor in the dorsal horn of the spinal cord by chronic, persistent pain
impulses has a significant role in perpetuating chronic pain. There is
increasing valid evidence that blocking the NMDA receptor can greatly
relieve chronic pain, including neuropathic pain. In 2000, Brookoff!-
suggested that chronic pain is a disease rather than a symptom and that
opioids should be prescribed more frequently to relieve chronic pain. He
described the constellation of nervous-system changes caused by activa-
tion of the NMDA receptor, and that research was the stimulus for and
foundation of our clinical efforts to treat severe chronic pain, including
neuropathic pain. At the present time, there are three clinically effective
agents for treating chronic pain that block the NMDA receptor: levor-
phanol, methadone, and ketamine.

KETAMINE 10%/GABAPENTIN 6%/
CLONIDINE 0.2%/LIDOCAINE 2% IN

PLURONIC LECITHIN ORGANOGEL

For 100 mL
Clonidine hydrochloride 022 ¢
Ketamine hydrochloride 115 ¢
Gabapentin 6 g
Lidocaine 2g
Ethoxy diglycol 10 mL
Lecithin:isopropyl palmitate 22 mL
Pluronic gel 30% qs 100 mL

Note: Clonidine hydrochloride 1.1 mg equates to clonidine 1 mg. Ketamine
hydrochloride 1.15 g equates to ketamine 1 g.

METHOD OF PREPARATION

1. Calculate the required quantity of each ingredient for the total
amount to be prepared.

2. Weigh and/or measure each ingredient accurately.

3. Triturate the clonidine, gabapentin, lidocaine, and ketamine
together.

4. Add the ethoxy diglycol to the resultant powder.

5. Add the mixture from step 4 to the lecithin:isopropyl palmitate
solution and mix well until the mixture “smacks.”

6. Add the Pluronic 30% gel in small increments to bring the mix-
ture to volume.

7. Pass the mixture through an ointment mill.

8. Package and label.

PACKAGING
Dispense in a syringe to ensure accurate dosing. Store at room tem-
perature.

LABELING
Store at room temperature.

STABILITY
A beyond-use date of 30 days is recommended for this preparation.

KETAMINE 10%/CLONIDINE 0.2%/
METHADONE 1% PLURONIC LECITHIN

ORGANOGEL

For 100 mL
Ketamine hydrochloride 115 ¢
Methadone hydrochloride lg
Clonidine hydrochloride 022 ¢
Propylene glycol 1 mL
Ethoxy diglycol 10 mL
Lecithin:isopropyl palmitate 22 mL
Pluronic gel 30% qs 100 mL

Note: Clonidine hydrochloride 1.1 mg equates to clonidine 1 mg. Ketamine
hydrochloride 1.15 g equates to ketamine 1 g.

METHOD OF PREPARATION

1. Calculate the required quantity of each ingredient for the total
amount to be prepared.

2. Weigh and/or measure each ingredient accurately.

. Make a paste of methadone and propylene glycol.

. Wet the ketamine and clonidine with ethoxy diglycol in a sepa-

rate mortar and make a paste.

5. Add step 3 to step 4.

6. Add step 5 to the lecithin:isopropyl palmitate solution in a sepa-
rate mortar and mix until the mixture “smacks.”

7. Add the Pluronic gel geometrically to the mixture from step 6.

. Pass the mixture through an ointment mill.

9. Package and label.

S W

(o]

PACKAGING
Dispense in a syringe to ensure accurate dosing. Store at room
temperature.

LABELING
Store at room temperature.

STABILITY
A beyond-use date of 30 days is recommended for this preparation.
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AGENTS THAT RELIEVE
NEUROPATHIC PAIN
KETAMINE

Ketamine, an anesthetic that is related to “angel dust” (phencycli-
dine), can be administered via intravenous or subcutaneous infusion
in subanesthetic doses to treat intractable neuropathic pain.>* That
agent is also administered as a nasal spray,’ orally, or as a transdermal
cream’ to reduce the psychomimetic adverse effects that occur in about
one-third of patients who receive ketamine parenterally. A recent study
showed that adding midazolam to parenteral ketamine greatly reduced
ketamine-related adverse effects (E. A. Bailey, oral communication, July
2008).

Because ketamine is an NMDA receptor antagonist and not an
opioid, there has been interest in its possible use to treat chronic pain in
outpatients. The use of ketamine administered in a transdermal cream,
as a nasal spray, or orally has been reported for that purpose, and prelim-
inary reports are encouraging.

LEVORPHANOL

Levorphanol is the least known and most infrequently prescribed of
the major opioids used to treat chronic pain. Marketed since the 1950s as
Levo-Dromoran, levorphanol is an excellent opioid that declined in use
during the 1980s, when sustained-action forms of fentanyl, morphine,
and oxycodone were the agents most often prescribed for the treatment
of chronic pain. By 1990, levorphanol was commercially available only
as a generic 2-mg tablet (Boehringer Ingelheim Roxane Laboratories,
Ridgefield, Connecticut). It was seldom prescribed until 2003, when, in a
seminal evidence-based study, Rowbotham and colleagues® demonstrat-
ed the dose-related efficacy of levorphanol in relieving neuropathic pain.
That paper is listed as one of the five most important articles of 2003 in
the Fischberg and Morrison annual review of palliative care literature at
the 2004 convention of the American Academy of Hospice and Palliative
Medicine.” Foley also supported the findings of Rowbotham and col-
leagues,® which demonstrated that levorphanol effectively relieved neu-
ropathic pain.!® Randomized controlled trials that compare the effects
of methadone and levorphanol with those of other opioids are necessary

LEVORPHANOL SYRUP 4 MG/ML

For 100 mL

Levorphanol tartrate 400 mg
Water, purified 67 mL
Flavor, pina colada anhydrous 3 mL
Stevia concentrate 3 mL
Syrup qs 100 mL

Note: If levorphanol powder is nor available, then tablets of levorphanol can
be substituted. Use the ground rablets to make a paste with a small amount of
propylene glycol. Adjust the amount of the water and syrup to allow for tabler
displacement.

METHOD OF PREPARATION

1. Calculate the required quantity of each ingredient for the total
amount to be prepared.

2. Weigh and/or measure each ingredient accurately.

3. Place the water in a beaker.

4. Add the levorphanol tartrate and spin the mixture to dissolve it.

5. Add the flavors and sweeteners.

6. Add the syrup to volume.

7. Package and label.

PACKAGING
Dispense in an amber bottle.

LABELING
If levorphanol tablets are used: Shake well. Store in a refrigerator.

STABILITY
A beyond-use date of 14 days is recommended for this preparation
when stored in a refrigerator.

METHADONE 20-MG/ML CHOCOLATE/

RASPBERRY CONCENTRATED SYRUP

For 100 mL

Syrup 42 mL
Stevia concentrate 8 mL
Sodium saccharin concentrate 0.5 mL
Sodium chloride 333 mg
Methadone hydrochloride 2 g

Flavor, raspberry anhydrous 6 mL
Flavor, chocolate 2 mL
Flavor, peppermint oil 1 gtt
Water, purified qs 100 mL

METHOD OF PREPARATION

1. Calculate the required quantity of each ingredient for the total
amount to be prepared.

2. Weigh and/or measure each ingredient accurately.

3. Dissolve the methadone and the sodium chloride in purified
water.

4. Add the flavors and sweeteners.

. Add the syrup.

. Package and label.

AN W

PACKAGING
Dispense in an amber bottle.

LABELING
Refrigerate.

STABILITY
A beyond-use date of 14 days is recommended for this preparation
when stored in the refrigerator.
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to provide evidence-based data proving their

value, but funding for those investigations has TABLE 1. Converting Treatment with Opioids to Methadone Therapy.
thus far been lacking. 1. Convert all opioids taken in 24 hours to their oral morphine equivalents.
2. Use the ratios below to convert treatment with morphine to methadone:
METHADONE Morphine equivalent oral daily dose:
<30 mg morphine: ratio of morphine to methadone = 31
The synthetic opioid methadone has been 30 - 99 mg morphine: ratio of morphine to methadone =51
used for pain relief since the 1940s."2 Metha- 100 - 299 mg morphine:  ratio of morphine to methadone = 81
done, lilfe levorphanol, i.s an NM,DA receptor 300 - 499 mg morphine:  ratio of morphine to methadone =121
antagonist and a mu-opioid agonist Because 500 - 999 mg morphine:  ratio of morphine to methadone =151
of the development of long-acting drugs such k . .
as fentanyl, oxycodone, and morphine in the >1000 mg morphine: ratio of morphine to methadone =20:1
1980s, methadone has been prescribed for the Source: Ayonrinde OT, Bridge DT. The rediscovery of methadone for cancer pain management. Med 7 Aust 2000; 173(10):
past two decades primarily as a treatment for 536-540.

substance abuse. Its use has been limited by

stigma and a lack of knowledge about the equianalgesic conversion ra- . . .
tios used to convert treatment with other opioids to therapy with metha- TABLE 2. Converting Treatment with Morphine to
done. Now, however, the use of methadone to relieve severe complex Levorphanol Therapy.
and neuropathic pain is increasing in the U.S. as the medical community Morphine to Levorphanol Ratio:
becomes more aware of the therapeutic effects of that drug.'? Morphine <100 mg 2:1 (12 mg MS = 1 mg levorphanol)
Morphine 100 - 299 mg 15:1 (15 mg MS = 1 mg levorphanol )
TOPICAL MORPHINE Morphine 300 - 599 mg 20:1 (20 mg MS = 1 mg levorphanol )
) ) Morphine 600 - 799 mg 25:1 (25 mg MS = 1 mg levorphanol)
For seYeral years .there have b.een scattered reports of pain rel{ef Morphine 801 - 999 mg No data
when Foplcal morphine was applied to the denude.d sgrface of pamful Morphine >1000 mg No data
decubitus ulcers and other open wounds, and no significant systemic ab-

sorption of morphine was noted as a result of that therapy. Nurses at the Sources: McNulty JP. Can levorphanol be used like methadone for intractable refractory
Hospice of St. Tammany Parish Hospital in Covington. Louisiana. now pain? 7 Palliar Med 2007; 10(2): 293-296; and McNulty JP. Levorphanol for the treatment
p ' y p geon, ’ of severe chronic pain. [7PC 2007; 11(3): 202-211.

apply morphine cream to the open wound surfaces of painful decubitus

ulcers in elderly bedbound patients, and that treatment has resulted in
very good pain relief of 4 to 8 hours’ duration in most cases.

MORPHINE 1% EMOLLIENT CREAM

COMMENT For 100 mL
The transdermal delivery of ketoprofen, diclofenac, ketamine, lido- )

caine, and various opioids provides relief from postherpetic neuropathic Morph_me sulfate lg
pain and localized postoperative and posttraumatic painful nerve inju- Glycerin . 2 mL
ries. Working with a compounding pharmacist enables a greater choice Base, emollient cream s 100 g
of drugs and dosages to meet specific patient needs. This is particularly
true when the pharmacist is a member of a hospice and/or palliative METHOD OF PREPARATION
medicine team caring for patients at home or in a nursing facility. 1. Calculate the required quantity of each ingredient for the total

amount to be prepared.
. Weigh and/or measure each ingredient accurately.
Make a paste of the morphine and the glycerin.
. Incorporate the mixture from step 1 geometrically into the base.
. Package and label.

CONTROLLING CHRONIC
NEUROPATHIC PAIN: AN
OBSERVATIONAL CASE SERIES PACKAGING

Dispense in a syringe to ensure accurate dosing.

From 2001 through 2008, as a medical director of the Hospice of St.

Tammany, I provided symptom management to 2148 hospice patients, LABELING

and during that time I also served as a palliative medical consultant Store at room temperature.

to 261 nonhospice patients in an outpatient clinic at the St. Tammany

Parish Hospital. It was often necessary to prescribe an NMDA recep- STABILITY

tor antagonist to relieve complex chronic pain. During that time at A beyond-use date of 30 days is recommended for this preparation.
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MORPHINE 30-MG/LORAZEPAM
1-MG/ML PLURONIC LECITHIN

ORGANOGEL
For 100 mL
Morphine sulfate 3¢
Lorazepam 100 mg
Propylene glycol 1.5 mL
Lecithin:isopropyl palmitate 22 mL
Pluronic 20% gel qs 100 mL

METHOD OF PREPARATION

1. Calculate the required quantity of each ingredient for the total
amount to be prepared.

2. Weigh and/or measure each ingredient accurately.

3. Wet the morphine sulfate and the lorazepam with just enough
propylene glycol to make a smooth, creamy paste.

4. Add the lecithin:isopropyl palmitate solution and mix in a mortar
until the mixture “smacks.”

5. Remove the plunger from a syringe, place a rubber tip on the
syringe end, and dump the contents of the mortar into the syringe.

6. Attach the empty syringe to the step-5 syringe with a Luer-to-
Luer connector and transfer the contents back and forth to ensure
thorough mixing. Draw the contents into one of the syringes to
determine the amount of Pluronic 20% gel needed.

7. Draw up the Pluronic 20% gel in another syringe, reattach the
syringe containing the active ingredient mix, and perform a
syringe-to-syringe transfer to ensure complete mixing.

8. Package and label.

PACKAGING
Dispense in a syringe to ensure accurate dosing.

LABELING
Store at room temperature.

STABILITY
A beyond-use date of 30 days is recommended for this preparation.

TABLE 3. Converting Treatment with Levorphanol to
Methadone Therapy.

Note: The conversion of treatment with levorphanol to methadone is based on
limited experience. No data on parenteral conversion are available. Both drugs
have a conversion ratio from oral to parenteral of 2:1.

Note: Two milligrams of levorphanol orally = 5 mg of methadone orally.

Levorphanol 2 mg every 8 hours roughly equals a dose of methadone
5 mg orally every 8 hours.

Recommended ratio: Levorphanol:methadone = 1:2.

TABLE 4. Converting Treatment from Methadone to
Levorphanol Therapy.

1. Converting from methadone therapy to treatment with most opi-
oids 1s difficult for patients, who often experience pain escalation
and other increased symptoms.

2. Converting treatment from methadone to levorphanol has been
associated with no adverse symptoms.

3. A dose of methadone 5 mg is roughly equal to a dose of levorpha-
nol 2 mg.

Recommended ratio for cross-tolerance: Methadone:levorphanol = 3:1.

those institutions, methadone was prescribed for 242 hospice and 133
nonhospice patients, and levorphanol was prescribed for 43 hospice

and 30 nonhospice patients. Although some of those patients with pain
had cancer, many had been experiencing, for months or years, severe
nonmalignant pain from diseases such as fibromyalgia, degenerative or
rheumatoid arthritis, accidents, or failed operations of the back, neck,
or extremities. Regardless of the type of their chronic pain, many of
those individuals had received prior interventional pain therapy with no
lasting benefit. We found that it was not necessary to hospitalize patients
to provide effective pain relief with either methadone or levorphanol,
and few adverse effects resulted from the use of those agents. One cancer
patient became oversedated on methadone due to a caregiver error in
2001 and was briefly hospitalized to treat pneumonia, but no other seri-
ous complications occurred as a result of treatment with methadone or
levorphanol during that 8-year period.

Of the 375 patients whom we treated with methadone, 186 had an
excellent response (i.e., their pain scores declined from a range of 7 to
10 to a range of zero to 3 on a 10-point scale in which 10 represented
the worst possible pain). Ninety-four of our methadone-treated patients
experienced fair relief; their pain scores decreased from a range of 7 to
10 to a range of 4 to 5 on that same scale. Overall, the favorable response
rate in patients who received methadone approached 75%.

Of the 73 patients treated with levorphanol, 35 had an excellent
response, and 14 experienced fair relief (overall favorable response rate,
70%). Those results strongly suggest that patients with severe chronic
pain who were treated with levorphanol or methadone benefitted from
those opioids. Evidence-based randomized controlled trials are needed
to confirm these preliminary findings.

When pain is unrelieved and it is necessary to replace ineffective
opioids, the clinician should calculate the amount of opioids taken by
the patient during the preceding 24 hours. Standard equianalgesic tables
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should be used to convert treatment with those opioids to their 24-hour
oral morphine equivalents. If treatment with morphine is converted to
methadone therapy, use Table 1. If treatment with morphine is con-
verted to levorphanol therapy, use Table 2, and to convert levorphanol
therapy to methadone treatment, use Table 3. Although converting
treatment with methadone to therapy with other opioids is difficult and
often causes increased pain and other symptoms, converting methadone
therapy to levorphanol treatment has thus far produced no adverse
symptoms if the protocol in Table 4 is followed.

COMMENT

When chronic neuropathic pain is severe and persistent and treat-
ment with nonopioids, nonsteroidal anti-inflammatory drugs, tricyclic or
anticonvulsant adjuvants, lidocaine, duloxetine, or conventional opioids
(hydrocodone, oxycodone, morphine, fentanyl, and hydromorphone)
has not been effective, a trial with an NMDA receptor antagonist such
as levorphanol, methadone, or ketamine may provide surprisingly good
pain relief, as our results at the Hospice of St. Tammany and St. Tam-
many Parish Hospital indicated.

In people who live with chronic pain, depression and anxiety are
almost universal. Frustration and anger, which are common in those
with ongoing pain, are often directed toward the medical establishment,
which has often done little to help them. Many such patients are unable
to earn a living or maintain relationships, and the effects of those losses
are devastating to health and well-being. Suicide becomes one of the
possible options when suffering is unbearable for those individuals.

The following case reports describe patients who were miserable
because of chronic neuropathic pain until a physician finally understood
their need for relief and prescribed an effective analgesic drug.

CASE REPORT
NUMBER 1

A 75-year-old man was diagnosed with cancer of the anus in Janu-
ary 2004 and underwent radiation therapy, chemotherapy, and then an
abdominoperineal resection in April of that year. After surgery, he com-
plained of severe constant burning and lancinating pain of the perineum,
scrotum, and both medial upper thighs and found sitting painful. The
pain kept him awake at night. Visits to the surgeon, oncologist, and
radiation oncologist, who denied responsibility for that complication,
were frustrating. Hydrocodone was prescribed but provided no relief. By
July 2004, the patient was so depressed and exhausted that he attempted
suicide. Hospitalization in a psychiatric facility and treatment with an-
tidepressants helped, but the pain persisted. In October of that year, he
was referred to our clinic by his wound-care nurse. After our evaluation,
he was treated with low-dose methadone for sacral neuropathy. A bed-
time dose of methadone 5 mg was administered, shortly after which the
patient’s pain lessened and he slept the entire night for the first time in
6 months. On a methadone dosage of 2.5 mg twice daily, he experienced
excellent pain relief for 18 months and resumed many of his normal ac-
avities. At the time of this writing, his cancer has not recurred, his pain
level is tolerable, and his quality of life is greatly improved.

LECITHIN/ISOPROPYL PALMITATE

SOLUTION

For 220 mL

Sorbic acid 0.66 ¢
Lecithin soya granules 100 ¢
Isopropyl palmitate 117 mL

METHOD OF PREPARATION

1. Calculate the required quantity of each ingredient for the total
amount to be prepared.

2. Weigh and/or measure each ingredient accurately.

. Disperse the lecithin and the sorbic acid in the isopropyl palmitate.

. Allow the mixture to stand overnight.

S w

PACKAGING
Store in a tightly closed amber stock bottle.

LABELING
Store at room temperature.

STABILITY
A beyond-use date of 180 days is recommended for this preparation.

SODIUM SACCHARIN CONCENTRATE

30 MG/0.1 ML
For 100 mL
Sodium saccharin 30 g
Sodium benzoate 05 ¢g

Water, purified 85 mL

Note: Prewarming the water over low heat will help dissolution.

METHOD OF PREPARATION

1. Calculate the required quantity of each ingredient for the total
amount to be prepared.

2. Weigh and/or measure each ingredient accurately.

3. Dissolve the sodium saccharin and the sodium benzoate in an ap-
propriate amount of purified water (90% of the total preparation
volume).

4. Add sufficient purified water to volume.

5. Package and label.

PACKAGING
Place in an amber bottle equipped with an adapter cap.

LABELING
Store at room temperature.

STABILITY
A beyond-use date of 180 days is recommended for this preparation.
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CASE REPORT
NUMBER 2
A 56-year-old man was referred by his anesthesiologist for consulta-

tion at our clinic because interventional pain therapy and treatment
with hydrocodone had provided little relief from chronic low-back pain

after a laminectomy. As a young man, this patient had sustained multiple

injuries as a rodeo rider. While serving in Vietnam, he underwent a
lumbar fusion for a back injury, and he was treated for posttraumatic
stress disorder after his discharge from the U.S. military. He experienced
severe chronic low-back pain over the next 5 years, which caused him to
become severely depressed. When coping with his pain became increas-
ingly difficult, he considered suicide and was treated at a local psychi-
atric Veterans Administration hospital. His low-back pain persisted,

however, and eventually limited his functioning. After evaluation in our
clinic, he was treated with oral methadone 10 mg every 8 hours. Three
days after the initiation of that treatment, his pain score decreased from
a range of 7 to 8 to 2 to 3 on a scale of zero to 10, where 10 represented
the worst possible pain. He has continued treatment with methadone 10
mg every 8 hours to date and is much more functional and satisfied with
his treatment as a result of that therapy.

CASE REPORT
NUMBER 3

On the left cheek of an 81-year-old man, a large fibrosarcoma devel-
oped, extended into the maxillary sinus, and caused lancinating, burning,
aching pain. Surgical removal of the tumor was not possible because of

STEVIA CONCENTRATE SOLUTION

500 MG/ML
For 100 mL
Stevia powder extract 50 g
Sodium benzoate 05 ¢g
Water, purified qs 100 mL

Alcohol, 95% 18 mL

Note: Stevia goes into solution slowly and may take up to 30 minutes 1o do so,
depending on the volume prepared, and also produces frothing; allow for set-
tling.

METHOD OF PREPARATION

1. Calculate the required quantity of each ingredient for the total
amount to be prepared.

2. Weigh and/or measure each ingredient accurately.

3. Prewarm the water (about 50% of the total preparation volume)
over low heat.

4. Add the sodium benzoate to the water and place the mixture in a
beaker with a spin bar. Let the mixture dissolve.

5. Add the alcohol, 95% to the mixture from step 4.

6. Gradually add the stevia and continue to stir the mixture over low
heat.

7. Add sufficient purified water to volume.

8. Package and label.

PACKAGING
Store in an amber bottle and keep refrigerated.

LABELING
Refrigerate.

STABILITY
A beyond-use date of 180 days is recommended for this preparation,
which must be refrigerated.

BASE, EMOLLIENT CREAM

For 100 g

Sodium benzoate 200 mg
Polysorbate 80 2 ¢
Base, ointment 40 ¢
Water, purified 58 mL
Butylated hydroxytoluene 200 mg

Note: To ensure accuracy, after pouring the water into the beaker, mark the
meniscus with tape. Add sufficient water to the tape mark afier the sodium
benzoate has dissolved.

Note: Ointment Base contains white petrolatum, cetostearyl alcohol, and light
mineral oil.

METHOD OF PREPARATION

1. Calculate the required quantity of each ingredient for the total
amount to be prepared.

2. Weigh and/or measure each ingredient accurately.

3. Reduce the particle size of the butylated hydroxytoluene in a
mortar to speed the compounding process.

4. Melt the ointment base at 60°C and add the polysorbate 80 and
the butylated hydroxytoluene.

5. Heat the water to 60°C and add the sodium benzoate.

6. Add the mixture from step 5 to the mixture from step 4 (the base).

7. Stir the resultant mixture with an electric mixer (without heat)
until the cream thickens and is uniform.

8. Package and label.

PACKAGING
Store in an ointment jar.

LABELING
Refrigerate.

STABILITY
A beyond-use date of 180 days is recommended for this preparation.
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the patient’s heart disease. Palliative radiotherapy did not reduce his
pain, and hydrocodone, oxycodone, morphine, and adjuvants were also
ineffective in providing relief. Treatment with oral methadone 10 mg
every 8 hours reduced his level of pain from a range of 7t0o 9 to 1 to 3 on
a scale of zero to 10, where 10 represented the worst possible pain, but
he disliked the mild drowsiness caused by that agent. Levorphanol 4 mg
every 6 hours reduced his pain level to a score of zero to 3 on that scale
and produced no adverse effects. Over the next 2 years, the escalation of
this patient’s pain required slow increases in levorphanol. At the time of
this writing, his pain is well controlled with a levorphanol dosage of 12 mg
every 6 hours (48 mg/24 h). He is normally active for his age, drives a
vehicle, and has a very good quality of life. If and when he is unable to
swallow tablets, he will receive levorphanol oral concentrate buccally.

CASE REPORT
NUMBER 4

Isolated ulnar neuropathy developed in a 46-year-old man as a com-
plication of a prolonged coronary bypass operation. Constant burning
and intermittent shocklike neuropathic pain in his left hand and forearm
impaired his career as an attorney. His pain score ranged from 5 to 9
on a scale of zero to 10, where 10 represented the worst possible pain.

He exhibited weak interosseus muscle function. Constant pain after 12
weeks of treatment with hydrocodone and gabapentin led to consulta-
tion for a possible trial with levorphanol. Treatment with that agent was
initiated at a dosage of 1 mg (half of a 2-mg tablet) every 6 hours. After
the dose was increased to 2 mg every 6 hours, the patient’s lancinating
pain rapidly decreased to a pain score of zero to 1 on a scale of zero to
10 (where 10 represented the worst possible pain) and did not recur. The
burning pain subsided with a levorphanol dosage of 3 mg every 8 hours.
After undergoing surgery to correct nerve entrapment 6 months after
levorphanol therapy was initiated, this patient resumed a normal work-
load. At the time of this writing, he is treated with 4 mg of levorphanol
every 12 hours, and his pain level is acceptable.

CASE REPORT
NUMBER 5

A 56-year-old man with cancer of the tongue underwent radical
resection of the soft palate and hemiglossectomy. Recurrence of the
aggressive tumor in his oropharynx, sinus, and cheek caused severe
trigeminal and glossopharyngeal pain that worsened this patient’s chron-
ic anxiety and panic attacks. When he was admitted to hospice, his pain
score was 7 to 8 on a scale of zero to 10, where 10 represented the worst
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possible pain. Methadone oral concentrate 20 mg/mL administered via
a gastrostomy tube every 8 to 12 hours reduced the level of pain, but the
patient was afraid to take methadone. When he received levorphanol 2 mg
every 6 hours for 5 days, his pain score was 5 on that pain scale. His level
of pain was tolerable (a score of 3) for the next 6 weeks until his death
on day 47 of levorphanol treatment. In that patient, the most effective
dosage of levorphanol proved to be 16 mg/24 h.

CONCLUSION

The treatment of both malignant and nonmalignant neuropathic
pain is challenging, but the appropriate prescription of drugs that target
nerve-related pain can provide relief, even in the most difficult cases.
Working with a compounding pharmacist provides a greater choice of
drugs and dosages that can be customized to meet specific patient needs
and reduce neuropathic pain to a manageable level.
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KETOPROFEN 10%/KETAMINE 10%/
LIDOCAINE 5% IN PLURONIC LECITHIN

ORGANOGEL

For 100 mL

Ketoprofen 10 g
Ketamine hydrochloride 115 ¢
Lidocaine 5S¢
Ethoxy diglycol 10 mL
Lecithin:isopropyl palmitate 22 mL
Pluronic gel 30% qs 100 mL

METHOD OF PREPARATION

1.

Calculate the required quantity of each ingredient for the total
amount to be prepared.

2. Weigh and/or measure each ingredient accurately.

i NN UY)

O © N O

. Triturate (in a mortar) the ketoprofen, ketamine, and lidocaine.

. Add the prewarmed ethoxy diglycol to the mortar mix and make a
paste.

. Add the lecithin palmitate to the mixture from step 4 and mix
well untl the mixture “smacks.”

. Add 95% of the Pluronic gel 30%.

Add sufficient Pluronic gel 30% to volume.

. Pass the mixture through an ointment mill.

. Package and label.

PACKAGING
Dispense in a syringe to ensure accurate dosing.

L
S

ABELING
tore at Toom temperature.

STABILITY
A beyond-use date of 30 days is recommended for this preparation.
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Low-energy surface acoustic waves generated from electrically activated piezo elements are shown to effec-
tively prevent microbial biofilm formation on indwelling medical devices. The development of biofilms by four
different bacteria and Candida species is prevented when such elastic waves with amplitudes in the nanometer
range are applied. Acoustic-wave-activated Foley catheters have all their surfaces vibrating with longitudinal
and transversal dispersion vectors homogeneously surrounding the catheter surfaces. The acoustic waves at the
surface are repulsive to bacteria and interfere with the docking and attachment of planktonic microorganisms
to solid surfaces that constitute the initial phases of microbial biofilm development. FimH-mediated adhesion
of uropathogenic Escherichia coli to guinea pig erythrocytes was prevented at power densities below thresholds
that activate bacterial force sensor mechanisms. Elevated power densities dramatically enhanced red blood cell
aggregation. We inserted Foley urinary catheters attached with elastic-wave-generating actuators into the
urinary tracts of male rabbits. The treatment with the elastic acoustic waves maintained urine sterility for up
to 9 days compared to 2 days in control catheterized animals. Scanning electron microscopy and bioburden
analyses revealed diminished biofilm development on these catheters. The ability to prevent biofilm formation

on indwelling devices and catheters can benefit the implanted medical device industry.

Indwelling device-related infections constitute a major cause
of morbidity and mortality in hospitalized patients, adding
considerably to medical costs. Microbial biofilms readily de-
velop on all types of devices, urinary, endotracheal, intrave-
nous, and other types of catheters and implants inserted into
more than 25% of patients during hospitalization. The inci-
dence of bacterial infections in patients with urinary catheters
is approximately 5 to 10% per day, with virtually all patients
who undergo long-term catheterization (=28 days) becoming
infected (13, 14, 17).

The first stage in biofilm formation from planktonic micro-
organisms is attachment to solid surfaces (6). Attachment stim-
ulates microbial aggregation and proliferation to form micro-
colonies. The colonies excrete an encasing exopolysaccharide
“slime,” which consolidates the attachment to surfaces, and the
microaggregates differentiate into characteristic biofilms (20).
Quorum-sensing molecules that generate concentration gradi-
ent-dependent signals that control and alter expression of a
large number of genes also aid biofilm differentiation (15, 25).
Encasing the extracellular polysaccharide matrix of biofilms
regulates exchange of ions and nutrients with the surrounding
environment. This regulation contributes to increases of up to
1,000-fold in biofilm resistance to antibiotics compared to
planktonic bacteria (9, 11) and protects the biofilms from bio-
cides, surfactants, and predators. Microbial biofilms also
present serious challenges to the immune system because ex-
pression of bacterial antigens within the encasing polysaccha-
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ride matrix is suppressed and the colonies are highly resistant
to phagocytosis by polymorphonuclear cells (12). Altogether
these properties render biofilms exceedingly difficult to eradi-
cate and explain the severity, persistence, and high levels of
morbidity associated with the infections that they produce.

The harsh and potentially fatal consequences of microbial
biofilm infections generated efforts to prevent their formation,
particularly on indwelling medical devices using chemical and
mechanical approaches. Catheters coated with hydrogel, silver
salts, and antimicrobials have been evaluated; however, they
provide minimal reduction in infection incidence (21). Me-
chanical approaches to preventing biofilm formation have uti-
lized ultrasonic energy, yet the focus has thus far been on
increasing biofilm sensitivity to antibiotics (18). The combina-
tion of ultrasound with antibiotics was found effective only in
reducing the burden of Escherichia coli biofilms in animal
models, falling short of providing a comprehensive solution to
the biofilm problem (3).

We devised an innovative approach in which we generate
low-energy elastic acoustic waves of practically nonthermal
range from electrically activated piezo ceramic elements. The
vibration energy is transmitted directly to indwelling medical
devices in an integrated unit. Our aim was to achieve disper-
sion of the acoustic energy on entire surfaces of indwelling
medical devices with different consistencies and structures. We
analyzed the physical and power requirements for harnessing
these waves to prevent microbial attachment and biofilm for-
mation. The findings were consolidated into piezo actuators
generating low-power acoustic waves at frequencies ranging
from 100 to 300 kHz. The results of studies evaluating the
efficacy of these actuators in preventing biofilm formation on
indwelling medical devices from several microorganisms, in
vitro and in animal models, are presented.
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FIG. 1. (A) Schematic illustration of the modes of dispersion of surface acoustic waves on solid surfaces. Horizontal particle displacement (Ug)
and another transversal compression wave component (Wy) are indicated. (B) Schematic illustration of acoustic pressure amplitude distribution
of the coating nanowaves among the different parts of a urinary catheter (body, balloon, and tip). Max., maximum; L, length.

MATERIALS AND METHODS

Generation and dispersion of acoustic vibration energy on the surfaces of
catheters. A device generating surface acoustic waves (SAW) and capable of
transmitting the vibration energy directly onto indwelling catheters has been
constructed. A battery-powered electronic driver delivers periodical rectangular
electrical pulses to an actuator harboring a thin piezo ceramic plate. Piezoelectric
vibrations are generated in the actuator at frequencies of 100 to 300 kHz with an
acoustic intensity of 200 mW/cm? and amplitudes of 300 to 800 nm.

Low-energy SAW spread from an actuator to catheters, covering all surfaces
with waves at amplitudes between 0.2 and 2 nm. These waves acquire two vectors
as shown in Fig. 1A. A longitudinal vector spreads parallel to the wave propa-
gation x axis along the catheter surface, triggering horizontal particle displace-
ment. Another transversal compression wave component develops on the y axis
in the direction of surrounding tissues or fluid. Consequently, all catheters are
covered with a virtual vibrating coat (24).

The acoustic pressure amplitudes of the waves vary on different parts of
urinary catheters (body, balloon, and tip) as shown in a simulation of their
measurements (Fig. 1B). The largest transversal vector directed perpendic-
ular to the catheter surface is detected around the balloon with maximal
power intensities of =1.1 mW/cm?. These noncavitational power intensities

TABLE 1. Bioburden analyses (CFU/cm?) of microbial biofilms
developing on 16Fr Foley catheters treated with SAW*

Bioburden (CFU/cm?)
of microbial biofilm
developing on 16Fr

. . - b Log P
Microbial species Foley catheter SD! reduction®  value
SAW-
Control treated
Escherichia coli 4.07E+04 6.55E+03 1.84E+05 -0.79 0.009
Candida albicans 1.52E+04 9.02E+02 1.13E+04 -1.22 0.050
Proteus mirabilis 6.90E+04 4.87E+03 1.20E+05 —1.15 0.001
Enterococcus faecalis  4.42E+04 7.78E+03 2.26E+05 —0.75 0.015

“ Three-centimeter sections were prepared from each catheter, sonicated at 20
KHz and 3 to 4 W in two 30-second pulses to shed the catheter-associated
biofilms and disperse them in solution for titration. Microbial counts correspond
to overall load on 3-cm-long catheter sections.

b Standard deviations refer to differences in bacterial loads between the con-
trol and the SAW-treated in the three repetitions of each analysis.

¢ Log reduction values and P values compare the bioburdens for control and
SAW-treated catheters.
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FIG. 2. Scanning electron microscopic analyses of external surfaces of SAW-vibrated 16Fr urinary catheter segments, on which several types
of bacteria were passed in culture. Catheter segments, 6 cm long in 25-ml tissue culture flasks (Corning, N.Y.), were attached to a piezo resonator
that generated acoustic pressure amplitudes ranging from 0.16 kPa at the edge of the catheter to 0.21 kPa at the center. Fresh media containing
10° CFU/ml of several types of bacteria (from ATCC) were pumped continuously from chemostats at 0.5 ml/min and a temperature of ~30°C for
3 days. The segments were fixed in 4% buffered formaldehyde, rinsed four times with PBS, and dehydrated incrementally with 25% to 100%
aqueous ethanol gradients. Following drying in a Bio-Rad C.P.D 750 critical point dryer, the samples were mounted on metal stubs and coated
with a gold layer, and three different areas on each catheter were examined by SEM. Surfaces of SAW-treated catheters (left panels) are compared

to nontreated controls (right panels).

are 3 orders of magnitude lower than the thresholds beyond which cavitation
is produced (frequency f = 100 kHz at acoustic intensities of 0.5 X 10% to 2 X
10*> mW/cm?) (5, 8).

Evaluation of biofilm prevention on urinary catheters by SAW in vitro. Sec-
tions of 16Fr Foley catheters 6 cm long (siliconized latex; Unomedical, Den-

mark) were attached to piezo actuators, sterilized with isopropyl alcohol, and
placed in 25-ml tissue culture flasks (Corning) through an opening created at the
top of the flask. Several commercial microbial strains (E. coli ATCC 25922,
Enterococcus faecalis ATCC 19433, Candida albicans ATCC 10231, and Proteus
mirabilis ATCC 4630 supplied by Hylabs, Rehovot, Isracl) were cultured over-
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FIG. 2—Continued.

night in Bacto tryptic soy broth (TSB) (Difco). The log-phase cultures were
brought to a concentration of 10° CFU/ml determined by optical density at 640
nm and confirmed by plate counts. The selected bacteria were brought to a
concentration of 10*> CFU/ml in a mixture of (i) 50% of a solution containing 8 g
of TSB and 8 ml fetal calf serum (Gibco) in 1 liter of phosphate-buffered saline
(PBS) (Gibco) and (ii) 50% heat-sterilized human urine from a healthy donor
and placed in a chemostat to which the flasks were connected and sealed with
plastic covers. The media were passed over the catheters in the flasks continu-
ously for the 3-day duration of each experiment. Flow was achieved via a peri-
staltic pump at a rate of 0.5 ml/min under a temperature of ~30°C with the input
medium replaced daily (batch system). Signals for surface acoustic nanowaves
were monitored twice daily in the active chambers using a highly sensitive
hydrophone. After 3 days, the catheter segments were rinsed and cut into two
halves. One half was subjected to sonication at 20 kHz and 3 to 4 W output
(model 550 sonicator; Fisher Scientific) to shed the biofilm off the catheter. The
overall bioburden on catheter surfaces was assayed by plate counts on blood agar
of removed biofilm mass from 3-cm sections of the catheters. Other sections were
left intact for biofilm assessment by scanning electron microscopy (SEM).

Preparing catheter samples for SEM. Catheter samples were fixed in 4%
buffered formaldehyde (Frutarom, Israel) and rinsed four times with phosphate-
buffered saline (GIBCO). Critical drying was performed with ethanol at concen-
trations increasing from 25% to 100% in double distilled water. The samples
were dried in a critical point dryer (Bio-Rad C.P.D 750), mounted on metal
stubs, and coated with a gold layer. Three different points were examined in each
catheter by SEM at three magnifications: X500, X1,000, and x3,500.

Catheters removed from rabbit urinary bladders were sectioned into 1-cm-long
fragments of the body, balloon, and tip of each catheter and processed for SEM
as indicated above. The outer and inner surfaces were evaluated separately at
three different magnifications, X500, X1,000 and x3,500, from four different
animals in each experimental group.

Evaluation of SAW effects on microbial biofilm formation on urinary catheters
in rabbits. The animal studies were approved by the Animal Care and Welfare
Committee of the Israel Ministry of Health. A single piezo actuator was attached
to the extracorporeal portion of 10Fr siliconized latex Foley urethral catheter
bodies (Unoplast), sterilized with 70% ethanol, and dried. New Zealand White
rabbits, 3 to 4 months old and weighing 3.5 to 5.5 kg, were anesthetized with a
mixture of 1:1 ketamine (25 mg/ml) and xylazine (20 mg/ml) (0.7 ml/kg of body
weight). The perineal region was disinfected with 70% ethanol and antiseptic
povidone iodine, the catheters were inserted through the meatus, and the inter-
nal balloon was inflated with 3 to 4 ml sterile saline. The rabbits were dressed
with a coat-like harness attached to an overhead wire which ran across the top of

the cage, enabling limited forward backward movements while preventing the
rabbits from pulling out the catheters. A sterile collecting bag was connected to
the catheter and replaced daily when urine samples were collected. The extra-
corporeal portion of the catheter was attached to swing-like devices hanging
from the ceiling. These devices allowed free mobility of the catheter with move-
ments of the rabbit and prevented friction with the cage floor, premature cath-
eter detachment, and excessive contamination with feces.

Following catheterization, the piezo elements were activated with power from
an alternating current source and remained active throughout the full duration
of the experiments (7 days in one experiment, up to 8 days in a second experi-
ment, and 9 days in a third experiment). Catheters showing markedly decreased
or no urine output for 12 h were unblocked using sterile flexible wires. Urine was
collected once daily in a sterile manner from the bag throughout the experiment,
serial dilutions were performed in PBS, 100 wl was dispersed evenly on blood
agar plates (Hylabs, Rehovot, Israel), and bacterial counts were performed after
24 h. Animals that developed bacteriuria of >10° CFU/ml were excluded in
accord with Animal Care Committee requirements.

Induction of guinea pig erythrocyte aggregation by mannose receptor-specific
adhesion of uropathogenic E. coli bacteria bearing type 1 pili. A strain of
uropathogenic E. coli bacteria bearing type 1 pili and displaying the FimH lectin
was selected from clinical isolates at the microbiology laboratory of the Sheba
Medical Center. The bacteria were analyzed for the ability to form biofilms and
the ability to induce guinea pig red blood cell (RBC) aggregation. Bacteria
(10%/ml) were applied to a 4% guinea pig erythrocyte suspension in saline (0.9%
NaCl) in 50-mm Miniplast petri dishes to which a single SAW actuator has been
attached at the external bottom surface of the plates. bp-Mannose at a final
concentration of 50 mM was used to confirm mannose receptor specificity of the
interaction with FimH. The plates were monitored microscopically at room
temperature after 15 min, 1 h, and 3 hours for the effects of SAW on bacterial
adhesion-mediated aggregation and photographed with a Nikon digital camera.

Statistical analyses. The two-tailed Student ¢ test was used for determination
of statistical significance with a P of <0.05 as a cutoff.

RESULTS

Prevention of microbial biofilm formation by surface acous-
tic waves. We examined the effects of low-energy SAW on
biofilm formation by four common clinically relevant types of
microorganisms on several types of surfaces, including 16Fr
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FIG. 3. (A) Prevention of guinea pig RBC aggregation induced by adhesion of type 1 pilus-positive E. coli bacteria. Surface acoustic waves at
a power intensity of 0.2 mW/cm? are shown to effectively prevent mannose receptor-specific adhesion of bacteria to RBC and their subsequent
aggregation. Specificity was confirmed with 50 mM D-mannose. (B) Enhancement of E. coli-induced guinea pig RBC aggregation by high-energy
SAW. Surface acoustic waves applied at a power intensity of 0.5 mW/cm? are shown to enhance mannose receptor-specific bacterial adhesion to
RBC. The samples in panels A and B were photographed 3 h after administration of bacteria and initiation of treatment with SAW. Exceedingly
large RBC aggregates formed, as shown in Fig. 3B (middle panel), which were susceptible to dissociation with D-mannose (Fig. 3B, right panel).

urinary catheters to which actuators were attached. Bacterial
bioburden on catheter surfaces, measured by plate counts,
revealed marked reductions in the biofilm loads formed on
surfaces of SAW-treated catheters ranging from —0.75 to
—1.22 log,, (P = 0.05, n = 3) relative to controls (Table 1).
Other segments of these catheters were examined by scan-
ning electron microscopy, and results obtained with Candida
albicans, Proteus mirabilis, and E. coli are presented in Fig. 2.
The SAW treatment effectively reduced biofilm formation,
leaving catheters virtually clean of adherent microorganisms,
irrespective of the types of bacteria that were examined. Sim-
ilar prevention of microbial cell adhesion and biofilm for-
mation was also noted on glass rod surfaces attached with
piezo actuators (data not shown), indicating that these ele-

ment-generated elastic waves can be adjusted to prevent
microbial adhesion and biofilm formation on surfaces with
different consistencies and shapes.

Surface acoustic waves interfere with adhesion of plank-
tonic microorganisms to cellular surfaces. Our analyses of
mechanisms by which SAW interfere with bacterial biofilm
formation focused on the hypothesis that SAW target the ad-
hesion of planktonic bacteria to surfaces, the first step in the
biofilm formation process. To evaluate the effects of SAW on
bacterial adhesion, we used the mannose receptor-specific ad-
hesion of uropathogenic E. coli bacteria to guinea pig eryth-
rocytes as a model; the adhesion occurs via type 1 pili, FimH
lectin and culminates in RBC aggregation (22). In this system,
bacterial adhesion occurs rapidly, can be easily monitored mi-



VoL. 50, 2006 BIOFILM PREVENTION BY SURFACE ACOUSTIC WAVES 4149
TABLE 2. Time to bacteriuria in rabbits with 10Fr Foley catheters and SAW-generating piezo actuators®
Bacterial titer (CFU/ml) on:
Rabbit
Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 Day 8 Day 9

SAW-treated rabbits

163 0 0 0 0 0 0 0

229 0 0 0 0 0 0 0 0 0

265 0 0 0 0 0 10* 10°

143 0 0 0 0 0 3% 10° 2 X 10*
Control rabbits

28 0 1.4 x 107 5% 107

31 4 10* 5% 10° 10* 0 0 8 x 108 2.5 % 108

150 0 6 4% 10° 108

144 70 10° 5% 10°

“ Rabbits had 10Fr Foley catheters inserted. The catheters were attached to SAW-generating piezo actuators at the extracorporeal body of the catheters. Animals
that developed bacteriuria were removed and their participation in the experiments was terminated due to limitations imposed by the Animal Welfare and Care

Committee.

croscopically in real time, and enables an easy and accurate
monitoring of the reversibility of the acoustic wave effect upon
cessation of the treatment.

Vibration energy-generating actuators were attached to the
external bottom surfaces of 50-mm Miniplast petri dishes in which
uropathogenic E. coli bacteria were cocultured with guinea pig
RBC. Power intensities of 0.1 and 0.2 mW/cm?, generating vibra-
tion frequencies of 95 kHz and 220 kHz with acoustic pressure
amplitudes of 0.1 and 0.22 kPa, respectively (equivalent to those
measured on the tip and body of the urinary catheter), were
applied. RBC aggregation mediated by bacterial adhesion was
monitored; it became detectable in control dishes 12 min * 3 min
after administration of the bacteria and was monitored for hours.
Figure 3A shows that SAW effectively prevented RBC aggrega-
tion at these two power intensity outputs throughout the fol-
low-up time. The findings support our hypothesis that SAW in-
terfere with lectin-mediated adhesion of planktonic bacteria to
substrates.

We deactivated the SAW treatment and continued to mon-
itor the plates with time-lapse photography. Guinea pig eryth-
rocyte aggregation resumed 10 min = 4 min after SAW ter-
mination, a rate similar to RBC aggregation in control plates
(12 min = 3 min; difference not significant). These findings
indicate that inhibition of RBC aggregation by SAW is me-
chanical, readily reversible following SAW deactivation, and
does not diminish the functionality of the FimH lectin on
fimbriae. The bacterial mechanism for adhesion to RBC and
other cells is thus not damaged by SAW. Once aggregation has
taken place, RBC aggregates could no longer be dissociated by
resumption of the SAW treatment (not shown), although it was
reversed by D-mannose.

We next examined the correlation between levels of SAW
energy that were applied and E. coli-induced RBC aggregation.
SAW activated with 0.05 to 0.20 mW/cm? effectively prevented
RBC aggregation (Fig. 3A); however, increasing the output to
beyond a 0.35-mW/cm? threshold converted the inhibition into a
significant enhancement of bacterial attachment. Exceedingly
large RBC aggregates formed as shown in Fig. 3B, which were
susceptible to dissociation with pD-mannose (Fig. 3B) and gradu-
ally dissolved upon cessation of the SAW treatment (not shown).
Hence, SAW applied at power intensities beyond approximately
0.35 mW/cm? can activate FimH force sensor activity in a manner

similar to force sensor activation seen when shear force is applied
to uropathogenic E. coli bacteria (22).

Prevention of microbial biofilm formation on urinary cath-
eters with acoustic nanowave actuators in an animal model in
vivo. The ultimate preclinical determination of whether SAW-
generating piezo actuators can interfere with microbial biofilm
formation on urinary catheters in clinical settings is in animal
studies. We inserted 10Fr Foley catheters attached with a piezo
actuator at the extracorporeal portion of the catheter into the
urinary bladders of male rabbits in a sterile manner. The de-
vices were activated for up to 9 days in four of eight tested
rabbits (in three separate experiments). Urine samples were
collected daily, the bacterial load was titrated, and time to
bacteriuria was determined. Urine samples from rabbits with
SAW-treated catheters remained sterile for 5, 7, and 9 days (26
cumulative days of sterile urine) despite the extensive contam-
ination of the perineal area with feces. Furthermore, the bac-
teriuria that did develop in some rabbits was mostly of low
titers, whereas three of four control rabbits developed bacte-
riuria of >10° CFU/ml within 2 or 3 days and the fourth had a
titer of >10®% CFU/ml on day 7. The average number of days to
development of urinary tract infection, defined as bacteriuria
of >10° CFU/ml, was 7.3 = 1.3 days for the SAW-treated
animals versus 1.5 = 0.6 days in the nontreated controls (P <
0.0009 by two-tailed Student’s ¢ test; n = 4) (Table 2).

At the end of the experiments, the animals were sacri-
ficed, the bladder and urethra were cut open, and the cath-
eters were removed carefully, avoiding disruption of the
biofilms. Biofilm content was examined by SEM. Analyses of
the internal surfaces of recovered catheters revealed strong
inhibition of bacterial biofilm formation on the surfaces of
catheters treated with SAW (Fig. 4A). In contrast, control
group catheters were covered with various densities of mi-
crobial biofilms despite the shorter durations of catheter-
ization (in two of the animals, the catheters were in place for
only 3 or 4 days) (Fig. 4B).

Evaluation of the integrity of mucous membranes by histo-
logical and ultrastructural analyses in all control and SAW-
treated animals revealed that the treatment with SAW did not
produce any histopathological changes. Furthermore, uroepi-
thelial integrity was found to be less affected by trauma and



FIG. 4. SEM analyses of the inner surfaces of catheters recovered from rabbit bladders following treatment with SAW in vivo. Catheters were
removed from rabbit urinary bladders, sectioned (into body, balloon, and tip), and processed for SEM as described in the legend to Fig. 2.
(A) SAW-treated animals and (B) control animals.
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better conserved in the SAW-treated animals than in the con-
trols (data not shown).

DISCUSSION

The remarkable flexibility by which microorganisms adapt to
changing environments or become insulated from environmen-
tal hazards has been the core of shortcomings in the ability of
chemical approaches to prevent microbial biofilm formation
on implanted medical devices. Efforts to eradicate biofilms
therefore include mechanical approaches, which thus far have
mainly been aimed at increasing the penetration of antibiotics
into microbial colonies (3, 18).

We have contemplated utilization of mechanical vibration
energy to interfere with early events in the biofilm develop-
ment process—the adhesion of planktonic microorganisms to
surfaces. By preventing adhesion, we sought to abort their
subsequent firm attachment to substrates (1), gene expression
reprogramming, and synthesis of the corresponding protein
products that transform the lifestyle of microorganisms from
the planktonic to sessile form (2, 4, 19). We also speculate that
chaotic microstreaming produced in fluids by the ongoing vi-
brations hampers the development of coherent concentration-
dependent gradients of quorum-sensing molecules. Disruption
of such gradients is likely to interfere with cell-cell communi-
cations between microorganisms, virulence factor production,
and other postattachment biofilm developmental processes.
The outcome is prevention of colony differentiation and bio-
film formation (7, 10, 16).

We show that low-energy elastic acoustic waves transmitted
directly to extracorporeal portions of implanted medical de-
vices can interfere effectively with attachment of planktonic
microorganism to surfaces and prevent biofilm formation for
extended time intervals. The mechanical nature of this treat-
ment implies that the elastic waves must be powered continu-
ously throughout the duration of device implantation to pre-
vent attachment of planktonic bacteria. Disruption of the
vibration energy is found to promote renewed adhesion of
bacteria to these surfaces, indicating that the effects of SAW
are readily reversible and do not diminish the functionality of
bacterial adhesion mechanisms. For example, the fimbrial
FimH lectin of uropathogenic E. coli allowed attachment of E.
coli to guinea pig RBC following disruption of SAW.

A unique feature of this approach is the effectiveness of
minute power intensities in preventing bacterial attachment to
substrates. Analyses of mannose receptor-mediated adhesion
of E. coli to guinea pig erythrocytes reveal that power densities
ranging from 0.05 to 0.20 mW/cm? with amplitudes of =3 nm
completely prevent erythrocyte aggregation. In contrast, SAW
intensities of >0.35 mW/cm? generate opposite effects, induc-
ing strong FimH-mediated adhesion of the bacteria and en-
hanced RBC aggregation (Fig. 3B). This response to high
SAW intensities bears similarities to the response of these
bacteria to shear stress. Under stress, the FimH lectin has been
reported to act as a force sensor switching bacterial loose
adhesion into a firm attachment (22). Application of high-
SAW power intensities to E. coli bacteria cocultured with
guinea pig RBC also yielded a similar type of switching to
enhanced erythrocyte aggregation.

We propose the following hypothesis to explain the low-
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energy SAW-mediated biofilm prevention phenomenon. At-
traction or repulsion of bacteria in the 10-nm range near sur-
faces is an outcome of van der Waals and hydrophobic
attraction forces being counteracted by electrostatic repulsion
(6). This phenomenon known as the Z potential of the surface
varies with the distance from the interface. SAW-induced el-
liptical vibrations affect the surface and are transmitted
through the surrounding fluid media, causing the bacteria to
vibrate with the same frequency. The amplitude of bacterial
vibration is smaller than that of the surface, is governed by
Stoke’s law, and results in a relative velocity of bacteria respec-
tive to the surface (16). When the SAW-generated bacterial
vibration amplitudes are smaller than the Z-potential repulsive
zone, an overall net repulsion occurs, preventing bacterial at-
tachment. This is the hallmark of SAW. Increasing the bacte-
rial vibration amplitudes to values exceeding the Z-potential
repulsion zone results in a net attraction force, promoting the
adhesion of bacteria. Such SAW intensities also activate bac-
terial docking and force sensor activities, and this synergism
can elicit the increased adhesion of bacteria which we noted at
the higher SAW intensities.

The studies which show that SAW reduces biofilm biobur-
den on catheter segments in suspensions with several gram-
negative and -positive bacteria as well as fungi indicate that the
action of SAW is efficacious against a broad spectrum of mi-
croorganisms and not limited to selected groups. The studies in
rabbits demonstrate the feasibility of delaying catheter-associ-
ated urinary tract infections with SAW. Conditioning films
encrusted with proteins, electrolytes, and other organic mole-
cules that develop on urinary catheters shortly after their in-
sertion (23) do not appear to interfere with biofilm prevention
by SAW. The absence of any detectable adverse effects from
treatments with SAW suggest that this system may potentially
be attached to a variety of indwelling medical devices, includ-
ing endotracheal tubes and central venous or peritoneal dial-
ysis catheters. The entire medical device industry, including
prosthetic joints and others, is likely to benefit from this ap-
proach.
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Brief Pain Inventory (Short Form)

1. Throughout our lives, most of us have had pain from time to time (such as minor headaches, sprains, and

toothaches). Have you had pain other than these everyday kinds of pain today?

[ JYes [ ]No

2. On the diagram, shade in the areas where you feel pain. Put an X on the area that hurts the most.

. Please rate your pain by marking the box beside the number that best describes your pain at its
in the last 24 hours.
[(Jo [J1 [2 [O3 @4 @O [e 7 [©Os8 [J9 [J10
No

Pain As Bad As
Pain You Can Imagine

. Please rate your pain by marking the box beside the number that best describes your pain at its
IEERY in the last 24 hours.
(Jo [1 2 @Os3 b4 [Os Oe M7 s [d9 [0
No

Pain As Bad As
Pain You Can Imagine

. Please rate your pain by marking the box beside the number that best describes your pain on the

[]o []1 []2 []3 []4 []5 []6 []7 []8 []9 []10
No

Pain As Bad As
Pain You Can Imagine

. Please rate your pain by marking the box beside the number that tells how much pain you have [[[IH

[]o []1 [12 [13 [ 14 []5 []6 []7 []8 []9 [ ]10
No Pain As Bad As
Pain You Can Imagine

Copyright 1991 Charles S. Cleeland, PhD
. Page 1 of 2 Pain Research Group .
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1903 (month) (day) (year)

N . Protocol #:
Subject's Initials : b
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BLACK INK PEN

7. What treatments or medications are you receiving for your pain?

8. In the last 24 hours, how much relief have pain treatments or medications provided? Please
mark the box below the percentage that most shows how much [[i2lEfllyou have received.

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
1 O L] L] L] L] L] L] L] L]
No Complete

Relief Relief

9. Mark the box beside the number that describes how, during the past 24 hours, pain has interfered

with your:

[]o []1 []2 []3 []4 []5 []e6 []7 []8 []9 []10

Does Not Completely
Interfere Interferes

[]o []1 []2 []3 []4 []5 []6 []7 []8 [ ]9 []10

Does Not Completely
Interfere Interferes

[]o []1 []2 []3 []4 []5 []6 []7 []8 []9 [ ]10

Does Not Completely
Interfere Interferes

[]o []1 []2 []3 [14 [15 []6 []7 []8 []9 [ ]10
Does Not Completely
Interfere Interferes

E. Relations with other people

[]o []1 []2 []3 []4 []5 []6 []7 []8 []9 []10

Does Not Completely
Interfere Interferes

[]o []1 []2 []3 []4 []5 []6 []7 []8 []9 []10

Does Not Completely
Interfere Interferes

[]o []1 []2 []3 []4 []5 []6 []7 []8 []9 []10

Does Not Completely
Interfere Interferes
Copyright 1991 Charles S. Cleeland, PhD
. page 20of2 Pain Research Group .
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Pain Disability Index

The Pain Disability Index is atool designed to help patients measure You can customize the form on the

the degree their daily lives are disrupted by chronic pain. next page and add your practice
name and address information in the

area at the top of the page. Some
forms include additional fields you
can complete.

INSTRUCTIONS FOR
CUSTOMIZING THE PDF

Click in the first form field you want to
fillin and start typing. After entering
text, do any of the following:

* Press Tab or Shift+Tab to accept the
form field change and go to the next
or previous field

* Press Esc to reject the form field
change and deselect the current
form field. If you are viewing the form
in full-screen mode, pressing Esc a
second time causes you to exit full-
screen mode

After you fill in the form fields, do any
of the following:

* Click the “Submit Form” button, if
one exists. Clicking this button
sends the form data to a database
across the Web or over your
company intranet

* Choose File > Save As, and rename
the file to save the form with the data
you entered. Save it to your
computer

* Print the form

\e
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www.ChronicPainNetwork.com



Enter practice name here or delete this text before printing

Enter address information here or delete this text before printing

Pain Disability Index?

Name Date

Pain disability index: The rating scales below are designed to measure the degree to which aspects of your
life are disrupted by chronic pain. In other words, we would like to know how much your pain is preventing
you from doing what you would normally do or from doing it as well as you normally would. Respond to
each category by indicating the overall impact of painin your life, not just when the painis at its worst.

For each of the 7 categories of life activity listed, please circle the number on the scale that describes the
level of disability you typically experience. A score of 0 means no disability at all, and a score of 10
signifies that all of the activities in which you would normally be involved have been totally disrupted
or prevented by your pain.

Family/home responsibilities: This category refersto activities of the home or family. It includes chores

or duties performed around the house (eg, yard work) and errands or favors for other family members (eg,
driving the children to school).

No disability 0 1 2 3 4 5 6 7 8 9 10 Worst disability

Recreation: This category includes hobbies, sports, and other similar leisure time activities.

No disability 0 1 2 3 4 5 6 7 8 9 10 Worst disability

Social activity: This category refersto activities that involve participation with friends and acquai ntances
other than family members. It includes parties, theater, concerts, dining out, and other social functions.

No disability 0 1 2 3 4 5 6 7 8 9 10 Worst disability

www.ChronicPainNetwork.com



Occupation: Thiscategory refersto activitiesthat are a part of or directly related to one’sjob. This
includes nonpaying jobs as well, such as that of a housewife or volunteer worker.

No disability 0 1 2 3 4 5 6 7 8 9 10 Worst disability

Sexual behavior: This category refers to the frequency and quality of one’'s sex life.

No disability 0 1 2 3 4 5 6 7 8 9 10 Worst disability

Life-support activity: This category refers to basic life-supporting behaviors such as eating, sleeping,
and breathing.

No disability 0 1 2 3 4 5 6 7 8 9 10 Worst disability
References
1. Pollard CA. Preliminary validity study of the pain disability index. Percept Mot Skills.

1984;59(3):974.
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Mechanism of trigeminal neuralgia: an ultrastructural analysis
of trigeminal root specimens obtained during microvascular
decompression surgery

MARSHALL DEVOR, PH.D., RuTH GOVRIN-LIPPMANN, M.Sc., AND Z. HARRY RAPPAPORT, M .D.

Department of Cell and Animal Biology, Institute of Life Sciences, Hebrew University of Jerusalem; and
Department of Neurosurgery, Rabin Medical Center, Petah Tikva, Israel

Object. Recent progress in the understanding of abnormal electrical behavior in injured sensory neurons motivated
an examination, at the ultrastructural level, of trigeminal roots of patients with trigeminal neuralgia (TN).

Methods. In 12 patients biopsy specimens of trigeminal root were obtained during surgery for microvascular decom-
pression. Pathological changes in tissue included axonopathy and axonal loss, demyelination, a range of less severe
myelin abnormalities (dysmyelination), residual myelin debris, and the presence of excess collagen, including con-
densed collagen masses in two cases. Within zones of demyelination, groups of axons were often closely apposed with-
out anintervening glial process. Pathological characteristics of nerve fibers were clearly graded with the degrees of root
compression noted at operation. Pain also occurred, however, in some patients who did not appear to have a severe com-
pressive injury.

Conclusions. Findings were consistent with the ignition hypothesis of TN. Thismodel can be used to explain the ma-
jor positive and negative symptoms of TN by axonopathy-induced changesin the electrical excitability of afferent axons
in the trigeminal root and of neuronal somata in the trigeminal ganglion. The key pathophysiological changes include
ectopic impulse discharge, spontaneous and triggered afterdischarge, and crossexcitation among neighboring afferents.

KeEy WorDs ¢ cranial nerve neuralgia

ticdouloureux < trigeminal neuralgia -

nerve pathophysiology ¢ microvascular decompression

pain syndrome characterized by brief, but excruciat-
ingly intense stabbing or electrical shocklike pain
paroxysms experienced in one or more divisions of the tri-
geminal distribution, either spontaneoudly or in response to
gentle tactile stimulation of a trigger point on the face or
in the oral cavity. Dandy*® and Gardner® proposed a causal
relation between the pain paroxysms and compression of
thetrigemind root by adjacent arteria loops or, occasiona -
ly, by tumors, arteriovenous malformations, or aneurysms.
The hypothesis of microvascular compression was strong-
ly supported by Jannette®* and others, who documented
not only that vascular contact occursin ahigh proportion of
patients with TN, but aso that prolonged pain relief can
often be obtained surgically by MVD.®
These observations, as well as others, have led to the
widely held opinion that the primary pathologica factor
in TN is demyelination of sensory axons due to sustained
(static) or pulsatile microvascular compression of the tri-
geminal root.#* This idea aso complements the fact that
thereis an increased incidence of TN in patients with mul-
tiple sclerosis*% and leads to the question, what is the link

T RIGEMINAL heuralgia (tic douloureux) is a chronic

Abbreviations used in this paper: CNS = central nervous system;
MVD = microvascular decompression; PNS = periphera nervous
system; TG = trigeminal ganglion; TN = trigeminal neuralgia

532

between demyelination and pain paroxysms? Demyelina:
tion per seis expected to block impulse propagation, yield-
ing numbness and not pain. In addition, activity in myelin-
ated afferentsis generally associated with innocuous touch
and vibration sense.®” Ephaptic contact between adjacent
denuded axons has long been cited as a pain mechanism
in TN, athough little specific evidence of such coupling
is actually available”r Moreover, ephaptic contact should
yield hyperesthesia by a one-to-one duplication (amplifica
tion) of afferent signals evoked by application of stimuli. It
is not obvious how ephaptic contact could trigger pain par-
oxysms that outlast the trigger stimulus, or why the inten-
sity of pain that is experienced is not proportional to the
strength of the stimulus.* The aim of the present study was
to bridge this explanatory gap by considering the lesion
caused by microvascular compression in light of new infor-
mation on the electrogenic properties of injured afferent ax-
ons? A preliminary account was published previoudly.®

Clinical Material and Methods
Patient Population

Trigemina root biopsy specimens were excised from 12
consecutive patients scheduled to undergo posterior fos-
sa craniotomy and root exploration. The intention was to
perform MVD and insertion of a shredded Teflon sponge
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wedge to maintain separation between the root and the
compressing arterial or venous|oop. The default procedure,
to be performed if no compressing vessel was found, was a
partia rhizotomy involving no more than one third of the
root cross section. The rationae and predicted outcome of
surgery was explained to the patients, including the inten-
tion to remove a smdl biopsy sample for investigationa
purposes. The patients were additionally informed that bi-
opsy was unlikely to have significant positive or negative
functional consequences beyond those of the surgery itself.
Informed consent was obtained from al patients. These
procedures were approved by the Helsinki Committees on
Human Experimentation of the Rabin Medical Center and
the Israel Ministry of Health.

Surgical Procedure

Clinicd indications for surgery included typica idio-
pathic TN intractable to medical therapy. Surgery was of-
fered to patients younger than 70 years of age without sig-
nificant medica risks, others were encouraged to undergo
a percutaneous rhizolytic procedure. All patients who un-
derwent biopsy had undergone a regimen of anticonvulsant
therapy including carbamazepine, phenytoin, and/or bac-
lofen, with eventua recurrence of symptoms. One patient
(Case 12) had previoudy undergone a neurolytic proce-
dure involving retrogasserian injection of glycerol,®* and
an additional three patients (Cases 7, 9, and 11) had under-
gone ablative surgery on peripheral branches of the trigem-
ina nerve. Individual patient parameters are summarizedin
Table 1.

After induction of general anesthesia, patients underwent
surgery in the supine position with the head turned to the
side oppositethe site of pain. A linear retromastoid incision
was followed by a 25-mm-wide craniectomy. At the junc-
tion of the transverse and sigmoid sinuses the dura mater
was opened parallel to the sinuses. The superolateral aspect
of the cerebellum was mobilized. An operating microscope
was used for the intradura portion of the procedure. The
arachnoid was opened over the trigeminal root, which was
then inspected. Brain retraction was used sparingly until
egress of cerebrospina fluid allowed its discontinuation.

A convincing area of arterial compression was seen in
seven of the 12 patients (Table 1). In three of these seven
patients (Cases 1-3) there were grooves in and a grayish
discoloration of theroot at the site of contact, and in four of
the patients (Cases 4—7) there were grooves in the rootlets
or they were deformed by the vessel, but there was no ob-
vious discoloration. In an eighth patient (Case 8), arterid
contact was seen and minor compression was considered a
possihility, although specific signs of this were absent. In
these eight cases a biopsy sample was taken at the apparent
site of injury (see later), and one or more shredded Teflon
sponges were inserted between the trigeminal root and the
offending vessdl.

In four (Cases 9-12) of the 12 patients no arterial com-
pression was detected, despite careful searching and, thus,
partial rhizotomy was performed in the area of the root
somatotopically appropriate to the symptomatology, to a
depth of no more than one third of the root diameter. A bi-
opsy sample was taken from the cut portion of the root.
In two patients (Cases 9 and 10) prominent veins either
coursed on the surface of the root or penetrated it, and in
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one patient (Case 10) there was also possible arterial in-
volvement. The veins were separated from the root, coagu-
lated, and cut. In Case 12 we believed that there might have
been an arteria conflict that resolved when the arachnoid
was opened. In dl three of these patients (Cases 9, 10, and
12) a Teflon sponge was inserted into the site. Finaly, in
Case 11 treatment was limited to partial rhizotomy because
there was no hint of microvascular abnormality.

Biopsies, Control Tissue, and Histological Studies

The biopsy samples were 1 mm or less in diameter and
approximately 4 mm in length. Using a diamond knife, a
small incison was made into the trigemina root sheath
approximately 2 to 4 mm from the junction of the root
and pons. A strand of nerve fibers was grasped with the aid
of amicroforceps and teased from the body of the root in
the central-to-periphera direction until a 3- to 4-mm strand
was separated from the root. The peripheral end of the
strand was then cut with microscissors. The resulting root
biopsy sample was immediately removed and placed on a
small sheet of dental impression wax. Ends were pinned to
the wax under dight tension by using stainless steel minu-
tien pins, and the wax sheet was immersed in a via con-
taining 1.5% paraformaldehyde and 2.5% glutaraldehyde
in 0.1 M cacodylate buffer (or occasionally PO, buffer), pH
7.4, a 20°C. The via wasthen cooled to 4°C. The surgical
procedure was completed in a routine manner.

During the course of this study we had the opportunity to
examine a biopsy specimen from a patient with the diag-
nosis of glossopharyngeal neuralgia. Results are presented
in acompanion article.* Additional comparison tissue was
taken from animal and human sources to aid in the evalu-
ation of possible artifacts. First, trigemina root fragments
were dissected from two rats (in which anesthesiahad been
induced by an intraperitoneal injection of 50 mg/kg pento-
barbital) by using the same exposure, dissection, and fixa-
tion procedures used to obtain and prepare the human bi-
opsy samples. Second, trimmed blocks of spinocranial root
tissue and small fragments, teased similarly to the biopsy
samples, were taken from three aldehyde-fixed human tri-
geminal roots obtained from cadavers (without known root
disorders), and from the dorsal root end of two cervical and
five lumbosacral dorsal root ganglia excised from live pa
tients in the course of ganglionectomy for headache or for
back and leg pain due to ruptured intervertebral disc, re-
spectively. Additional trigeminal tissue was excised from a
perfusion-fixed rat.

The fixed tissue sampleswererinsed, immersed in 0.1 M
cacodylate buffer containing 1.25% OsO, and 1.5% sodium
ferricyanide (1-2 hours), dehydrated in ascending grades of
ethanol, and embedded in resin. Semithin (1-2 wm) trans-
verse or longitudina sections stained with toluidine blue
were used for orientation. Thin sections were cut from the
middle of these blocks, laid on 300-mesh copper grids,
stained with uranyl acetate and lead citrate, and examined
with the aid of an electron microscope (JEOL 100CX;
Japan Electron Optics Ltd., Akishima, Japan). Individua
grid squares were located in relation to the whole specimen
by matching the external boundary of the section and inter-
nal landmarks to the semithin sections. In two cases semi-
thin sections were etched with saturated NaOH in ethanol,
rinsed in ethanol, and air dried. They were then stained for

533



M. Devor, R. Govrin-Lippmann, and Z. H. Rappaport

‘uossa.dwiod Jo a1 ay) wioly Aeme sem Asdoiq Joa1sayl t
‘9J0/8s 0} BUoU WoJy afewrep Jo ssvifep araIpul + -+ 4 pue ‘++ ‘+ ‘— sjoquifs syl L
‘AloLie Je|jpgpiad o
-Ladns = yOS ‘Awo1oziyJ = 10Z1yJ ‘Aousnbaajoipel = 4 DABU [ergioelul = NO| ‘uoieulpAwsAp = pAWSAp ‘uoieulpAwep = pAwWSp ‘Buidezeweqred = 79D ‘Aol fe|[pgaJad JoLBjul JoLBIUe = YOV «

(2T) P1p1 uEd 919 1dwod Sow € 10}
aneh sow 0g L1 ssAj0zIyl 44 10ZIYyd 1001 JO 8Je}Ins 1o1pl ured ‘doad sow g eibpeinau
VN VN VN auou ou ‘doisod sow G e ured Z A W81IN024 ened ® AN +  Jouejul /m13eu0d yOlvalqissod  ssAjolbueboziyl [000AI6 g e®ZAM  4d6r TT
doaud siA
(69) |04 BuIABIBI ‘SSBUqWINU 7 suod woJj ww USSS 132IU0d ¥ Awoioaineu NO| eibes
+ + — sah saA  sesaysesAp Inq ol ured wediubis €10zZIyJ ented 0 1004 JO UOSSaIdWOoD e jndsen ou ‘sBnup o) asuodsas Jood g NRUEA) 4°8 TT
Apoueisod
10Z1yJ ensed aJens JoLeue
‘Pasioxe UBA Uo 1981U09 D |V 3|qissod ‘9%ey 79D 0} elbeinsu
+ + + soh sk (2z) sseuquuinu fenred uB|ROXe VYOIV JO AAIN + -Ins JoLul1 1001 BunJIeIuod uRA asuodsal ered Aluo 9 &TAM WSt 0T
82) doaud siA g Awoioaineu
7490 Aq pa||02uod ufed g A JUBLIND 10z1yJ ensed NOI ‘sbnip adnjnw eibeinau
- ++ 4+ ok ou -1 ‘sow 9/ o} jo1p4 ured US| PIXe 'SURA PasIOXe + 192JU0D SNOUBA 0} Buipuodsal paddols 9 &TIAN WIS 6
(63) PRI E1red PoPRIA AAIN ) uossa.dwiod feso /M
-Je sow 9G 10ZIyJ [eired ‘soue.lInd ‘suod Jeau 1001 JO aJejns v4so) elbeinsu
44+ F++ + ou ou -21 ured U} ‘sOW G 10} US| [POXS ann + -adns Buneuoo seLLE |eWs Z olasuodsal ensed Ajuo € e®wZAM  4‘8e 8
79D 01 asuodsal
suod WoJ W 7~z 93e}Ins 1004 ensed Ajuo ‘uonoal eibeinau
- + - tAeew  fAuew (7€) Wwo|poxe ann ++  Jopeiue Bussaidwod doo| oIV -ul joyoo iod-LB6I} ST Z®TAN 499 L
suod wouJy
wiw z 1001 Jo 108dse Jolejul eibel
+++ 4+ +++ soh sk (0G) we|poxe ann ++ -ose)ue fuissaidwiod Awye abie| zgDO)esuodsel Jolg BUZAYN IN'T9 9
(Tv) 1166 Apesisun /m 101ejul fe| (sdoo| sdoo| eleLe Jouedns Adesayy Bnip eibeinsu
++ +++ 4+ sk ou  -poRseo |lws ‘IR ukd oy Ubs Uiod) AAIW  +++  ® JOLBJUI USBMIB PaUBHE|S 1001 O)spuodsas BBuojou €E®ZAN WS §
suod woJy 11jousq
WU G—Z 8Je4Ins 100. JoLdjul ul no/m zgD bBw eibpel
+++ +++ ++ oA oA (6v7) Wo|PIX0 AAW  +++  9n00i0 8pew YOIV JO saydueid g 0ove Buingdel Ape| UZAM  IN'0S P
a15s 13e)U0d e oIkl
-10j03sIp AeJb /m 10014 JO 8SIN0D 7g20 bw 000T eibel
+++ 4+ - sk ou (62) wo|poxe AAnN  +++ a1nus Bussaidwoo doo| v IV o}esuodsal fenred Ao 9 TOUEAN 465 €
suod woJj wuw 7 ‘uofe
-10j03SIP /M 100 JO 8Je)INs Io1) 790 01 asuodsal eibpel
- +++ - =TS ou () We|poXxe aAAlN  +++ -9Jul u1 9006 spew doo| YOS enked Ajuo Apuedal ¢ MRUZAM  IN09 2
uolrlojossip Aelb
/m 11xa suod e Ajjorednsoel iz o) eibeinsu
+  ++4+ - oy sk (ov) wo|poxe aAnnN  +++ -Ue 1001 Bussaudwiod doo| vOs wou} piplernbepeul g E®ZAN WS T
uah pAw  pAw  suoxy  abp3 (sow ui dn mojjo}) BIPY Ukd Asebing 1Aenes sbuipuiH eo1bIns asuodsay 7 uewW (s1h) swsoubeig XS ON
2|00 sk -aa 19| uswioads uosa -jal] Jold doaid ‘(s1k) ssed
SS99X3 poll e Ssuoxy uon aby
-e3s 0. -eing
1sBuipuiq feaibojoyred ured

ySBulpuly [eaibojoyredoindu pue sans1LIOR.IRYD 1B ITed
T379vL

J. Neurosurg. / Volume 96 / March, 2002

534



Trigeminal neuralgia

Fic. 1. Case 4. Documentation of pathological changesin the trigeminal root of a patient who underwent MV D sur-
gery for relief of typical TN. Upper: Schematic representation of the relation of the biopsy sample to the trigeminal
sensory root and compressing arterial loop (left) and light photomicrograph of the biopsy sample (right). Lower: Elec-
tron micrographs showing azone of dysmyelination (left, note the plentiful collagen [white areas]) and azone of demyeli-
nation (right) with abundant myelin debris. Arrows (thick and thin) indicate approximate | ocations represented in the el ec-
tron micrographs. The thick arrow indicates the external (inferior) root surface that was adjacent to the compressing
arteria loop. The thin arrow indicates the torn surface of the specimen, an areathat was located in the interior of the root

in situ. Bars: upper, 200 pm; lower, 5 um.

collagen by using 0.5% aniline blue dye in saturated picric
acid.?

Histological data were evaluated by colleagues having
no knowledge of the clinica status of the patient or wheth-
er the surgeon had identified any visible compression. All
clinicopathological correlations were made post hoc.

Results
Orientation and Summary of Observations

Approximately one third to one haf of the perimeter
of each specimen was ragged, with unmistakable signs of
having been torn from the subjacent root. The remainder
had a natural root boundary (Fig. 1, arrows). This permit-
ted orientation of the biopsy samples as they would have
rested in situ and identification of the surface that con-
tacted the compressing blood vessd, if any. Larger speci-

J. Neurosurg. / Volume 96 / March, 2002

mens included a centra region of severe injury and one or
more edges that were relatively spared; smaller specimens
showed axonal disruption throughout (Figs. 1 and 2).

The principa observation was massive disruption of tis-
sue ultrastructure in the presence of microvascular root
compression, with less damage in cases in which there was
root contact without compression. There was a clear corre-
spondence between the macroscopic appearance of the root
during surgery and the microscopic observation of injury
(Table 1). In areas of the most severe damage, few axons
remained and nearly all that did were demyelinated. Adja-
cent areas contained more surviving axons, including asig-
nificant proportion having aresidual myelin sheath, abeit
disrupted. We refer to these areas as zones of “demydli-
nation” and “ dysmyelination,” respectively. Histopathol og-
ical findings always extended to at least one edge of the
sample, and encompassed much of its cross section, imply-
ing that damage extended deeper into the trigemina root,
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Fic. 2. Electron micrographs demonstrating tissue disorganization in trigemind root biopsy samples. A: Case 4.
Central zone of demyelination with residual myelin debris surrounded by dysmyelination. Note the swollen axons with
thin compact myelin on the left. B: Case 5. Large myelin sheath containing numerous axon profiles of regenerating
sprouts.  C: Case 6. Clugter of demyelinated axons in close membrane-to-membrane contact (including where indicat-
ed by arrows). Many additiona clusters of thissort arevisblein A. Bars: A, 5 um; B and C, 2 pm.

beyond the biopsy site itself. The most severe injury was
not usually observed in asingle contiguous region, but rath-
er interdigitated with areas of |ess severe damage. Interest-
ingly, the portion of sample perimeter directly apposed to
the compressive blood vessel tended to berelatively spared
(dysmyélinated; Fig. 1). There were no obvious signs of in-
flammatory infiltrates.

A peculiarity of many biopsy samples was a striking
overproduction of collagen in the extracellular matrix (Ta
ble 1). Usualy collagen fibrilsfilled the space between sur-
viving axons diffusely. In two cases, however, there were
massive clumps of nearly pure condensed collagen cen-
tered on azone of severe demyelination and axon loss (Fig.
3). The makeup of the clumps was established using colla
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gen-specific staining and light microscopy, and was con-
firmed ultrastructuraly by visuaizing the characteristic pe-
riodic striations of collagen fibrils (Fig. 3E=G). The severe
damage surrounding the clumps may indicate that they, in
fact, contributed to the damage. Fibroblasts were present,
but not in unusual density. An excess of collagenisarecog-
nized sequel of compressive injury to spinal roots.

Areas of Axonal Loss and Demyelination

These regions were dominated by the following: 1) as-
trocytic processes; 2) afroth of single and multilamellar li-
posomes (0.2—1 pwm), residue of shattered myelin sheaths;
and 3) large- and small-diameter axons mostly denuded of

J. Neurosurg. / Volume 96 / March, 2002
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Fic. 3. A-C: Case 6. Photomicrographs of serial semithin sections from atrigeminal root biopsy sample in which a
collagen mass was present (arrow) and surrounded by a zone of demyelination. D: Schemeatic reconstruction of the
sample as it would appear in situ. Letters A—C indicate the approximate locations of the areas shown in the three corre-
sponding photomicrographs.  E—G: Electron micrographs (E and F) and photomicrograph (G) documenting that the
mass consisted of nearly pure collagen. A longitudinal view of a collagen fibril within the mass, showing characteristic
collagen striations (E); collagen fibrilsin cross section (F); and a semithin tissue section stained for collagen (G). Bars:

A—C and G, 200 pm; Eand F, 0.5 pm.

myelin, with their axolemma directly exposed to the extra-
cellular medium (Fig. 2). Axons were identified as demy-
elinated by virtue of across-sectiona diameter in the range
of 1to 4 um. Smal-diameter (< 1 pm) nonmyelinated
axons were aso present, although they were not bundled
by glial processes. Astrocytic and axonal profilesin human
trigemina roots were distinguishable on the basis of cyto-
plasmic structure, as demonstrated by electron microscopy
immunolabeling for glid fibrillary acidic protein.®
Denuded axons, in isolation and aso in bundles, oc-
curred in direct apposition to one another without an inter-
vening sheet of glia cytoplasm (Fig. 2A and C). The axo-
plasm looked viable, and these axons did not appear to
be degenerating. The density of axons was often much low-
er than that observed in contiguous dysmyelinated regions
and, sometimes, there were no axons at dl, evidence of
massive axonal lass. Conspicuous by their absence were
phagocytosing macrophages, cells that are highly promi-
nent in comparable regions of injured peripheral nerves.»

J. Neurosurg. / Volume 96 / March, 2002

5 We do not know if thisisapeculiarity of the trigeminal
root or if phagocytes were present early and then withdrew.
Be that as it may, considerable amounts of residual myelin
debris remained (Figs. 1 and 2).

Areas of Dysmyelination

There were four main types of fiber injuries short of
frank demyelination and axonal loss. The most striking
dysmyelinated fibers had large (up to 40 wm) round pro-
files, with amyelin sheath that wasthin in proportion to the
fiber diameter (Figs. 1 and 2A), apparently the result of
swelling. The axonal cytoskeleton was fragmented within
awatery matrix. A second form featured bulges and cren-
ulated invaginations of compact myelin, with swelling of
the glial cytoplasm present within the innermost loop(s) of
myelin (the inner mesaxon), or within the compact myelin
itself (presumably at Schmidt—Lanterman incisures). These
changes were at the expense of a reduced axona cross
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FiG. 4. Electron micrographs demonstrating relatively intact tissue to provide a comparison for regions of trigeminal
root compression. A: Case 6. Spared edge of a trigeminal root biopsy sample. There was heavy de- and dysmyelina-
tion located more centrally in this sample (Figs. 2C and 3C). Most axons are relatively intact, but in some there is expan-
sion of theinner (asterisk) or outer (upper left) mesaxon, or myelin invagination (upper right).  B: Trigeminal root biop-
sy sample from a hedlthy rat. This sample was dissected and fixed by immersion just like the human trigemina biopsy
samples. Most axons areintact, but at least one (asterisk) shows cytoplasmic expansion within the compact myelin (pre-
sumably at an incisure), and several show minor delamination and myelininvaginations.  C: Sample of aC-2 dorsal root
from a patient who underwent C-2 ganglionectomy for the treatment of intractable headache. Bar: 5 uwm (for al images).

section (Fig. 1). A third form involved atrophy and loss of
the ensheathed axon. The myelin lamellae loosened, inter-
lamellar spaces opened (myelin delamination), and unrav-
eed myelin lamellae came to fill the entire cross section of
the nerve fiber (Figs. 1 and 2C).* In the past, this type of
change has been interpreted as* hypermyelination” or “my-
elin proliferation.”* Finally, afew fibers contained numer-
ous (sometimes tens of) individua small and large axonal
profiles, apparently regenerating sprouts, within an origi-
nal, surviving myelin sheath. Neighboring profileswithin a
cluster were in close apposition (Fig. 2B). Sprouts presum-
ably originated at the cut end of the parent axon, some-
where between the TG and the point of observation, a-
though some may have been sprouts of adjacent axons that
entered the myelin tube upstream.

Relatively Preserved Axons

Zones of dysmyelination often transitioned into areas
where an increasing proportion of fibers were relatively
well preserved (Figs. 1, 3, and 4A). Here we aso began to
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find bundles of unmyelinated afferents with a normal ap-
pearance (Remak bundles); however, there were aways
some dysmyelinated axons, particularly those of the cren-
ulated type of myelin, representing 5 to 20% of the fibers
present. Most specimens contained adjacent patches of fi-
bers bearing both PNS and CNS types of mydlin. Thisis
consistent with the fact that samples had been taken from a
site within afew millimeters of the point of root entry into
the brainstem.® Both types of myelin showed demyelinat-
ing and dysmyelinating injuries.

Although relatively preserved, axonsin these areas had a
higher proportion of myelin anomalies than axons taken
from healthy young animals (Fig. 4B). Nevertheless, they
were similar to our other control samples (see data given
later) and to control samples studied by others.3415 |t
is likely, therefore, that much of the residual abnormality
in areas of relatively preserved tissue represents normal
changes associated with aging, or artifacts of tissue preser-
vation, rather than a pathologica change associated with
microvascular compression (see Discussion). The PNS
type of myelin was better preserved than the CNS type in

J. Neurosurg. / Volume 96 / March, 2002
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both biopsy and control samples. This may reflect differen-
tial susceptibility to microvascular compression.

Correlation with Observations at Surgery

Tissue was coded for the degree and type of microscop-
ic injury, and only later was compared with macroscop-
ic observations made at the time of surgery. Overdl, the
correlation was what might have been expected (Table 1).
Cases in which root compression, flattening, or grooving
were noted by the surgeon showed extensive dysmyelina-
tion, demyelination, and axon loss, with particularly severe
damage found in cases in which discoloration was noted
(especidly in Case 1). Casesin which vessel contact alone
was noted had less damage, mostly dysmyelination rather
than demyelination, and more preserved axons. Damage
was similar whether microvascular compression affected
the superior or the inferior surface of the root. In the one
case in which there was no hint of microvascular abnor-
mality (Case 11), there was no evidence of demyelination,
only modest dysmyelination, and many axons that ap-
peared intact. Hilton, et a.® likewise reported minimal
pathologicd findings in five TN biopsy samples in which
no microvascular compression could be documented at the
time of surgery.

In the patient in whom the most severe tissue necrosis
was found (no surviving axons evident, Case 12), micro-
vascular compression was minor at best. On decoding,
however, we found that this patient had undergone glycerol
rhizogangliolysis 5 months preoperatively. It is unlikely
that the entire trigeminal root had been killed by the glyc-
erol because the patient did not experience dense numbness
before surgery and still had some sensation after partial rhi-
zotomy. Perhaps necrosis was heaviest on the root surface
from where the biopsy sample was taken.

All patients had experienced severe pain preoperatively,
severe enough to warrant intracranial surgery. We believed
that it was futile and ultimately misleading to try to quanti-
fy the relative severity of preoperative pain and we do not
know, therefore, whether the extent of root injury corre-
lated with the severity of the patients symptoms. Qualita-
tively, the clinical presentation of patients who ultimately
proved to have had clear microvascular compression and
corresponding histopathological findings was no different
from those who had minor or no vascular contact and arel-
atively preserved root structure. Finaly, there was no obvi-
ous relationship between the spatial extent of pain (that is,
pain in one, two, or three trigeminal divisions) and the de-
glree )of injury subjacent to the offending blood vessel (Ta

el).

Control Tissue

The degree and type of axona injury in biopsy samples
is best appreciated by a comparison with control tissue. Al-
though the contrast is most stark when compared with tis-
sue taken from a healthy young animal that had been fixed
optimally by vascular perfusion, even in thismaterial occa
siond fibers (especialy those with the CNStype of myelin)
displayed some myelin crenulation and delamination. Dys-
myelination occurred in a larger proportion of fibers taken
from fixed human cervical root samples (al having the
PNS type of myein; Fig. 4C). Interestingly, tissue from
patients with intervertebral disc herniation was very simi-
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lar. Either the herniation in these cases occurred away from
the location where the tissue was taken, or disc hernia-
tion (which is extradura) triggers relatively modest neuro-
pathological conditions.

A serendipitous opportunity to observe essentialy nor-
mal human trigeminal root was provided by the patient in
Case 7. In this one patient, root compression was record-
ed at surgery, but only minor dysmyelinating changes were
observed histologically. A retrospective check of the surgi-
cal notesin this case revealed that the presence of a collat-
era artery precluded obtaining a biopsy specimen in the
center of the area of microvascular compression and, thus,
the sample was taken just laterally, no more than 1 mm
from the main site of compression. Similarly, in the case
of glossopharyngeal neuralgia that we examined,’® intact
fascicles were located closely adjacent to damaged ones.
The images shown in Fig. 4A and C, therefore, reflect the
normal state of craniospinal root tissue, including normal
changes brought about by aging and artifacts caused by
our tissue fixation protocol. Correspondingly, the changes
shown in Figs. 1 through 3 reflect veridica effects of mi-
crovascular compression.

Finaly, certain changes seen at the torn edge of the biop-
Sy specimens can be attributed to a mechanical (dissection)
artifact rather than a compression injury, on the grounds
that similar changes occurred in control tissue. This in-
cludes fibers in which myelin was wrenched off the axon,
leaving either partly exposed axolemma or torn axons with
extruded axoplasm (for example, Fig. 1, thin arrow). Inter-
estingly, some torn myelin lamellae in the control tissue
had aready formed closed bubbles (liposome-like froth)
during the few seconds between sample dissection and fix-
ation. Control samples torn (teased) off roots that had al-
ready undergone fixation, both in human and rat material,
displayed certain artifacts not observed in biopsy samples
such as myelin lamellae that were split and stretched into a
form resembling a spider’ sweb. These and other gross pro-
cessing artifacts rendered this material unsuitable for com-
parative purposes.

Discussion
Trigeminal Root Injuryin TN

Massive injury to nerve fibers was found in the trigemi-
nal root subjacent to sites of microvascular compression in
patients with TN, and its severity was clearly graded with
the degree of compression noted by the surgeon during
the operation. In severd patients, however, vascular contact
was minor and injury minimal. We are aware of only one
earlier case report on TN in which compression damage to
the trigeminal root was documented in material obtained
intraoperatively.® Massive pathological changes were ob-
served, which are consistent with our observations. In that
study the authors also noted several additional cases of typ-
ical TN in which no microvascular involvement and no
root lesion was found. Together, these observations strong-
ly support the contention that microvascular compression
can damage trigeminal root fibersin patients with TN, and
they define the nature of thelesion. Mgor challenges posed
by the data are the need to account for TN pain in those pa-
tients in whom root compression and axonopathy are min-
ima and to explain the distinctive pain symptomatology
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observed in patients with TN in terms of axonopathy when
it is present (see introductory remarks).

For obvious reasons we could not excise and examine
portions of the trigeminal root that were expected to be
healthy. Nonetheless, our data support the conclusion that
root damage was focal, directly related to vascular contact,
and in line with the degree of compression and discolora
tion seen during surgery. First, the larger samplesall had ar-
eas of relatively intact axons adjacent to the zone of injury,
indicating that the biopsy extended dightly beyond the area
of severe injury. Assuming that most samples were taken
roughly from the center of the area of vascular contact, as
intended, the main area of damage would have been only 1
to 2 mm across, involving no more than approximately one
quarter of the root in most cases. Second, data obtained in
Case 7 reveded that axons were mostly intact at positions
only marginaly set off from the site of microvascular con-
tact. The focal nature of the root injury is aso consistent
with the localized distribution of painin TN. Likewise, it
explains the relatively small changesin trigemina somato-
sensory evoked potentias in patients with TN,* and their
limited sensory deficit.®

Our observations are generaly consistent with those in
many earlier reports of ultrastructural change following
mechanical injury (including compresson) to peripheral
nerves and spind/cranial roots.2232441485.%45 The myelin
sheath is particularly sensitive and undergoes graded
changes from minor dysmyelination to frank disintegration
as trauma becomes more severe. One peculiarity of the tri-
geminal root material was the apparently inefficient re-
moval of myein debris. In addition to myelin damage,
there was clear axonal loss in the most severely affected
parts of the root. Interestingly, there were equaly promi-
nent signs of axonal sprouting, confirming that the sensory
cell somain the TG survives axotomy.

Two detailed neuropathological studies are available on
excised TGs and closely adjacent parts of the trigemina
nerve and sensory root in patients who underwent surgery
for TN. Thiswork was carried out in the early days of elec-
tron microscopy, a period when ganglionectomy was till
used in the management of TN.89%4 Although it was not
stated explicitly by the authors, it is unlikely that the spec-
imens examined included the portion of root located near
the pons, where microvascular compression is most com-
monly observed. Both studies reveaed considerabl e patho-
logical changes, notably dysmyelination, some frank de-
myelination, and some axona loss. Such changes were
seenin essentialy all patients suffering from TN, including
those who had not undergone any previous neurolytic pro-
cedure. The authors were well aware of the need to factor
in processing artifacts and normal aging changes unrel ated
to TN pain. Pathologica changes were more prevaent in
patients with TN than in controls (age-matched postmor-
tem materia), although even in patients the pathologica
conditions were much less massive than those found in our
material; for example, Kerr and Millert typically needed to
scan three to four tissue blocks to reveal convincing chang-
es (see discussion on p 312 of that study).

Root Disease and Pain

According to Beaver,?® Kerr,4 and their colleagues,
nearly al patients with TN had significant TG injury. In
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the light of current knowledge, however, a significant pro-
portion of these patients must aso have had a compression
injury at the trigemina root. This was not reported, pre-
sumably because the proximal root is not exposed for gan-
glionectomy and was, therefore, not available for histolog-
ica analysis. For the same reason, we did not have access
to TG tissue from our patients. Had we examined the TG in
our patients, no doubt we also would have observed patho-
logical changes. Indeed, root compression itself probably
causes retrograde changes in the TG, athough the reverse
is not the case. In patients with primary damage to the TG
onewould not see what we observed of foca root injury re-
stricted to a zone immediately subjacent to a compressing
blood vessdl. Rather, in these patients one would have ob-
served intact roots (if the TG injury were primarily demy-
dinative) or anterograde (wallerian) degeneration with ax-
onal loss (if TG somata or axons had been killed).

In the absence of quantitative data on pain intensity
we cannot comment on the possible correlation between
degrees of injury and pain. In severa patients, however,
therewas minimal overt injury, but enough pain to justify a
major neurosurgical procedure. Hilton, et al.,* also report-
ed five such cases. We propose two possible explanations.
Firgt, in some individuas, minima root injury may be
enough to yield significant pain.*** Second, and more like-
ly, patients with TN without root injury may be ones in
whom the primary disorder islocated in or near the TG. For
patients with a primary root compression lesion, MVD is
the treatment of choice, although other options are also vi-
able. For patients with TN whose primary lesion is located
inthe TG, partid rhizotomy isarationa default procedure.
Either way, the pain mechanism is probably the same. As
discussed later, the specific afferent pathophysiologica
characterigtics that we believe underlie TN pain are ex-
pressed both in axons of the trigemina root and in axons
and neuronal somata of the ganglion.20608.70

Adams' has argued that microvascular contact with tri-
geminal roots and root injury do not specifically cause TN,
but rather reflect normal changes related to aging. Our pa-
tients were relatively young (53 = 9 years of age), histo-
pathological changeswere observed in al patients with mi-
crovascular contact, and the degree of injury was graded
with the degree of compression. Moreover, severe chang-
es were restricted to the quadrant of the root that directly
abutted the offending vessel. Finaly, microvascular com-
pression (as distinct from mere vascular contact) appearsto
be common in patients with TN and rare in individuals
without TN.3233528 We conclude that damage caused by tri-
geminal root compression is a sufficient condition to in-
duce symptoms of TN, although it is not a necessary con-
dition.

Mechanism of Pain Paroxysmsin TN: the Ignition
Hypothesis

Assuming that root and/or TG lesions are, indeed, the
usua cause of TN, how do they induce the characteristic
symptomatology of TN? An answer is provided by theig-
nition hypothesis.® The key is the discovery that senso-
ry neurons frequently become electrically hyperexcitable
when injured and a source of abnormal spike discharge. >
438870 | n cases of TN, such ectopic pacemaker activity could
arise in the following: 1) dys- or demyelinated root ax-
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ons; 2) swollen endbulbs and sprouts at the end of sev-
ered axons; and 3) axotomized cell somata within the TG.
When ectopic firing occurs spontaneoudly, as it frequently
does,® it presumably gives rise to background paresthesias
and burning sensations, as reported by some patients with
TN.Z% Other injured sensory neurons are silent, but have a
hair-trigger threshold such that momentary stimulation in-
duces a burst of spontaneous firing lasting for seconds or
even minutes. This triggered activity, or neuronal afterdis-
charge,®%# is proposed in the ignition hypothesis to be the
cause of the pain paroxysms associated with TN. Although
afterdischargeis set off by an externa stimulus, the spiking
itself isself sustaining, areflection of theintrinsic repetitive
firing tendency of injured afferent neurons.572 Afterdis-
charge bursts may aso occur without any obvious trigger
stimulus.

As long as neurons with ectopic afterdischarge fire in-
dependently, the sensation they evoke is expected to re-
semble a prolongation of the sensation normally evoked by
thetrigger stimulus. The intense paroxysms of pain experi-
enced by patients with TN and their sudden onset indicate
that something must be synchronizing the afterdischarge
bursts in large numbers of TG neurons. The ignition hy-
pothesis proposes that synchronization of afterdischarge is
aresult of neuron-to-neuron crossexcitation® at the site of
root compression or in the TG. Two well-established pro-
cesses probably contribute to the synchronization: ephaptic
crosstalk and “crossed afterdischarge.”®

One of the striking observations in our biopsy material
and in that of Hilton, et a.,® were groups of axona profiles
devoid of myelin sheaths, in close apposition to one anoth-
er without an intervening glia process. Close membrane
apposition is a pathologica condition known to facilitate
axon-to-axon crossexcitation.2172445506284 Thus, momentary
stimulation of afacia or intraoral trigger point innervated
by one or more members of such a coupled group might ac-
tivate the entire group, resulting in a pain paroxysm.

The second synchronizing mechanism, crossed afterdis-
charge, is probably even moreimportant for TN paroxysms
because it affects a much larger proportion of afferent neu-
rons. Crossed afterdischarge is a newly discovered form of
nonsynaptic, nonephaptic coupling that occurs both with-
in sensory ganglia and at sites of nerve injury. Specifical-
ly, impulse activity evokes nonsynaptic release of a neu-
rotransmitter(s) and/or K* ions into the interstitial space.
These mediators move by diffuson and excite intrinsic
burst activity (afterdischarge) in neighboring neurons.342149.
5786 As s the case with ephaptic crosstalk, a brief stimulus
at a periphera trigger point could be enough to evoke a
massive synchronous afterdischarge by this mechanism.®

According to the ignition hypothesis, the effects of both
synchronizing mechanisms may be augmented by positive
feedback; that is, each new neuron recruited following the
initiad trigger stimulus tends to recruit activity in addition-
a neighboring neurons. These, in turn, €icit activity in
still more neurons. The resulting chain reaction isfelt as a
paroxysmal explosion, the characteristic lightning attack of
TN.% It should be noted that crossed afterdischargeis pref-
erentialy triggered by activity in AR afferents, those that
are activated by light touch.?* Correspondingly, pain par-
oxysmsin TN aretypically triggered by light touch stimuli
and not by pinch.*# Moreover, both ephaptic contact and
crossed afterdischarge support the spread of activity from
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AR touch afferents to nociceptors.#?* Such spread is pre-
sumably what renders TN paroxysms painful. Central sen-
sitizationisunlikely to play amajor rolein TN because tac-
tile allodynia and hyperalgesia are not usua symptoms.*

Finally, one wants to account for the characteristic elec-
trical shocklike quality of pain paroxysmsin TN. Everyday
electrica shocks evoke high-frequency (50 or 60 Hz) activ-
ity in al types of afferents smultaneoudly. Thisisthe neu-
ral activity that gives rise to the shocklike sensation. Parox-
ysms of ectopic afterdischarge, amplified and synchronized
by ephaptic crosstalk and crossed afterdischarge, are ex-
pected to evoke just this pattern of activity.

Sdf-sustaining afterdischarge in sensory neurons does
not usually persist for more than afew tens of seconds. The
mechanism that stops the burst is hyperpolarization due to
a Car*-activated K* conductance activated by Ca** entry
during the burst.5 The burgt-triggered hyperpolarization,
which may last for severa minutes, aso renders the cell
less responsive than normal to subsequent trigger stimuli.
This is the proposed explanation of the refractory period
that occursin TN, the observation that following an attack
a second attack cannot be triggered until 2 to 3 minutes
have passed.” The hair-trigger nature of paroxysmal bursts
may also account for the sometimes prolonged remissions
that are a characteristic of TN. Long-term processes such
as partid remyelination, or normalization of membrane
channel marshaling,® may bring the triggering level below
threshold for long periods of time.

Treatment Modalities in Light of the Ignition Hypothesis

The ignition hypothesis accounts for the mgjor positive
and negative signs and symptoms of TN, and for its patho-
genesis following microvascular root compression.* The
same neuronal changes (ectopic hyperexcitability, afterdis-
charge, and crossexcitation) are also known to develop in
sensory ganglia following either axotomy or direct trau-
mato the ganglion.?& The ignition hypothesis, therefore,
works equally well for cases in which there is no micro-
vascular root compression but thereisa TG lesion.® In the
case of root compression, ignition may be exacerbated by
the pounding of the arteria loop on the compression site, a
region known to be abnormally mechanosensitive.> The
cardiac rhythm expected by this pounding is presumably
obscured by the long time constant imposed by neuronal
afterdischarge. Removal of the vessd by MVD surgery
provides immediate relief; long-term relief presumably re-
sults from root recovery, primarily due to remyelination.

The ignition hypothesis aso accounts for the effective-
ness of medica treatment. Anticonvulsant medications
such as carbamazepine, phenytoin, and lamotrigine are
membrane stabilizers (Na* channel blockers) that suppress
ectopic neura firing.21420 This action occurs in the PNS,
over and above the role these agents play in suppressing
seizure activity in the CNS. As the lesion progresses, ever
increasing doses of these drugs are required until CNS
side effects such as nausea and sedation become intolerable
and surgical intervention is required. Membrane stabilizing
drugsthat are excluded from the CNS might prove an alter-
native therapeutic strategy.

A key prediction of the ignition hypothesis that distin-
guishes it from hypotheses based on a CNS cause?”’ is the
presence of paroxysma discharge in primary afferent neu-
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rons serving areas of the faceto which painisreferred. This
prediction might be verified by referra to microneuro-
graphic recordings from peripheral nerve branches. An-
other approach is to detect effector consequences of anti-
dromic activity in peripheral nerves, such as neurogenic
inflammation. Indeed, Nurmikko and associates® recently
reported finding cutaneous vasodilation in patientswith TN
during paroxysmal attacks with the aid of laser-Doppler
flowmetry. Verification of the ignition hypothesis is not
merely of academic interest, but it suggests specific new
avenues for the development of novel treatment modali-
ties
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Recovery of nerve conduction following
microvascular decompression for
trigeminal neuralgia

Massimo Leandri, MD; Paul Eldridge, MA, MChir, FRCS; and John Miles, FRCS

Article abstract—Objective: To assess the function of trigeminal nerve before and after microvascular decompression for
trigeminal neuralgia. Background: To date there is no direct evidence that microvascular decompression of the trigeminal
root restores normal conduction in the nerve. Methods: The authors examined 10 patients with trigeminal neuralgia in
whom preoperative MRI and MR angiography demonstrated neurovascular contact. During microvascular decompression,
the trigeminal nerve was monitored by recording early scalp trigeminal evoked potentials immediately before, during, and
after decompression. Direct recordings from the root entry zone were also performed. Resulis: In all patients preoperative
scalp evoked potentials showed impaired conduction of the trigeminal root. Microvascular decompression was associated
with immediate recovery of conduction in seven patients, demonstrated by both scalp evoked potentials and direct root
recordings. All 10 patients were pain free postoperatively. Conclusions: Improvement in trigeminal neuralgia following
microvascular decompression is often associated with normalization of neurophysiologic data, suggesting recovery of nerve
function. Rapid electrophysiologic recovery and pain relief following microvascular decompression argue that neither
phenomenon is linked to remyelination. It is possible that the trigeminal evoked potentials might predict an effective

microvascular decompression.
NEUROLOGY 1998;51:1641-1646

Anatomic, surgical,'® and neuroimaging studies*
lend support to the hypothesis that vascular com-
pression or contact with the trigeminal nerve at the
root entry zone is a major factor in the pathogenesis
of “tic douloureux,” even if it is not the only factor
responsible. This has led to microvascular decom-
pression being widely used. Furthermore, microvas-
cular decompression does not produce the neurologic
deficit® seen with ablative techniques. Pain is almost
always relieved immediately after the operation.5”
Although relief of the nerve from vascular contact
appears to be an obvious mechanism for microvascu-
lar decompression, it has also been argued that the
benefits may be the result of subclinical damage to
the nerve during the operative dissection.® This view
has been challenged on the basis that subtle sensory
deficits found preoperatively disappear after micro-
vascular decompression.? Owing to the small magni-
tude of these changes, they cannot be demonstrated
in individual patients, but rely on statistical meth-
ods applied to a population of patients.® Because, by
definition, “essential” trigeminal neuralgia offers no
clinical signs other than its characteristic symp-
tom—particularly severe shooting pain—the ques-
tion as to whether the relief of pain is linked to a
normalization of the nerve function at the root entry

zone by microvascular decompression has been un-
able to be tested. Electrophysiologic testing of the
trigeminal afferents can now be performed with a
high degree of accuracy, reproducibility, and sensi-
tivity by means of the trigeminal evoked potentials.*®
After stimulation of the infraorbital nerve, record-
ings of scalp electrical responses!! represent the far-
field reflection of the incoming volley passing
through high-medium velocity fibers just before the
Gasserian ganglion (component W1), the retro-
Gasserian root (component W2), and inside the
brainstem, just after the entry zone (component
W3).12 Using these techniques, approximately 50% of
patients with trigeminal neuralgia, in the absence of
clinical signs or symptoms, have alteration of the
afferent conduction, mainly localized at the root en-
try zone.*® Such findings are in agreement with the
results reported regarding alteration of quantitative
sensory testing in the same type of patients.'+*5 Thus
trigeminal evoked potentials are an instrument to
test the hypothesis that function is made normal by
microvascular decompression. During the operation,
the trigeminal nerve is exposed at the pons—the site
of the root entry zone—and this provides an opportu-
nity to make recordings directly from the root and is
another tool to test this hypothesis.
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Figure 1. Scalp recordings after stimulation of the in-
fraorbital nerve immediately before (upper trace) and after
(lower trace) microvascular decompression in Patient 2.
Before microvascular decompression component W3 (the
entry zone) was missing, whereas W1 (Gasserian ganglion)
and W2 (retro-Gasserian) peak latencies were normal. Af-
ter microvascular decompression, component W3 could be
recorded, although its peak had a latency that exceeded
normal limits (upper limits of normality for W1-to-W3 in-
terpeak interval, 2.15 msec'®). Calibrations are 1 msec per
division for the x-axis and 0.75 uV for the y-axis.

Methods. Patients. Ten patients with trigeminal neu-
ralgia for 2 to 23 years were investigated. They were se-
lected to have substantial involvement of the second
division and to have arterial vascular compression demon-
strated by preoperative MR tomoangiography using tech-

onset 2.66ms

onset 2.37ms

niques described previously.'® All patients gave informed
consent to the procedure, which complied with the Hel-
sinki Declaration of 1975, as revised in 1983. The study
was approved by the local ethical committee.

Stimulation. Trigeminal evoked potentials were per-
formed by selective electrical stimulation of the infraor-
bital nerve by means of two needle electrodes inserted into
the ipsilateral foramen as described elsewhere.'® Position-
ing of the stimulating electrodes was performed immedi-
ately after the patient had been anesthetized.

Far-field scalp responses. A surface recording elec-
trode was placed at the vertex (Cz), referenced to the neck
(Cv7, seventh cervical vertebra), and recordings were per-
formed approximately every 10 minutes during the whole
operation, and specifically before and after microvascular
decompression. The signals were amplified 200,000 times.
Bandpass of the amplifiers was set at 10 to 3,000 Hz, 3-dB
points, and at least 500 responses were averaged. The
recordings were repeated no less than twice to confirm
reproducibility. Because even small differences in depth
insertion of the stimulating needles may give rise to a
latency shift of all the trigeminal evoked potential compo-
nents, the latency interval between the Gasserian ganglion
(component W1) and the entry zone (component W3) peaks
was measured to compare it with the upper limit of nor-
mality (2.15 msec) already published’ (obtained in 48 nor-
mal subjects from a mean value of 1.64 msec added to
three times its SD of 0.17 msec). Definition of recovery of
the nerve function within a single subject was that a la-
tency shift of more than 0.13 msec occurred in the W1-
to-W3 interpeak interval. The number 0.13 msec
represents the upper limit of intraindividual variation (two
recordings) of the given interval in normal subjects. This
number was obtained in a previous work! on 48 normal
subjects based on the mean (0.04 msec) added to three
times the SD of 0.03 msec (see table II in reference 10,
p- 419).

Figure 2. Direct recordings from the
root after stimulation of the infraorbital
nerve performed immediately before (up-
per trace) and after (lower trace) micro-
vascular decompression in Patient 1.
Onset of response (marked by a vertical
line) is used here rather than peak la-
tency because it offers better reliability
in these recording conditions. Onset is
at 2.66 msec before microvascular de-
compression, whereas it is anticipated
to 2.37 msec after. Other changes take
Dlace after microvascular decompres-
sion: the principal component is larger
in amplitude, and it is not only pre-
ceded, but also followed, by a number of
wavelets representing groups of fibers
conducting at different velocities. Cali-
brations are 1 msec per division for the
x-axis and 10 uV per division for the
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Table 1 Summary of patient scalp recordings

inﬁiﬁon Before MVD, Immediately End of Two days
of anesthesia root exposed post-MVD procedure postoperatively
Patient no. (mean = SD) n (mean * SD) n (mean * SD) n (mean * SD) n (mean * SD) n
1 2.43 + 0,02 3 244 + 0.02 3 2.14 = 0.01 3 2.15 + 0.01 3 2.13 = 0.02 3
2 W3 absent 2 W3 absent 2 2.36 = 0.007 2 2.34 + 0.007 2 2.34 + 0.007 2
3 2.70 = 0.03 3 2.70 + 0.03 3 2.50 + 0.03 3 2.50 + 0.02 3 2.35 = 0.03 3
4 W3 absent 2 W3 absent 2 2.78 = 0.007* 2 2.76 + 0.007 2 2,57 + 0.007 2
5 2.84 * 0.01 3 2.90 = 0.03 3 2.29 * 0.02 3 2.18 + 0.02 3 2.13 = 0.01 3
6 2.24 x 0.007 2 2.25 * 0.01 3 1.93 = 0.02 3 1.92 = 0.02 3 1.93 = 0.01 3
7 2.80 * 0.01 3 2.82 * 0.02 3 2.81 = 0.02 3 2.83 + 0.01 3 2.83 * 0.007 2
8 2.51 + 0.007 2 250+0 2 2.52 *= 0.01 3 2.51 + 0.007 2 2.53 * 0.02 3
9 248 0 2 2.49 * 0.007 2 2.87 £ 0.02 3 2.90 + 0.02 3 2.75 = 0.007 2
10 W3 absent 3 W3 absent, 3 2.66 = 0.007 2 2.63 + 0.007 2 242 +0.01 3

Intervals (expressed in msec) between peaks of W1 and W3 components of scalp trigeminal evoked potentials at various stages of oper-

ation and at follow-up. Each value is the mean obtained from two or three immediately successive recordings. SDs are reported, as well
as the actual number of recordings (n). Differences =0.13 msec have been considered significant to a change.'® All intervals >2.15 msec
are considered abnormal.'®

* In Patient 4, this recording was taken 30 minutes after root exposure. Two vessels had to be removed from the root, and recovery was

demonstrated only after removal of the second vessel.

MVD = microvascular decompression; W1 = Gasserian ganglion; W3 = entry zone.

Direct root recordings. Responses were recorded di-
rectly from the root after it had been exposed and after
decompression. Two 1-mm silver ball electrodes, with an
intertip distance of 2 mm, were mounted in a holder in a
forklike manner. Using the operating microscope they
were placed transversely over the root, proximal (with ref-
erence to the pons) to compression. A second set of record-
ings was made following decompression from the site,
which was identified visually and recorded on videotape.
The surgeon repositioned the electrodes as closely as possi-
ble to the original site—measurements made in one subject
showed that this was done to within = 1 mm. Signals were
fed into amplifiers with 5 to 5,000 Hz bandpass (3-dB
points) with gain of 20,000 times. To check reproducibility,
the whole procedure was repeated three times before and
after decompression, and data were accepted only when
the responses had the same onset latency (within = 0.05
msec) and waveform. In contrast to the scalp responses, in
which peak-to-peak latencies were considered, the absolute
latencies of response onsets were deemed more reliable in
the case of the root. This was so because the morphology of
the root response could change between pre- and postmi-
crovascular decompression. This choice was also justified
by the response from the root being a near field, just rep-
resenting activation of the tract beneath the electrodes. To
provide consistency with the scalp recordings, changes in
latency were considered significant only when larger than
0.13 msec.

Amplitude changes in either scalp far-field or root re-
cordings were considered significant only when changes
were greater than 50%.

Results. On operation, all patients were found to have
neurovascular compression caused by an artery. In one
patient (Patient 4), dual-vessel compression was identified.

Far-field scalp recordings. Table 1 summarizes the re-
sults obtained in our patients from scalp recordings. All
patients had an altered scalp response before operation,
consisting of delayed or absent W3, suggesting conduction
impairment at the root entry zone. Patients 1 through 6
and 10 showed recovery or normalization of the scalp re-
sponse a few minutes after decompression (figure 1). In
Patient 4, immediately after the surgeon removed a vessel
deemed responsible for the neuralgia, no modification of
the response was seen. However, removing this vessel
made another vessel visible, which obviously distorted the
root. On removal of the second vessel, the response recov-
ered immediately, and was found to be completely normal-
ized on follow-up. Patients 7 and 8 showed no modification
after surgery. In Patient 9, during manipulation of the
root, a slight reduction in amplitude and an increase in
delay of W3 took place.

Direct root recordings. In table 2 the results from root
recordings are shown. In the first six patients there was a
reduction in latency of the onset of the response recorded
(figure 2), which paralleled the reduction in latency of the
peak of the W3 component from the scalp. Amplitudes of
the root responses showed changes large enough to be con-
sidered (larger than 50%) only in Patients 2, 4, and 10,
who demonstrated an increase after decompression. In
these patients, scalp W3 could not be recorded before de-
compression but appeared after decompression.

All 10 patients were pain free postoperatively. No sen-
sory deficits were detected, even in the patient with wors-
ening of the trigeminal evoked potential.

Discussion. Both scalp far-field and root record-
ings were in agreement in detecting recovery of the
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Table 2 Direct root recordings

Before MVD,
root exposed

Immediately
post-MVD

Patient no. (mean * SD) n (mean *= SD) n Difference n

1 2.66 * 0.01 3 2.37 + 0.02 3 0.29, p < 0.0001
2 3.22 + 0.02 3 2.54 * 0.02 3 0.68, p < 0.0001
3 2.94 + 0.02 3 2.69 * 0.01 3 0.25, p < 0.0001
4 3.18 £ 0.02 3 2.71 = 0.01 3 0.47, p < 0.0001
5 2.92 *+ 0.02 3 2.37 + 0.03 3 0.55, p < 0.0001
6 2.57 £ 0.02 3 2.23 = 0.02 3 0.34, p < 0.0001
7 3.16 = 0.03 3 3.16 + 0.02 3 0.00, NS

8 2.67 = 0.02 3 2.69 = 0.03 3 —-0.02, NS

9 2.7 +0.03 3 3.12 + 0.02 3 —0.39, p < 0.0001
10 3.26 * 0.04 3 2.75 = 0.03 3 0.51, p < 0.0001

Onset latencies (expressed in msec) of response recorded from the root before and after microvascular decompression. Each value is the
mean obtained from two or three immediately successive recordings. SDs are reported as well as the actual number of recordings (n).
All differences are highly significant (¢-test, unpaired, two tailed; p < 0.0001) with the exception of Patients 7 and 8 (no significant dif-

ference), who were considered unchanged.

MVD = microvascular decompression; NS = not significant.

nerve function in seven of 10 patients immediately
after microvascular decompression. Recording far
fields from the scalp proved extremely stable, with
electrodes left in place throughout the operation,
demonstrating that peak latencies were not affected
by environmental conditions. The scalp recordings
performed in our patients before decompression
showed that in all patients a subclinical impairment
in conduction along the high-medium velocity fibers
occurred in the region of the root entry zone. This
finding is consistent with the site of compression
seen by MR tomoangiography and in accordance
with electrophysiologic studies of idiopathic trigemi-
nal neuralgia and other lesions (tumors) at the root
entry zone reported previously in the literature.’> We
presume that the universal occurrence of impair-
ment in our patients, in contrast to the lower fre-
quency of abnormalities in previous reports,!® is a
result of the selection of patients for this study based
on the knowledge that arterial neurovascular com-
pression was present, as shown by MR tomoangiog-
raphy and confirmed on operation.

Root recordings were of the near-field type; there-
fore, only the activity of fibers underlying the elec-
trode tip would be detected. In contrast to scalp
recordings, they could be affected by the electrode
position, and the amplitude of the response might be
influenced by the degree of pressure exerted against
the root. Because the electrode was removed from the
nerve for decompression, this greatly increased the
variability intrinsic to this type of recording. Never-
theless, with the precautions described in the Meth-
ods section, it was possible to ensure that reliable
and stable recordings were performed before and af-
ter decompression. These recordings showed a sub-
stantial improvement in the same seven patients in
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whom the scalp evoked responses had recovered,
thus providing a strongly concordant result.

The recovery of delayed or absent scalp W3 and of
the root recordings in the same patients clearly
showed that nerve conduction was improved during
the operation, and we believe this to be the first
neurophysiologic evidence available so far of the im-
mediate effect of the surgical procedure. Because all
the electrophysiologically improved patients also ex-
perienced pain relief, one might conclude that recov-
ery of trigeminal evoked potentials is a predictor of
pain relief, which has important implications regard-
ing the mechanisms of production of trigeminal pain.
However, even those patients in whom the trigemi-
nal evoked potentials showed no recovery (Patients 7
and 8) or worsened (Patient 9) were pain free. Two
explanations may be that 1) the mechanism of pain
relief is identical in these patients as in all other
patients and it is the perioperative trauma that has
prevented normalization or has caused worsening of
the evoked response, or 2) in these patients the
trauma to the nerve is responsible for the immediate
pain relief, and the microvascular decompression
was perhaps responsible for its long-term mainte-
nance. Partial rhizotomy is a successful treatment
for trigeminal neuralgia; so, clearly, it is possible for
trauma to provide pain relief. The disturbance of the
nerve produced by the neurovascular conflict might
produce pain by separate actions from that by which
the neurophysiologic disturbance is created. Thus
these events would be closely correlated but not di-
rectly related.

In Patient 9 deterioration in the evoked potentials
indicates that manipulation of the root had caused
damage to it (albeit subclinical), and although it is
possible that in this patient the neuralgic pain was



relieved through mechanisms similar to a thermorhi-
zotomy (i.e., by damaging some fibers), this may be
unlikely because there was no new detectable sen-
sory deficit present in this patient postoperatively.
Patient 9 indicates that subclinical trauma (postop-
eratively sensation was normal) can be detected us-
ing these methods, implying its absence in the
patients showing immediate improvement. In the pa-
tients showing immediate improvement in latency
and amplitude, and in whom sensation is normal
postoperatively, it is then difficult to imagine that
trauma plays a significant role in the mechanism of
action of the operation.

It is also necessary to explain the rapidity of the
recovery, which is immediate. Fast recovery from
conduction impairment is only possible in nerves
that have suffered mild compression. Such condition
is described as “rapid reversible physiologic block™”
or “class 1 of nerve injuries.”® From a symptomatic
point of view, it is well known that decompression of
the median nerve in carpal tunnel syndrome relieves
pain and paresthesias immediately in the innervated
area, and such quick recovery has also been docu-
mented electrophysiologically in carpal tunnel syn-
drome’ and in animals.?°2! Furthermore, abnormal
trigeminal evoked potentials in a patient with a tu-
mor of the cerebellar—pontine angle showed recovery
a few days after successful removal of the tumor,
together with normalization of the previous sensory
deficit (Patient 8 in reference 13). This argues
against demyelination as a requirement for pain,??23
because remyelination could not occur within this
time scale. We hypothesize that our patients had a
class 1 nerve injury to the trigeminal root, causing
rapidly reversible ischemic and metabolic changes in
the nerve that resulted in both the production of
pain and conduction impairment in fast-conducting
axons of the root (the slower conducting fibers could
not be examined because of the much smaller amp-
litude and time dispersion of their responses). Re-
lieving the compression would restore normal
conditions, thus interrupting the pain-producing
mechanism and greatly relieving the conduction im-
pairment. One may speculate that the late, slight
improvement of nerve conduction is a result of a
slower remyelination process that, however, would
be of no relevance to pain relief, which occurred
much earlier. In addition to the theoretical consider-
ations consequent on the rapid restoration of electro-
physiologic data, it is worth considering the practical
value of the phenomenon, which is best illustrated
by Patient 4, in whom improvement did not occur
until the second vessel was decompressed. In 16% of
patients multiple vessels are present,' so this is a
significant clinical problem. Although sensitivity and
specificity cannot be ascertained from such a small
number of patients, the technique may provide a
means of supplying surgeons immediate information
regarding the effects of their maneuvers and some
insight regarding which is the significant vessel.
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The wide spectrum of myofibrillar
myopathy suggests a multifactorial
etiology and pathogenesis

A.A. Amato, MD; K. Kagan-Hallet, MD; C.E. Jackson, MD; S. Lampkin, HT (ASCP); G.I. Wolfe, MD;
M. Ferrante, MD; E.H. Bigio, MD; and R.J. Barohn, MD

Article abstract—Background: Myofibrillar myopathy (MFM) is characterized by nonhyaline lesions (foci of myofibrillar
destruction) and hyaline lesions (cytoplasmic inclusions composed of compacted myofibrillar residues) on light and
electron microscopy. Immunocytochemistry demonstrates the abnormal expression of desmin and numerous other pro-
teins. The clinical, laboratory, and histologic features of MFM are heterogeneous, making a diagnosis difficult. Resulfs: We
diagnosed eight patients with MFM over the preceding 3 years. MFM was inherited in an autosomal dominant pattern in
one patient, developed sporadically in five patients, and was induced by an experimental chemotherapy, Elinafide (Knoll,
Parsippany, NJ), in two patients. Age at onset ranged from 14 to 64 years. The pattern of weakness was variable but
involved proximal and distal muscles. Five patients had evidence of a cardiomyopathy. Electromyography demonstrated
muscle membrane instability and small, polyphasic motor unit potentials. Serum creatine kinase levels were normal to
moderately elevated (<10X normal). Light and electron microscopy demonstrated the characteristic pattern of nonhyaline
and hyaline lesions and the associated abnormalities on immunocytochemistry. Conclusions: Patients demonstrate a wide
spectrum of clinical, laboratory, and histologic abnormalities. Chemotherapy-induced MFM has abnormalities on immu-
nocytochemistry similar to the those of hereditary and sporadic cases. The pathogenesis of MFM is likely heterogeneous.
However, MFM is distinctive in that it can preferentially affect distal muscles and has a frequent association with
cardiomyopathy. The cardiomyopathy may be amenable to treatment with pacemaker insertion or cardiac transplantation.

NEUROLOGY 1998;51:1646-1655

Myofibrillar myopathy (MFM) is a rare, often over-
looked disorder characterized by two major his-
topathologic abnormalities: nonhyaline lesions
consisting of foci of myofibrillar destruction and hya-
line lesions composed of compacted and degraded
myofibrillar elements.!* Abnormal expression of
desmin has been shown in muscle fibers on
immunostains.* However, desmin is not the only
protein that is abnormally expressed with immuno-
staining. Studies from the Mayo Clinic demonstrated
that the nonhyaline lesions react strongly to desmin,
dystrophin, gelsolin, neural cell adhesion molecule
(NCAM), and the N-terminus of B-amyloid precursor
protein (B-APP).2 They are depleted of actin,
a-actinin, and myosin and less consistently, of titin
and nebulin.?2 The hyaline lesions react to dystro-
phin, gelsolin, the N-terminus of p-APP, titin, nebu-

lin, actin, a-actinin, and myosin but not to NCAM
and are variably reactive to desmin.? Both types of
lesions are congophilic. Furthermore, the abnormal
muscle fibers demonstrate abnormal expression of
cell division cycle 2 (CDC2) kinase and other cyclin-
dependent Kkinases (CDKs)—CDK2, CDK4, and
CDKZ7.? Thus, the term “myofibrillar myopathy” has
been recommended as a more accurate description of
the spectrum of the histologic abnormalities.!?
Confusion may arise because MFM has been re-
ported previously as desmin storage myopathy,’®
desmin myopathy,® familial desminopathy,” spheroid
body myopathy,®? cytoplasmic body myopathy,0-16
Mallory body myopathy,!” familial cardiomyopathy
with subsarcolemmal vermiform deposits,’® and my-
opathy with intrasarcoplasmic accumulation of
dense granulofilamentous material.’* In addition,
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LOW-INTENSITY PULSED ULTRASOUND ACCELERATES THE
REGENERATION OF THE SCIATIC NERVE AFTER NEUROTOMY IN
RATS
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Department of Bioengineering, S8o Carlos Engineering School, S§o Paulo University, Sdo Paulo, Brazil
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Abstract—The biophysical qualities of pulsed ultrasound (US) led us to appraise its effect on the regeneration of
a peripheral nerve. In this study, our intention was to evaluate the effects of pulsed US on the axotomy of the
sciatic nerve in rats. The proximal stump of the nerve was stimulated on 12 consecutive days with pulsed US and
the effects of the sonication were evaluated through morphological and morphometric techniques. Our findings

suggest that sonication leads to a rapid regeneration of the nerve after axotomisation. These affirmations
are based on the counting of different types of fibre components in mixed nerves and the morphological
recovery of the same in comparison with nerves of animals submitted to sham operation. (E-mail:

criscicozac@netsite.com.br) © 2002 World Federation for Ultrasound in Medicine & Biology.

Key Words: Low-intensity pulsed ultrasound, Peripheral nerve, Regeneration.

INTRODUCTION fractures by Duarte (1983), when it was found to be

. . . active in the formation of new bone tissue and in the
The regeneration of peripheral nerves is already an es- o : :
tablished fact and, for this reason, a continuous search'cP"N9 of.fractures. Its rglatlon to, and its effects on,
has been made for factors, mechanisms or techniquesosteogene3|s are reported in a recent survey by Rubin et

that can help to restore them. al. (2001). i o i ,

Investigations with the same objectives were under-  Other biologic tissues also responded satisfactorily
taken using autologous grafting (Foidart et al. 1997), {0 the stimulus of low-intensity pulsed US: Nolasco
endoneurium components of peripheral nerves (Labrador (1993), in skin healing of alloxanic diabetic rats; Hilario
et al. 1998) or, as in Evans et al. (1999), by the use of (1993), in the repair _of chronic varicose ulcers; Pires
grafting preserved by refrigeration and thawed before (1994), in the resolution of chronic inflammatory pro-
use. cess; and others. A neurotomy is an adequate model for

However, few works have aimed at using physical the study of cellular response to injury (Koliatsos and
stimulus or any other noninvasive methods in the regen- Price 1996) because repair is made by a typical healing
eration of peripheral nerves. This fact led us to test the process. Because this model is easily reproduced and
effects of low-intensity pulsed ultrasound (US) in a pro- characterised as a typical initial acute inflammatory re-
spective way, with the purpose of studying its eventual action, it was decided to use this noninvasive method in
action on the regeneration of a mixed peripheral nerve. the regeneration of an experimental neurotomy of the
The sciatic nerve of a mouse was selected, so that thesciatic nerve in rats. According to Dyson and Paookes
action of low-intensity US could be evaluated on the (1983), low-intensity US, when used in the first 15 days
regeneration of this mixed nerve, after its experimental of the inflammatory phase, manifests more intensely its
neurotomy. healing effects.

The low-intensity pulsed US was initially thought of

and used in the repairing of pseudarthrosis and bone MATERIALS AND METHODS

. - To carry out the present investigation, 35 Wistar rats
Address correspondence to: Ana Rosa Crisci, R: Garibaldi 715 f both d h iaht ied f 120 g t
apto: 41. Centro, Ribeirdo Preto, S.P. Brasil Cep: 14010-170. E-mail: of both genders, whose weights varied irom g 1o
criscicozac@netsite.com.br 150 g, were used.
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For the morphological evaluations, 25 animals were
reserved and, for the morphometric evaluations, 10 ani-
mals. After anesthesia and asepsis, surgical access for
exposing the sciatic nerve was carried out through per-
pendicular section of all the fibres of the maximus glu-
teus muscle, which, after being separated, permitted the
visualisation of the sciatic nerve. Following this, neurot-
omy with ophthalmic scissors was carried out. In the
group made up of 25 rats, 13 received applications of
low-intensity pulsed US and 12 received a sham sonica-
tion that served as a control for the stimulated ones. For
the morphometric evaluation, 10 more animals whose
sciatic nerves were neurotomised on both sides were
used. Only the nerve of the right side was stimulated, and
the other side served as a control and received only a
sham stimulation.

The Ethics Council of our University certified that
this research project was within the ethical norms for
animal experiments.

Application of low-intensity pulsed ultrasound

At 24 h after neurotomy, daily applications of low-
intensity pulsed US were initiated on the site where the
axotomised nerves had been, obeying the following
rules:

1. Daily, 20-min applications, always at the same time
of day, during 12 consecutive days.

2. The applications were motionless and a thick layer of
hydro gel was used before the coupling of the trans-
ducer.

The control group was not stimulated, but under-
went identical treatment without the pulsed US stimulus.

Preparation for morphological studies

After the stipulated sonication period, we conducted
the removal of proxima nerve stumps of nerves for
histotechnical procedures to be carried out. With the aim
of getting afast and early fixation of the proximal nerve
stumps, after the anesthesia of animals and their expo-
sure, glutaraldehyde was dripped to achieve fixation.
After euthanising the animals by excessive inhalation of
ether, the proximal stumps were then identified and sub-
mitted to routine steps for inclusion in araldite and for
the acquisition of fairly fine sections. The sections, after
being stained with toluidine blue, were examined under a
light microscope and photographed at various close-up
ranges.

From the fairly fine blocks, ultrafine sections for
structural evaluation were made.

Equipment generator of ultrasound and parameters used
in the experiment

The equipment used consisted of a US stimulator,
designed and built in the Engineering Laboratory of the

Volume 28, Number 10, 2002

S30 Carlos Engineering School, Sdo Paulo University,
and the standards used for the ultrasonic stimulation
were as follows: power 96.04 mW; type of wave: pulsed;
acoudtic intensity 16 mw/cm (SATA); length of pulse
200 ms; repetition frequency 1 kHz; amplitude 25 V
(peak to peak); frequency of PZT-4, 1.5 MHz.

Morphometric and morphological analyses

The statistical evaluations were made by comparing
the neurotomised nerves, treated or untreated, with the
paired t-test.

From the sections of the proximal stumps of stim-
ulated or nonstimulated nerves, photographs of five ran-
dom fields, totaling 100 photographic fields, were made
and stored in disk drives for zipping. In this way, almost
the whole area of the nerve contained in the transverse
semifine section was photographically traced for the
morphometric study of its different structural compo-
nents.

With the software application (UTHSCSA Image
Tool)?, the following parameters were studied:

1. Number of different kinds of component fibres of the
mixed nerve.

2. In type A fibres (fast conduction), both the thickness
of the myelin sheath and the axons area were esti-
mated.

Image Tool software also provides the simultaneous
capacity of estimating the number of fibres, the thickness
of the myelin sheath and the axon areas as well. The data
obtained were stored in another program (Excel) and
later statistically analysed by means of the program
Sigma Stat 2.03.

RESULTS

Morphological analysis

It was agreed to analyse the proximal stump of the
axotomised nerves, starting from the sectioned area in
the centripetal direction, along the cellular body.

Figure 1 shows the morphological findings of the
sectioned area of the stimulated proxima stumps in
which a smaller number of cells can be found, arranged
as an amputation neuron and, in subsequent cuts, irreg-
ular and deformed myelin sheaths. In the photomicro-
graphs Fig. 1, from stimulated animals, we notice the
existence of newly formed vessels in the sectioned area,
as well as alarger quantity of nonorganised cells in the
amputation granuloma and, in the subsequent section,
thicker myelin sheaths arranged with regularity and
showing few deformations.

1 Developed at the University of Texas Health Science Center at
San Antonio, TX, and available from the Internet by anonymous FTP
from maxrad6.uthscsa.edu.
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Fig. 1. Photomicrograph of semifine sections stained with to-
luidine blue in a sciatic nerve stump transverse section. (a) The
nonstimulated severed nerve area of a proximal stump; the cells
organised like an amputation neuroma. (b) The distal extremity
of the proximal stump, with a higher number of newly formed
vessels (arrow) and of precursory Schwann cells (arrow). Prox-
imal stump fibres of (c) the unstimulated nerve and (d) stimu-
lated nerve with the quality and characteristics of the same
unraveled myelin sheath. (e) Proxima stump fibres of the
nonstimulated nerve: the myelin sheaths present irregularities,
and many show crenation (arrow). (f) Proximal stump fibres of
the stimulated nerve, showing the regularity of the myelin
construction.

Figure 2, obtained from areas closer to the nerve
stumps, shows transverse as well as longitudinal sec-
tions, the regularity of the form and the constitution of
the myelin sheaths, in stimulated stumps and, in the
nonstimulated stumps, different types of deformity in the
myelin sheaths were reveal ed.

Figure 3 focuses on the perineurium of a nonstimu-
lated nerve (Fig. 2a) and the perineurium of stimulated
nerves (Fig. 3). These appear to be thicker and more
organised.

Table 1. Number of myelin fibres A-type

Fig. 2. Photomicrograph of semifine sections of the sciatic
nerve, stained with toluidine blue. (a) Proximal stump fibres of
unstimulated nerve in transverse section, with bizarre aspects of
the myelin sheath disposition and atered composition of the
congtituent fibres of sciatic nerve, axonal atrophy (arrow) and
uncoiled myelin sheath (arrow). (b) Proximal stump fibres of
the stimulated nerve, showing regularity of sheaths and the
amount of component stump fibres, in transverse section. (c)
Proximal stump fibres of unstimulated nerve in longitudinal
section, showing the bizarre aspects of the myelin sheath. (d)
Proximal stump fibres stimulated in longitudinal section.

The sequence of Figs. 4 to 6 are electromicrographs
for the morphological comparative evaluation between
the different constituents of the nonstimulated and stim-
ulated nerves.

Figure 4 presents, in el ectromicrographs, the myelin
sheath of nonstimulated nerves showing different kinds
of deformities, possibly because of regeneration defi-
ciency, also exhibiting Schwann cells with morphologi-
cal characteristics that may be attributed to low meta-
balic activity.

Electromicrograph Fig. 4 shows defects of axo-
plasm and of its organelles such as deformity (gap) and
edematous mitochondria.

Figure 4 electromicrographs of stimulated nerves
show well-constituted myelin, Schwann cells with char-
acteristics of increased metabolic activity and axoplasm
with its different components well preserved.

Figure 5 exhibits details of nonstimulated nerve

Table 2. Number of myelin fibres B-type

Standard
Treatment Mean SD error Treatment Mean SD SE
Control (USP-) 18.160 3.487 1.103 Control (USP-) 39.080 3.506 1.109
Ultrasound (USP+) 46.190 2.245 3.872 Ultrasound (USP+) 66.960 11.158 3.528
p < 0.001. p = 0.004.
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Fig. 3. Photomicrograph of semifine section of the sciatic nerve
stained with toluidine blue. (a) Proximal stump fibres in trans-
verse section of a nonstimulated animal, showing bizarre as-
pects of the myelin sheath disposition and of the altered com-
position of constituent fibres of sciatic nerve, axonal atrophy
(arrow) and atrophy of the connective tissue the middle layer,
perineurium (arrow). (b) and (c) Proxima stump fibres of the
stimulated nerve, showing regularity of the sheaths and number
of component fibres of the stump, in transverse section, and the
composition of connective tissue investments of the peri-
neurium, showing increase of collagen fibres, with blood vessel
(arrow).

fibres and of stimulated fibres. In the former, as demon-
strated in the perineurium semifine sections, there is

Table 3. Number of amyelinic fibres

Treatment Mean SD SE
Control (USP-) 1.840 0.556 0.176
Ultrasound (USP+) 1.710 0.706 0.223

Volume 28, Number 10, 2002

Fig. 4. Electromicrograph of the sciatic nerve. (a) Abnormal
myelin sheaths observed in nonstimulated nerve stumps, show-
ing myelin sheath crenation (arrow). (b) Normal myelin sheaths
in nerve stumps that received the stimulus. (c) Myelin sheath
with abnormal characteristics of stumps that did not receive
sonication with the pulsed US, showing the presence of partial
clefts (arrow). (d) Myeélin sheath and Schwann cell with normal
aspects of stumps that received stimulus with pulsed US. (e)
Myelin sheath of nerve stump that did not receive stimulus,
partial dlit detail (arrow). (f) Myelin sheath detail and axoplasm
of stumps that received sonication with pulsed US.

deficiency in the quantity of collagen fibrilles, in com-
parison to the electromicrographs of stimulated nerve.
The axoplasm parts in nonstimulated fibre were disar-
ranged but, in the stimulated fibre, they exhibit normal
disposition and constitution.

Figure 6 shows electromicrographs of stimulated
Schwann cells and nongtimulated cells. In Fig. 6,
Schwann cells exhibit morphological characteristics in
accordance with the increased metabolic activity (Jun-
gueira and Carneiro 2000), while electromicrographs of
nonstimulated cells, the morphological characteristicsin-
dicate low functional activity. The characteristics of

Table 4. Myelin sheath thickness (um)

Treatment Mean sD SE
Control (USP-) 0.108 0.0526 0.0186
Ultrasound (USP+) 0.173 0.0462 0.0163

p = 0.023.



Ultrasound and sciatic nerve regeneration in ratse A. R. Criscl and A. L. FERREIRA 1339

Fig. 5. Sciatic nerve electromicrograph of animals. (a) Endo-
neurium, with areduction of collagen fibrillesin nonstimul ated
stumps. (b) Endoneurium, with increase of collagen fibrillesin
stimulated stumps. (c) Axoplasm, with edematous mitochon-
drion (arrow), agranular vesicles (arrow) and disperse micro-
filamentum (arrow) in nonstimulated stump. Axoplasm with
stimulated stumps, in which a higher quantity of neurotubules
(arrow) and small agranular vesicles (arrow) can be observed.

chromatin and of nuclear membrane are those of low
metabolic activity cells.

Quantitative evaluations

The numbers of A-type fibres presented statistically
significant differences (p < 0.001), representing a more
intense temporal regeneration in the stimulated animal
nerves. Table 1 and the diagram (Fig. 7) are representa-
tive of our findings.

B-type fibres also presented statistically significant
differences (p = 0.004) between nerve stumps of stim-
ulated and nonstimulated animals. Table 2 and the dia-
gram (Fig. 8) are representative of numerical frequencies
of B-type fibres.

On the other hand, C-type fibres (amyelinic) have
not presented statistically significant differences, as rep-
resented in Table 3 and diagram (Fig. 9).

Figure 10 shows a histogram of the group of aver-
age values corresponding to the quantity of different

Table 5. Axon area (um)

Treatment Mean sD SE
Control (USP-) 0.136 0.0477 0.0169
Ultrasound (USP+) 0.212 0.0676 0.0239

p = 0.049.

Fig. 6. Electromicrograph of sciatic nerve of animals. (a)
Schwann cell surrounding myelinised fibre in stump of the
nonstimulated group. (b) Schwann cell nucleus of nonstimu-
lated animal. (c) Schwann cell of stimulated stump with active
cytoplasm; note the high number of mitochondria (arrow) and
endoplasmatic reticulum (asterisk). (d) Schwann cell in stimu-
lated nerve. (€) The Schwann cell nucleus shows areas of more
condensed chromatin (cc) near nuclear membrane and large
areas of uncoiled chromatin (uc). The nuclear membrane pores
(arrows) are present in large quantities in the stimulated nerve.
(f) Schwann cell nucleus in detail; the nuclear membrane pores
(arrows) are more numerous in stimulated cells.

types of fibres estimated in the control and stimulated
nerves.

Fig. 7. Diagrammatic representation of the counting of type A
myelin sheaths.
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Fig. 8. Diagrammatic representation of the counting of type B
myelin fibres.

In Figs. 11 and 12, the thickness values of the
myelin sheaths of A-type fibres and the axon area of
stimulated and nonstimulated fibres are shown. Both the
sheath thickness and A-type fibre axon area in the stim-
ulated nerves show statistically significant differences (p
= 0.023) and (p = 0.049), respectively.

In Tables 4 and 5 the average values and SDs of
those parameters are given.

DISCUSSION

Moore et a. (2000), using the effects of pulsed US
in latency evaluation of human ulnar nerves, with 1-MHz
and 870-kHz frequencies, and also in the evaluation of
the sensory latency of the median nerve with 1- to
3-MHz frequencies, concluded that the alterations found
in the nerve latency period occurred as aresult of thermal
effects, because high frequencies provoke rises in tem-
perature. The use of pulsed US by these authors cannot
be compared with low-intensity pulsed US because this

Fig. 9. Diagrammatic representation of the counting of amye-
linic fibres.
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Fig. 10. Diagrammatic representation of the nervous fibre
averages.

does not promote significant rise in tissue temperature,
whereas, in other types of pulsed US, the beneficial or
nonbeneficial effects apparently result from temperature
rises. With the parameters of the ultrasonic beam opti-
mised for therapeutic use, the rise in temperature at the
site of application isabout 1°C, suggesting, therefore, the
participation of nonthermal mechanisms in the biologic
action of low-intensity pulsed US (Dyson and Suckling
1978).

As far as the regeneration mechanisms are con-
cerned, Rath et al. (1995) demonstrated that Schwann
cells play a predominant role in peripheral nerve regen-
eration.

Madison et al. (2000) demonstrated that Schwann
cells represent the richest source of netrin-1 protein in
the peripheral nerve, which could play an important
part in adult peripheral nerve regeneration. The elec-
tromicrograph morphological study of our investiga-
tion shows stimulus of Schwann cells through low-
intensity pulsed US.

Fig. 11. Diagrammatic representation of the thickness of type A
myelin sheath fibres.
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Fig. 12. Representation of the axon area of type A fibres.

Thus, the interest in finding supporting elements of
peripheral nerve regeneration (Chien et a. 2000) would
validate the use of low-intensity pulsed US as an attempt
to add, with this method, a new factor to peripheral nerve
regeneration, which was the main purpose of our re-
search.

Our studies strongly suggest that the use of low-
intensity pulsed US prompts a faster recuperation of the
nerve after its neurotomy.

The larger number of thick (type A) fibres in the
nerves of animals that received the stimulus undoubtedly
arises from a stronger activity of the Schwann cells,
when stimulated, leading to an earlier recovery of their
myelin sheaths.

In relation to fine myelin fibres, the quantitative
evaluations similarly suggest a faster recovery in the
stimulated animals.

According to Araljjo (1996), amyelinic fibres degen-
erate earlier and with greater intensity, which could
explain atemporal delay in their numerical recovery; this
can be deduced from the image in the diagram (Fig. 9),
because the animals were sacrificed only after 24 h had
elapsed from the last stimulus. Because low-intensity
pulsed US is a noninvasive method, it could be associ-
ated with other factors already shown to be promoters of

peripheral nerve regeneration. This association would
possibly lead to more favorable results.

Acknowledgments—The authors gratefully thank Luiz Alberto
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Abstract—This study attempted to improve the efficacy of peripheral nerve regeneration, using the stimulus of
low-intensity ultrasound (US) on polypL-lactic acid-co-glycolic acid) (PLGA) nerve guidance conduits seeded

with Schwann cells. The possible differences between the ultrasonic effects of biodegradable and nonbiodegrad-
able materials used as conduits were also investigated, by comparison with a group of silicone conduits. The
PLGA conduits were seeded with or without Schwann cells (6< 10° cells). All conduits were implanted 10 mm
into right sciatic nerve defects in rats and underwent 12 ultrasonic treatment sessions over 2 weeks. Ultrasound
was applied at a frequency of 1 MHz and an intensity of 0.2 W/crhspatial average temporal peak (SATP) for

5 min/day. Histologic analysis was used to evaluate the recovery of the nerve after 6 weeks. Ultrasonically
stimulated animals, especially those whose PLGA conduits, seeded with Schwann cells, exhibited considerably
more myelinated axons with a larger mean area at the midconduit of the implanted grafts than those in any other
group. Ultrasonic stimulation of a silicone conduit induced the generation of mass fibrous tissues that covered the
nerve conduits and retarded axon regeneration. These results showed that ultrasonic stimulation may directly
stimulate the seeded Schwann cells within the PLGA conduits to regenerate nerves. Nevertheless, the applying

of US may not allow incorporation with the silicone rubber as a material from which to form nerve guidance

conduits.

© 2004 World Federation for Ultrasound in Medicine & Biology.

Key Words: Ultrasonic stimulation, Schwann cells, Nerve regeneration, Polp(-lactic acid-co-glycolic acid),

Silicone conduit.

INTRODUCTION

Autologous nerve grafts have commonly been used in
bridging periphera nerve defects (Terziset a. 1997). How-
ever, the limited availability and donor-site morbidity of
autografts are the primary limitations on clinica applica-
tions. Enormous effort has been made to generate dterna
tive, synthetic nerve conduits (Aldini et al. 1996; Archibald
et a. 1991; Tountas et d. 1993). These synthetic conduits
can help axonal proliferation, including a scaffold, support
cells (i.e., Schwann cells and macrophages), induction fac-
tors and extracellular matrices (Gregory et a. 2000).
Adding lumen-occupying substances, such as extracel-
lular matrix (ECM), nerve growth factor (NGF) and other
neurotrophic agents, has been shown to promote the growth
of axons (Fine et a. 2002; Y oshii et a. 2002; Verdu et d.
2002). Directly introducing cultured Schwann cdls into

Address correspondence to: Shan-hui Hsu, Ph.D., Department of
Chemical Engineering, National Chung Hsing University, Taichung,
Taiwan. E-mail: shhsu@dragon.nchu.edu.tw
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nerve conduits as persistent sources of neurotrophic factors
isanother effective mean of bridging awide-ranging defect.
Investigators have also demonstrated that cultured Schwann
cells will persstently elaborate neurotrophic factors (Tessa
et a. 2000; Gregory et al. 2002), construct neuronal cyto-
architecture (Li and Raisman 1997) and successfully regen-
erate mydlin axons (Levi and Bunge 1994; Levi et a. 1994).

According to the literature, locd events in the environ-
ment of an injured periphera nerve trunk may importantly
affect the functional capacity of seeded cdls (Douglas 2000).
The damaged regions of the surgery trauma are complex
and replete with local thrombosis, ischemiaand nitric oxide
and are not appropriate for the culturing of seeded cdlls.
Most seeded cells (80 to 90%) die during the grafting
procedure or theresfter (Zawada et d. 1998; Barker et d.
1996; Mahdik et d. 1994). Accordingly, the redtitution of
injured surgery environment is subgtantial for arepaired nerve.

Low-intensity pulsed ultrasound (US) has atherapeutic
effects on soft tissues, including inducing the recovery of a
conduction block of the median nerve (Paik et a. 2002), the
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acceleration of wound healing (Dyson 1990), the accelera-
tion of tendon healing (Enwemeka et a. 1990), an improve-
ment on blood flow in a chronicaly ischemic muscle
(Hogan et a. 1982), angiogenesisin theincision of the skin
(Y oung and Dyson 1990) and acceleration of the healing of
ischemic varicose ulcers (Dyson 1976). Crisci and Ferreira
(2002) established that low-intensity pulsed US promoted
the regeneration of the sciatic nerve after neurotomy in rats
and an electromicrographic morphologic study revealed
that Schwann cells were stimulated. However, no study has
employed an ultrasonic stimulus to restore the functions of
seeded Schwann cells in a synthetic guiding channdl to
improve peripheral nerve regeneration.

This investigation applied low-intensity US to
Schwann cell-seeded poly(pL-lactic  acid-co-glycolic
acid) (PLGA) conduits to bridging a 10-mm defect of
sciatic nervesin rats. Silicone conduit and autograft were
also conducted in control groups. Histologic analysiswas
performed to assess the regeneration of the nerve.

MATERIALS AND METHODS

Culture of Schwann cells

Schwann cells were obtained according to the method
of Grothe et a. (2000). Sciatic nerves of 3-day-old Spra-
gue-Dawley rats were harvested and incubated in Liebo-
vitz's L15 (Gibco, Invitrogen Co., Carlsbad, CA, USA),
and washed 3 times with phosphate-buffered sdine (PBS,
pH 7.4). The epineurium was separated and nerves were
dissected into discrete fascicles (less than 1 mm), which
were enzymatically dissociated using 0.03% type | collage-
nase (Sigma, . Louis, MO, USA) and 0.25% trypsinin 10
mL PBS for 60 min at 37°C. The resulting cell suspension
wes filtered (44 um Millipore), centrifuged (1500 rpm, 10
min) and placed in a 35 mm culture dish. The purity of
cultures was determined on the following day; 10 uM, 0.05
mL AraC solution was added to the culture medium to
remove fibroblasts and the medium was incubated for 4
days. The culture was plated on poly L-ornithine-covered 25
cm? flasks (2 X 10° cells per 5 mL) in an incubator with
5% CO, at 37°C. The culture was fed with Dulbecco
modified Eagle (DME) medium (HyClone Laboratories,
Inc, Logan, Utah USA) supplemented with 1% (v/v)
antibiotics (10,000 U/mL penicillin G and 10 mg/mL
streptomycin), 2 mM glutamine and 10% fetal calf serum
(Biologic Industries, Kibbutz Beit Haemek, Isragl). Cul-
tures were maintained under standard culture conditions
for about 2 weeks until a confluent monolayer was ob-
tained. The identification of Schwann cells was verified
using the S-100 staining method and the purity of the
culture exceeded 95%.

Animals and experimental design
A total of 52 male Sprague-Dawley rats, weighing
250 to 300 g, were divided into seven groups. Group 1 (n
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= 4) received 10-mm reversed autografts into their right
sciatic nerves and served as a control. Groups 2 and 3 (n
= 8 each) comprised 12-mm silicone conduits that un-
derwent sham and ultrasonic stimulation, respectively.
Groups 4 and 5 (n = 8 each) consisted of 12-mm PLGA
conduits that received sham and ultrasonic treatment.
Finally, groups 6 and 7 (n = 8 each) were comprised of
PLGA conduits, the inner walls of which were seeded
with Schwann cells; group 6 received sham treatment
and low-intensity US was applied to group 7.

Fabricating PLGA conduits

A 20% solution (wt/wt) of polylactide-co-glycolide in
an 85:15 monomer ratio (85:15 pL-PLGA, IV 09 to 1.2)
(Invigor Biotechnology Inc., Taipei, Taiwan) was prepared
in 1,4-dioxane reagent (Sigma). Conduits were formed by
dipping a glass mandrel into PLGA solution, followed by
immersion in 95% isopropyl acohol. After air-drying, the
polymer conduits were manually demolded from the glass
mandrel. Lyophilization at dry ice temperature (—78 °C)
yielded a polymer with a median pore size of 15to 20 um.
The PLGA conduits had the following dimensions: 1.6 mm
i.d., 2.0 mm o.d. and length 12 mm. Conduits were stored
in adry environment.

Preparing conduit seeded with Schwann cells

Schwann cells were expanded for 8 weeks in culture
and prepared for use. The conduits were sterilized by soak-
ing in 70% alcohol for 30 min and rinsed with normal
sdine. The internal wall of the conduit was coated with
10% poly L-ornithine (Sigma) to promote the adherence of
Schwann cells. The suspension of Schwann cells (3 X 10°
cells/mL) was injected into the conduits. The volume of
each conduit was approximately 20 uL. Therefore, the
seeding amount was around 6 X 10° cells per conduit.
Cells were homogeneously seeded over the inner con-
duits by placing on a 5 rpm rotary deck for 20 min.

Surgical procedure

Animals were deeply anesthetized with sodium pen-
tobarbital (30 mg/kg 1P) throughout the surgical proce-
dure. Surgery was conducted on the rat’s right leg, under
aseptic conditions. After an incision had been made in
the skin, the sciatic nerve was exposed by making a
muscle-splitting incision. An operating microscope
(Leica Micrisystems, Deerfield, IL) was used to divide
the sciatic nerve near its origin, and a 10-mm nerve
segment was excised with microscissors. In group 1, the
autograft was reversed to prevent any branching of axons
through the side branches during regeneration. In groups
2 to 7, the 12-mm prosthesis, PLGA or silicone conduits
(Silastic, RX50, Dow Corning; 1.57 mm i.d., 2.41 mm
0.d.) were interposed into the nerve gaps. The proximal
nerve was anchored in the conduit by 9-0 nylon micro-
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sutures. The distal end was then sutured into the other
end of the conduit. Nerve stumps at both ends were
sutured into the conduit to a length of approximately 1
mm. Hence, 10 mm of the nerve gap was left between
two stumps. The wound was then closed in layers using
4-0 Dexon sutures. The animals were housed in temper-
ature (22 °C)- and humidity (45%)-controlled rooms
with 12-h light cycles; they had access to food and water
ad lib. All procedures followed animal care and use
committee of our university guidelines.

Ultrasound application

At 24 hours following surgery, the US stimulator
(Therasonic 350, Electro-Medical Supplies (Greenham)
Ltd., Wantage, Oxfordshire, UK) was applied around the
incision site on the rat, using a probe with an active area
of 5 cm? A total of 12 treatment sessions were given
over a period of 2 weeks. Each treatment was at a
frequency 1 MHz; with pulse duration of 2 ms, a pulse
repetition rate (PRR) of 100 Hz, aduty cycle of 20% and
an intensity of 0.2 W/cm? (SATP) for atreatment time of
5 min daily. The probe was gently applied near the
incision site to prevent inflammation. Aquasonic gel was
employed as a coupling medium before treatment.
Groups 2, 4 and 6 received sham stimulations and un-
derwent identical treatment, using a dummy transducer
without ultrasonic output.

Histologic analysis

At 6 weeks following implantation, al animals were
euthanized by methoxyfluorane overdose. The midconduits
of the implanted grafts were harvested and histologically
analyzed. The nerve grafts wereimmediately fixed in acold
buffered 3% glutaraldehyde solution. Nerve grafts were
then washed in 0.1 mol/L phosphate buffer (Fischer Scien-
tific, Fair Lawn, NJ) and divided into 2- to 3-mm segments
to ensure precise localization. These segments were then
postfixed in 1% osmium tetroxide (Polysciences, War-
rington, PA), dehydrated in a graded series of ethanol
solutions and finally embedded in spurs. The embedded
nerves were cut to 5-um thickness and then stained with
1% toluidine blue, which did not stain PLGA.

All nerve sections were observed under a light mi-
croscope and photographs were taken using a digital
camera (COOLPIX 995, Nikon Co., Tokyo, Japan).
Analyses were conducted using an image analysis sys-
tem (Image-Pro Lite, Media Cybernetics, San Diego,
CA, USA) to determine the number and areas of indi-
vidual myelinated axons. Additionally, the cross-sec-
tional area of the whole nerve section was measured
under 40X and 400X magnification. Three randomly
selected fields with an area of 80 wm X 60 wm in each
nerve specimen were observed at a magnification of
400X, and the axons were counted. The numbers of

Fig. 1. Rates of success of regeneration of nerve across 10 mm
gap.

axons were extrapolated by applying the area algorithm
to estimate the total number of axons associated with
each nerve. Moreover, the mean area of the axons for
each nerve specimen was also determined.

All data were obtained and expressed as means *+
standard errors (SE). The control group (autografts) was
compared with the experimental groups and the sham
group was compared with the stimulation group. Statis-
tical significance was determined by the Student’s t-test.

RESULTS

Figure 1presents the rates of successful nerve regen-
eration across the 10-mm gap at 6 weeks in all groups.
Silicone conduits in groups 2 and 3 exhibited rather low
rates of successful regeneration, 62.5% (5 of 8) and
37.5% (3 of 8), compared to those of PLGA conduits in
groups4, 5, 6 and 7, 100% (8 of 8), 87.5% (7 of 8), 100%
(8 of 8) and 100% (8 of 8). Gross observation of the
specimens revealed that a thin capsule of fibrous tissue
grew and covered the implanted silicone conduit in
group 2. Reactions of large foreign bodies on silicone
conduits in the ultrasonic stimulation group, group 3,
were observed with vast fibrous capsules covering the
implanted silicone nerve conduits (3 of 8) (Fig. 2a).In
groups 4, 5, 6 and 7, parts of the PLGA conduits were
degraded, absorbed and decomposed into fragments. No
obvious reactions of foreign bodies in the surrounding
tissue were observed (Fig. 2b).

Histologic analysis

Figure 3a and bshows representative cross-sections
of PLGA conduits seeded with Schwann cells in groups
6 (US—) and 7 (US+). Populations of fibroblasts, con-
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Fig. 2. Gross observation of specimens. (&) Silicone conduit

with US+; the mass fibrous capsule was covered the implanted

silicone conduits. (b) PLGA conduit seeded with Schwann cells

and US+; some of the PLGA conduits were degraded and

absorbed (arrow head); the wall of conduit was decomposed
into fragments.

nective tissue and blood vessels invaded the PLGA con-
duits. Numerous Schwann cells were visible and some
actively participated in myelination. The regenerated
myelin sheaths of the injured nerves in group 6 (US—)
were with smaller diameters and thinner than those in
group 7 (US+). Some axons were myelinated with my-
elin sheaths (type A and B fibers) and some thinner ones
were still unmyelinated (type C fibers). Moreover, as the
disuse atrophy of muscle bundle diverged, the number of
nuclel increased. Fatty infiltration and muscle fibrosis
were also observed (Fig. 4a, b).

In the middle of regenerated nerve, the application
of ultrasound to PLGA conduits seeded with Schwann
cells (group 7) demonstrated statistically more myelin-
ated axons than the sham group (group 6). In particular,
group 7 exhibited the most axons, even more than au-
tografts. Notably, the silicone conduits under ultrasonic
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Fig. 3. Transverse sections of the sciatic nerves from a mediad

graft to the injury. (8) PLGA conduit seeded with Schwann cdlls

and US—. (b) PLGA conduit seeded with Schwann cells and US

+.V = vessel; MA = type A myedlinfibers, MB = type B myelin

fibers; NS = nucleus of Schwann cell; NF = nucleus of fibroblast;
DPG = degraded PLGA. Scde bar = 20 um.

stimulation (group 3) had statistically fewer axons than
the sham group (group 4) (Fig. 5).The mean area of the
axons followed a similar pattern; the US-stimulated im-
plant had statistically higher values than did the sham
control in the PLGA conduits (groups 5 and 7), except in
the case of the silicone conduits (group 3) (Fig. 6).

DISCUSSION

Crisci and Ferreira (2002) found that low-intensity
pulsed US has accelerated the regeneration of a periph-
eral nerve following neurotomy. They suggested that the
numerous thick fibers in the nerves of animals that were
stimulated with US were generated because of the stron-
ger activity of the Schwann cells, accelerating the recov-
ery of myelin sheaths. An in vivo sciatic nerve conduit
model system of the rat is used and histologically ana-
lyzed to yield more insight into the possibility of US
treatment affecting the seeded Schwann cells.
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Fig. 4. Transverse sections of gastrocnemius musclein (a) norma
muscles, and (b) PLGA conduit group. Scale bar = 40 um.

The rates of successful nerve regeneration of the
PLGA groups differed considerably from those of the sili-
cone groups after 6 weeks. However, no differences be-
tween the stimulated PLGA and the sham PLGA groups
were observed, regardless of whether the Schwann cells
were seeded. Mickinnon and Dellon (1990) indicated that
hollow conduits cannot achieve results similar to those of
autografts (gap > 10 mm in rats). In other words, a hollow
conduit has the chance to bridge the gap which is less than
10 mm. In addition, the permesability of the porous PLGA
conduit is considered to be responsible for the improved
regeneration over the impermesble silicone tubes (Gregory
and Evans 2000). Therefore, regardless of whether US was
applied, the PLGA conduit could bridge the 10-mm nerve
gap a 6 weeks.

Stimulation of silicone conduits by US detrimentally
influenced nerve regeneration, as compared with that of
the sham group. Gross examination of silicone conduits
that underwent ultrasonic treatment showed that 3 of 8
specimens were covered with massive fibrous tissues at 6

Fig. 5. Number of axons at the midconduit of the seven groups

after 6 weeks. Error bars represent means = SE. * Significantly

different from the sham group; # significantly different from the
autograft group (p < 0.05).

weeks. The implanted PLGA conduits exhibited degra-
dation but the lumens remained undeformed.

The various effects of US in conduits made of PLGA
and silicone rubber may be attributed to the differences
between the characterigtics of these two materials. Nonbio-
degradable materials, such as silicone rubber, frequently
cause foreign body reactions (Lanza et al. 2000). However,
another important reason for such reaction may have been
the difference between the acoustic impedance of these two
materials. Carstensen (1986) and Holland and Apfdl (1990)

Fig. 6. Area of axons (um?) at the midconduit of seven groups

after 6 weeks. Error bars represent means + SE. * Significantly

different from the sham group; # significantly different from the
autograft group (p < 0.05).
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noted the potential hazard of collapse cavitation caused by
generated standing waves that are formed by the interfer-
ence of US waves that are reflected at the high-impedance
interface (for example, at the mineralized matrix of the
bone). Wells (1977) aso stated that differences between
acoustic impedances of tissue, such as those where a min-
eralized matrix of intact bone tissue is surrounded by peri-
osteum, result in the reflection of the US beam and subse-
quent interference can generate peaks in US intensity. The
nonbiodegradable silicone conduits may exhibit high im-
pedance when the US is applied, forming collapse cavita-
tion and causing serious foreign-body reactions. The bio-
degradation and the porosity of the biodegradable PLGA
conduits may reduce hazardous reflections and prevent the
formation of collapse cavitation and the subsequent reac-
tions of foreign bodies.

The histologic analysis data revealed that ultrasoni-
cally stimulating the PLGA group resulted in a statistical
increase in the number and area of regenerated axons at
the midconduit portion of the implanted grafts seeded
with Schwann cells. Therefore, the nonthermal effects of
applied US probably stimulated the seeded Schwann
cells within PLGA conduits and improved the inflamed
milieu. These prompt effects were consistent with the
positive effect of US on neurotomy in rats, as reported by
Crisci and Ferreira (2002). Additionally, the reversal of
this positive effect using a silicone conduit was demon-
strated. Incorporating ultrasonic  stimulation and
Schwann cell seeding therefore appears to constitute a
potentially improved approach to developing a tissue-
engineering conduit for regenerating peripheral nerves.
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Ultrasound Accelerates Functional Recovery after Peripheral
Nerve Damage
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OBJECTIVE: Axonal injury in the peripheral nervous system is common, and often it is associated with severe
long-term personal and societal costs. The objective of this study is to use an animal model to demonstrate that
transcutaneous ultrasound can accelerate recovery from an axonotmetic injury.

METHODS: The sciatic nerve of adult male Lewis rats was crushed in the right midthigh to cause complete distal
degeneration of axons yet maintain continuity of the nerve. Beginning 3 days after surgery, various transcuta-
neous ultrasound treatments or sham treatments were applied 3 days per week for 30 days to the crush site of
rats that were randomly assigned to two groups. In the preliminary experiments, there were three animals in each
ultrasound group and two control animals. In the final experiment, there were 22 animals in the ultrasound group
and 20 animals in the control group. Recovery was assessed by use of a toe spread assay to quantify a return to
normal foot function in the injured leg. Equipment included a hand-held transducer that emitted continuous-wave
ultrasound. The most successful ultrasound protocol had a spatial peak, time-averaged intensity of 0.25 W/cm?

operated at 2.25 MHz for 1 minute per application.

RESULTS: Rats subjected to the most successful ultrasound protocol showed a statistically significant acceleration of
foot function recovery starting 14 days after injury versus 18 days for the control group. Full recovery by the
ultrasound group occurred before full recovery by the control group.

CONCLUSION: Transcutaneous ultrasound applied to an animal model of axonotmetic injury accelerated recovery.
Future studies should focus on identification of the mechanism(s) by which ultrasound creates this effect, as a
prelude to optimization of the protocol, demonstration of its safety, and its eventual application to humans.

(Neurosurgery 48:1136-1141, 2001)

Key words: Functional recovery, Peripheral nerve injury, Therapeutic ultrasound

common clinical problem. It often debilitates by produc-

ing significant motor and sensory deficits as well as pain
and other unpleasant sensations (14). Recovery, when it oc-
curs, is often slow and incomplete, leading to personal hard-
ship for the patient and significant costs to society at large (5,
13). The severity or grade of a peripheral nerve injury is one
of the most important determinants of recovery (9, 11). Mild
to moderate acute injuries and chronic entrapment neuropa-
thies, the most common of which is carpal tunnel syndrome

Peripheral neuropathy caused by injury or disease is a
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involving the median nerve in the hand, usually result in
demyelination of the nerve with preservation of the axons.
Recovery from this neurapraxic grade of injury requires re-
myelination of axons. Acute and chronic injuries of greater
magnitude result in degeneration of nerve fibers distal to the
site of trauma (an axonotmetic grade of injury), and recovery
requires not only remyelination but also axonal regeneration.
Examples of such injuries include severe grades of carpal
tunnel syndrome and diabetes as well as some types of
trauma. If the cellular and extracellular components that form
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a suitable substrate for axonal regeneration are available, as in
a crush injury, then nerve fibers regenerate at an average rate
of approximately 1 mm per day (9, 11). For proximal injuries
that require axons to traverse long distances before they reach
target muscles or sensory receptors, recovery of function can
take up to 2 years (13).

Current treatments for disabling nerve injuries often in-
volve surgical decompression for entrapment neuropathies
and surgical exploration and repair after traumatic nerve
injuries (9, 11, 13). To date, trials of drugs for peripheral
neuropathies, including various neurotrophic factors, have
been unsuccessful (19). Despite advances in the medical and
surgical management of peripheral nerve injuries, recovery is
often incomplete. Major impediments to a full recovery in-
clude the long delay and imprecision in successful reinnerva-
tion of motor and sensory target structures (8). Development
of new treatments to accelerate and improve the recovery
process would provide clinical benefits. In this study, we
demonstrate that low-intensity therapeutic ultrasound can
accelerate functional recovery in an animal model of a com-
pletely crushed peripheral nerve.

MATERIALS AND METHODS

Technical approach

Surgical protocol

The sciatic nerve of rats was crushed in the right midthigh
by use of a protocol known to cause complete distal degen-
eration of axons yet maintain the continuity of the nerve (2, 4).
In brief, adult male 200- to 300-gm Lewis rats (Charles River
Breeding Laboratories, Portage, Canada) were anesthetized
with intraperitoneal pentobarbital (50 mg/kg). Aseptic micro-
surgical techniques were used to make a longitudinal incision
along the lateral thigh and upper portion of the leg and
expose approximately 15 mm of the sciatic nerve on the right
side. The sciatic nerve was then crushed forcefully three
times, for 10 seconds per crush, with fine smooth forceps at a
point 5 mm distal to the sciatic notch. The muscle fascia was
then reapproximated and the skin incision closed with inter-
rupted sutures. After this surgical procedure, the animals
were assigned randomly to two groups, one to be subjected to
ultrasound, the other to act as controls. In the initial experi-
ments with several ultrasound protocols, there were two con-
trol animals and three animals in each ultrasound group. In
our final experiment, there were 22 control animals and 20
animals in each ultrasound group. Because animals were
killed at various time points during this experiment, the num-
ber of animals in the study became smaller as the final exper-
iment progressed, as discussed in the Results section. In all
cases, the animals were anesthetized before they received
ultrasound or sham ultrasound.
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Ultrasound protocol

Continuous-wave ultrasound with a variety of spatial peak,
time-averaged intensities, as well as a variety of frequencies
and durations (described in the Results section), was centered
at the crush site. Ultrasound was applied transcutaneously
with a V304 handheld transducer (Parametrics, Inc., Waltham,
MA) driven by a class B amplifier (ENI, Rochester, NY) that
was controlled by an HP3312A programmable function gen-
erator (Hewlett-Packard, Avondale, PA) (Fig. 1). Coupling of
ultrasound from the transducer into the animal was achieved
by submerging the animal’s lower extremities and the trans-
ducer in a tepid water bath maintained at 27°C with the
transducer held 2 to 3 cm from the surgical site. The trans-
ducer was moved along the nerve with a motion of approxi-
mately 1 Hz, such that the center of the transducer moved
approximately 5 mm proximal and 10 mm distal to the crush
site. Because of the size of the transducer, approximately 1.75
cm of the nerve proximal and distal to the crush site was
insonified. Beginning on the 3rd postoperative day, this pro-
cedure was performed for 1 minute, three times per week for
4 weeks. Control animals underwent the same procedure but
with an inactive ultrasonic device.

FIGURE 1. Ultrasound equipment. A, transducer; B, water-
proof B&C cable; C, function generator; D, amplifier. The
red part of the transducer measures 2.54 cm in diameter and
is the source of a spatially uniform acoustic field.
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FIGURE 2.
Application of dye
to rear feet of rat.

Toe spread assay

Recovery of function was assessed by quantification of toe
spread (3) one to three times per week. In brief, both hind limbs
of each of the experimental and control animal were dipped in
water-soluble blue ink (Fig. 2), and each animal was allowed to
walk down a track lined with white paper, leaving its hind prints
on the paper (Fig. 3). If the toe spread assay and application of
ultrasound occurred on the same day, the assay was performed
first.

The paper was then coded by animal number, with no refer-
ence to experimental group, which allowed unbiased measure-
ment of the walking track by one of the authors (DAL). The
distance between the first and fifth toes was measured, and a toe
spread index was calculated (Fig. 4). The toe spread index for
each experimental group was compared with that of the control
group, which did not receive ultrasound.

Statistical analysis

Using Statistica software (StatSoft, Tulsa, OK), we applied an
unpaired, two-tailed Student’s ¢ test to the summary number of
each group of results to analyze whether there was a statistically
significant difference in recovery of foot function between the
ultrasound and control groups. The same statistical test was
applied to the experimental results for each day of interest. A P
value of <0.05 was considered statistically significant.

RESULTS

The results of our first experiment with several ultrasound
protocols are shown in Figure 5 with a description of each pro-

FIGURE 4. An example of the toe spread index used to
assess recovery. The toe spread index is given by the geomet-
ric distance (@) between the first and fifth toes of the injured
right rear leg of a given rat, divided by the distance (B)
between the first and fifth toes of its uninjured left rear leg,
scaled to percentage.

tocol. The results show a statistically significant acceleration of
foot function recovery in two ultrasound protocols as well as an
earlier recovery of full function. The second set of experiments
used the most successful protocol shown in Figure 5, with a
frequency of 2.25 MHz and a spatial peak, time-averaged inten-
sity of 0.25 W/cm? applied for 60 seconds three times per week.
The results (Fig. 6) demonstrate a statistically significant acceler-
ation of foot function recovery, which began 14 days after the
crush injury for the experimental group versus 18 days for the
control group; the experimental group also experienced earlier
recovery of full function.

FIGURE 3. Sample footprint patterns showing footprints of uninjured foot (fop) and injured foot (bottom).
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DISCUSSION

Ebenbichler et al. (6) demonstrated in clinical trials that
ultrasound can improve symptoms as well as median nerve
conduction velocity in patients with a neurapraxic grade of
injury. In a rat model of a more severe injury, which involved
a partial crush lesion that produced both demyelination and
axonal decay, Hong et al. (10) demonstrated that ultrasound
can accelerate recovery of normal conduction velocity. Moti-
vated by these results, we applied ultrasound to an even more
severe grade of peripheral nerve injury, i.e., a complete crush
injury that resulted in complete degeneration of myelin and
axons distal to the injury site. The results in Figure 5 demon-
strate that the acoustic protocol of Hong et al. (10) (Protocol 2)
did not improve functional recovery in this rat model of a
complete axonotmetic injury. However, two other ultrasound
protocols improved functional recovery. The results plotted in
Figure 6, with their greater statistical power, confirmed the
ability of ultrasound to accelerate recovery from a complete
axonotmetic grade of injury.

By what acoustic and biological mechanisms may ultra-
sound create this beneficial biological response? Ultrasound
interacts with tissue via local heating, cavitation, and/or ra-
diation pressure (12). In principle, ultrasound Protocols 1, 2,
and 4 were designed to engender the same local heating
(<1°C by use of the formulas discussed by Mourad [12]) in
tissue. Because ultrasound Protocols 3 and 4 produced accel-
erated recovery, these preliminary results suggest that
ultrasound-induced heating is not the acoustic mechanism
that causes the observed biological effect. Cavitation is un-
likely, given the low intensity of the ultrasound and the high
threshold for cavitation in tissue (12). Therefore, radiation
pressure is the remaining candidate for the acoustic mecha-
nism by which ultrasound accelerates recovery.
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As for biological mechanisms, ultrasound may enhance recov-
ery of nerve function by modulating certain cellular and molec-
ular responses that are involved naturally in the healing process.
This is a reasonable hypothesis, because ultrasound has been
demonstrated elsewhere to accelerate both the degeneration and
regeneration phases of flesh wound healing, as reviewed by
Williams (15) and Mourad (12), as well as the regeneration
phases of bone fracture healing (16) and healing of severed
tendons (7). Accelerated protein production is a common theme
of many of these studies, although increased macrophage activ-
ity (17) and angiogenesis (18) also have been observed. There-
fore, candidate-modulated processes for additional investigation
in the present context include axonal and myelin degeneration,
axonal and myelin regeneration, enhancement of the specificity
of axonal targeting, enhancement of axonal spouting at the target
muscle, and modulation of specific cytokines and/or trophic
factors (8). It is well known that the natural processes of healing
in damaged peripheral nerves can be modulated. For example, a
peripheral nerve regenerates more rapidly after a second injury
because of the “conditioning lesion” effect (11). In addition,
recent work (1) demonstrates that the speed and accuracy of
motor axonal regeneration can be accelerated by direct electrical
stimulation proximal to the injury site.

CONCLUSION

We have observed an improvement in the rate of recovery in
vivo in an animal model of an axonotmetic grade of peripheral
nerve injury after the transcutaneous application of therapeutic
ultrasound to the injury site. Therefore, ultrasound eventually
may prove useful in clinical practice to accelerate and improve
functional recovery after a severe grade of peripheral nerve
injury that requires axonal regeneration.

FIGURE 5. Graph of toe
spread index versus postop-
erative day for four differ-
ent ultrasound protocols (n
= 3 for each protocol) and
a control group (n = 2).
The ultrasound protocols
are described by their spa-
tial peak, time-averaged
intensity (W/cm?), fre-
quency (MHz), and duration
of application. Protocol 1, 5
W/cm?, 1.0 MHz, 6 sec-
onds; Protocol 2, 0.5
W/cm?, 1.0 MHz, 60 sec-
onds; Protocol 3, 0.25
W/cm?, 1.0 MHz, 60 sec-
onds; Protocol 4, 0.25
W/cm?, 2.25 MHz, 60 sec-
onds. Statistical analysis of
the entire data set showed

statistically significant differences in the results (P < 0.05). The difference between Protocol 4 and the control group at post-
operative Day 22 is statistically significant (P < 0.02). The difference among each of Protocols 3 and 4 and the control group
at postoperative Day 24 also is statistically significant (P < 0.05).
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FIGURE 6. Graph of toe spread index versus postoperative
day for ultrasound-treated and control animals. The most
successful protocol demonstrated in Figure 5 was used. Sta-
tistical analysis of the entire data set showed a statistically
significant difference between the two groups over time (P <
5 x 107?). The statistically significant difference at relevant
days is noted on the graph, as well as the total number of
animals in the ultrasound-treated and control groups.
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COMMENTS

All experimental attempts to improve regeneration, espe-
cially functional nerve regeneration, are a pleasure to review,
especially when the experiment(s) are as well done as the one
reported in this article. Using a crushed, axonotmetically in-
jured nerve, which in a rat regenerates extremely well, small
but significant differences are demonstrated in the
ultrasound-treated limbs as opposed to the control limbs.
These small differences were in the toe spread index com-
pared at 7, 14, 16, 18, 21, 24, 26, 28, and 30 days postopera-
tively. The treatment administered was ultrasound for any 1
minute, 3 times per week for 4 weeks.

It is very difficult to demonstrate meaningful differences,
especially in useful regeneration in the rat, which will recover an
amazing amount of function even under circumstances much
more adverse than those described in this experiment. Such
injuries include those that would clearly be neurotmetic in
higher animals such as the primate or human. Thus, in the area
of nerve research, the rat is a much better research model than
studying comparative treatments with regard to working out
basic processes. Therefore, it is important for these investigators
to move their work up the phylogenetic scale to determine
whether significant differences can be corroborated by well-
planned electrophysiological and anatomic end points in higher
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animals such as primates. This is especially important because
ultrasound treatment, if it proves efficacious, would be relatively
simple to administer in the injured limb and moreover should
cause no deleterious side effects. The authors present a method
of treatment worthy of further research.

David G. Kline
New Orleans, Louisiana

This interesting article provides preliminary data strongly
suggesting that intermittent application of ultrasound energy
to an injured nerve with Wallerian degeneration can acceler-
ate the recovery of nerve function. The authors found statis-
tically significant shortening of time to recovery of nerve
function as demonstrated by improving toe spread.

One of the major problems in nerve repair has been the
slow regrowth of recovering axons, which seemingly is lim-
ited to about 1 mm per day and hitherto has largely been
unaffected by application of growth factors. The long delay,
causing distal reinnervation, leads to atrophy of the target
muscles and significant deterioration in the degree of recov-
ery. Any factor that could increase the rate of axon regener-
ation or maturation would be most useful. The means by
which ultrasonic energy may be able to affect nerve recovery
is uncertain, as the authors point out.

I hope that the authors will follow up this study with more
detailed investigation of this phenomenon, including histo-
logical studies of the nerves with axon counts, myelination
indexes, and analysis of Schwann cell activity. I look forward
to future reports of this encouraging work.

John E. McGillicuddy
Ann Arbor, Michigan

The authors have developed a protocol of transcutaneous
ultrasound application to the sciatic nerve in a rat model after a
crush lesion to this nerve. The results of this treatment were
compared with the results in a group of control animals. During
the 30 days after injury, the animals were regularly examined by
a functional test that quantifies toe spreading. In the early phase
of nerve regeneration, the ultrasound animals did better than the
control animals. At the end of the examination period (30 days
after injury), however, this difference had almost disappeared.

Although it is unknown how ultrasound influences peripheral
nerve regeneration, these experiments lead me to the conclusion
that there is such an influence, at least in the sciatic nerves of rats.

Ultrasound Accelerates Axonal Healing 1141

Before ultrasound may be applied in humans, it should be tested
in primates. If the results of these rat experiments were found to
be transferable to primates, it would mean that functional recov-
ery after an axonotmetic nerve injury is accelerated by transcu-
taneously applied ultrasound but that the final result is not
superior as compared with those who do not receive this treat-
ment. All of this is speculation that awaits proof.

Hans-Peter Richter
Ulm, Germany

In this article, Mourad et al. present data that they believe
supports the conclusion that ultrasound treatment accelerates
recovery of function in peripheral nerves in an animal model
of crushed peripheral nerve. The mechanism of this effect is
the subject of speculation but remains unknown. I need more
than this small project to convince me.

The mechanism of sciatic nerve injury used in this experi-
ment is not well controlled for uniformity of injury, for as the
authors state, “The sciatic nerve was ... crushed forcefully
three times, for 10 seconds per crush, with fine smooth forceps
at a point 5 mm distal to the sciatic notch.” This mechanism
certainly leaves room for variation in the amount of crushing
force exerted by the operator. It is thus possible that the
control group received a slightly more severe overall injury
than the ultrasound-treated group. If this was the case, then
the interpretation of Figure 5 would be different. That is, it
could be stated that both groups recovered at a simultaneous
rate between Days 16 and 28 postinjury. The difference in the
control and treated curves could be that the control group
received a slightly more severe injury and that the groups of
animals were simply not followed long enough for the control
animals to reach 100% toe spread index. It is also worrisome
that the number of animals in the treated group dropped by
50% and those in the control group decreased by 64% during
the 30-day duration of the experiment.

Crushing injuries to nerves, chronic entrapment neuropathies,
and metabolic peripheral neuropathies have very different ana-
tomic pathophysiologies, clinical presentations, and clinical out-
comes. Much more work needs to be done to demonstrate con-
clusively that ultrasound treatment makes a difference in any of
these entities in the animal and human models before I will
become enthusiastic about recommending its use.

Suzie C. Tindall
Atlanta, Georgia

Neurosurgery, Vol. 48, No. 5, May 2001



ABSTRACT: Though the use of ultrasound for the treatment of carpal tun-
nel syndrome (CTS) or compression neuropathy has been described, its
effect remains controversial. A test model of acute CTS was developed
using rabbits. Acute median nerve compression was induced by the infusion
of saline into the carpal tunnel under general anesthesia to elevate the
intracarpal pressure. A reduction in the compound muscle action potential
(CMAP) amplitude of the abductor pollicis was noted after intracarpal pres-
sure increased. To investigate the efficacy of ultrasound in acute CTS, rab-
bits with acute median nerve compression were divided into 3 groups (10
each) and ultrasound was applied at different intensities to each group as
follows: 1.5 W/cm? to group 1; 0.2 W/cm? to group 2; 0.0 W/cm? (sham) to
group 3. A total of 10 treatment sessions were given over a period of 2
weeks. Following ultrasound application, the CMAP amplitudes showed sig-
nificant improvement in group 1 compared to the other two groups (P <
0.05), indicating facilitated recovery from acute CTS in this pressure-induced
median nerve compression rabbit model. The benefits of ultrasound appli-
cation in a clinical setting must be verified by further clinical trials.

© 2002 Wiley Periodicals, Inc. Muscle Nerve 26: 356-361, 2002
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Although acute-onset carpal tunnel syndrome
(CTS) is uncommon, it may occur after trauma, such
as Colles or carpal bone fracture, with other rheu-
matological, hematological, or endocrine disorders,
and during pregnancy.’ It has been suggested that
acute CTS is caused primarily by increased intracar-
pal pressure that eventually blocks blood flow to the
median nerve. Some evidence supports this hypoth-
esis.”* Cobb and colleagues’ suggested that the car-
pal tunnel acts as a compartment. Others®"*® con-
firmed that pressure in the carpal tunnel is increased
in certain patients with CTS, and that this pressure
decreases when the transverse carpal ligament is re-
leased.'®#%2%

Ultrasound treatment has been proposed for the
early conservative treatment of CTS. The results of

Abbreviations: CMAP, compound muscle action potential; CTS, carpal
tunnel syndrome
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two clinical trials have been published,n’24 but the
results were contradictory. The subjects in the two
studies differed, however, as did the dosage and
method of ultrasound application. Ultrasound has a
thermal and nonthermal effect. The former involves
elevating tissue temperature, whereas the later in-
duces media motion.*!%2%38 If acute CTS is caused
by ischemia of the median nerve due to elevation of
intracarpal pressure, ultrasound therapy to increase
blood supply within the tissue and thus accelerate
nerve regeneration®’ is a plausible treatment option.
This study was therefore undertaken to develop in
rabbits an acute pressure-induced median neuropa-
thy model of human acute CTS, and to examine in
this model the effect of ultrasound treatment.

MATERIALS AND METHODS

Induction of Acute CTS. We used 30 New Zealand
White rabbits over 4 months old and weighing 3.0-
3.3 kg. Experiments were performed on one fore-
limb. The animals were raised under identical con-
ditions. Anesthesia was induced by the intramuscular
injection of ketamine hydrochloride (50 mg/kg)
and xylazine (10 mg/kg), and, if necessary, an addi-
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tional dose was used for maintenance. The hair of
the right forelimb was shaved with the rabbits lying
on a blanket maintained at 38°C. After positioning
the wrist, a 20-gauge intravenous catheter with a di-
ameter of 1.1 mm and length of 45 mm was inserted
into the carpal tunnel. The tip of the catheter was
then connected to a pressure transducer (Marquette
patient monitoring system SOLAR 8000, Marquette
Medical Systems, Milwaukee, Wisconsin) that moni-
tored carpal tunnel pressure. Heated sterile normal
saline (36°C) was artificially infused into the distal
carpal tunnel to elevate intracarpal pressure using a
21-gauge syringe (diameter, 0.8 mm; length, 32 mm)
attached to an infusion pump. After inserting the
catheter and syringe, the pressure transducer was
calibrated to zero.

The target pressure (see later) was reached
within 5 min and maintained within an error range
of +b mmHg. After reaching the desired pressure,
the catheter and the syringe were removed to de-
crease carpal tunnel pressure by passive diffusion.

Electrophysiological Measurement. The amplitude
and latency of the compound muscle action poten-
tial (CMAP) of the abductor pollicis were measured
using an 8-mm-diameter silver chloride disk type of
surface electrode. Latency was measured from the
stimulus artifact to the initial take-off point, and the
amplitude was measured from peak to peak.

The median nerve was stimulated proximal to
the carpal tunnel. A subdermal needle electrode
(model number 54516; Medelec, Old Woking, Sur-
rey, United Kingdom) was used for stimulation. The
cathode was placed 4 cm proximal to the active elec-
trode using a compass, and stabilized by subdermal
insertion. A rectangular pulse of 0.1-ms duration was
delivered. Filters were set at 10 Hz and 10 KHz, sen-
sitivity was 1-10 mV per division, and sweep speed
was 1 ms per division. Temperature was measured
using a digital needle thermometer, and maintained
between 34-36°C. All subjects were examined using
a Mystro electromyography machine (Medelec).

The same electrodes were used to minimize vari-
ability in measuring CMAP, and the stimulation and
recording site were marked with indelible ink. All
electrophysiological measurements were performed
before ultrasound application to avoid thermal ef-
fects.

Study Design. Acute CTS was induced at a pressure
of 100 mmHg, which was maintained for 4 h. This
pressure was selected based on the results of a pilot
study in 16 animals, in which an approximately 50%
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reduction in CMAP amplitude was observed 2 days
after induction.

Intertrial variability of the CMAP amplitude in
individual rabbits (determined for 10 rabbits) was
14.8%, when animals were tested twice at an interval
of 2 days. Acute CTS was operationally defined as a
CMAP amplitude reduction of more than 15% of the
initial value 2 days after induction.

In the present study, 30 rabbits with acute CTS
were equally distributed to three treatment groups.
Group 1 received an ultrasound power output of 1.5
W/cm? (thermal dose), group 2 received 0.2 W/cm?
(nonthermal dose), and group 3 received 0.0
W/cm? (sham control). One session consisted of ul-
trasound application for 5 min, and a total of 10
sessions (5 sessions per week for 2 weeks) was given.
Acute CTS was induced only in the right forelimb,
and the animals were allocated to groups according
to the induction sequence.

Ultrasound Application. Ultrasound was applied to
the volar surface of the carpal tunnel with a stroking
technique with a Sonoplus 590 (Enraf-Nonias, Delft,
The Netherlands) using a 0.5 cm® surface area probe
and 3.0 MHZ output in continuous mode. Power out-
put was periodically calibrated using an ultrasound
power meter. Aquasonic gel was used as a coupling
medium.

Outcome Assessment. The effect of treatment was
evaluated electrophysiologically. The differences in
recovery of CMAP compared to baseline (initial
value before induction) in the three different treat-
ment groups was observed at 2 days, 1 week, and 2
weeks after induction of acute CTS. The mixed ran-
dom effect model was used for statistical analysis to
study differences in terms of treatment group and
time.'® SAS version 6.12 (SAS Institute, Cary, North
Carolina) was used for statistical calculations.

Six median nerves from each group were ex-
tracted for semiquantitative histological evaluation.
The percentages of degenerated myelinated fibers
among the total number of myelinated fibers were
determined microscopically at x400 in semithin sec-
tions. The degree of tissue damage and inflamma-
tion around the carpal tunnel were also compared.

RESULTS

Acute CTS was induced in 30 rabbits at a pressure of
100 mmHg and with a duration of 4 h. The baseline
amplitudes and latencies (prior to induction) of the
CMAP for each group were 13.0 + 4.7 mV and 2.40 +
0.17 ms in group 1, 13.1 £ 5.4 mV and 2.50 + 0.23 ms
in group 2, and 12.6 + 5.1 mV and 2.49 + 0.17 ms in
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Table 1. Comparison of median nerve CMAPs among the groups.t

Week P value (groups)*

Variable Baseline 0 1 2 1and?2 2 and 3 3and 1
Amplitude (% control)

Group 1 100 43.6 +12.0 64.6 + 18.0 85.0 £ 22.7 0.0036

Group 2 100 41.2 +10.1 525+ 10.6 63.1+ 134 0.5791

Group 3 100 43.2 +20.0 50.8 + 18.1 55.9 + 16.3 0.0006
P value (times)* 0.0001 0.0003 0.0010
Latency (ms)

Group 1 2.40 £ 0.17 2.45 £ 0.28 244 £ 0.18 2.45 £ 0.21 0.1832

Group 2 2.50+£0.23 2.51 £ 0.56 250 +£0.36 2.48 +0.22 0.8355

Group 3 249 +0.17 2.52 £ 0.11 250 +0.13 251 +0.20 0.1246
P value (times)* 0.5887 0.8105 0.9608

tApplied dose of ultrasound therapy: group 1 (1.5 W/em?); group 2 (0.2 W/cm?); and group 3 (0.0 W/cm?).
*P values were obtained from random-effects model analysis. P value (groups): comparison between groups (group effect); P value (times):

comparison between times (time effect).

group 3, respectively. There were no significant dif-
ferences among the three groups.

Two days after induction (0 week), the CMAP
amplitude decreased to 43.6 + 12.0% of the baseline
amplitude in group 1, to 41.2 + 10.1% in group 2,
and to 43.2 + 20.0% in group 3. However, there were
no statistically significant differences among the
groups (P = 0.92 by one-way ANOVA). The CMAP
amplitude recovered to 64.6 + 18.0% after 1 week,
and to 85.0 + 22.7% after 2 weeks in group 1, which
was a statistically significant recovery compared to
groups 2 and 3 (P < 0.01). The amplitude recovered
to 52.5 + 10.6% after 1 week and to 63.1 + 13.4%
after 2 weeks in group 2, and to 50.8 + 18.1%
after 1 week and to 55.9 = 16.3% after 2 weeks in
group 3.

The CMAP latency showed no statistically signifi-
cant differences among either of the groups or at
different times. The latencies on weeks 0, 1, and 2
for each of the groups are provided in Table 1 and
compared in Figure 1.

Semiquantitative analysis performed by a neuro-
pathologist using light microscopy (x400) showed
that the percentages of degenerated myelin fibers
among the total myelin fibers were 2.5 + 2.1% for
group 1, 4.4 £ 1.4% for group 2, and 11.1 + 6.5% for
group 3, and these differences were not statistically
significant (P = 0.17, Kruskal-Wallis test).

Light microscopic observations of the tissue
around the carpal tunnel revealed chronic inflam-
mation and fibrosis. However, there were no signifi-
cant differences among the groups in terms of the
degree of inflammation and fibrosis.

DISCUSSION

Acute Animal CTS Model. The carpal tunnel is an
anatomically open structure, but can function as a
closed compartment when the pressure increases
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due to edema of the surrounding tissues.>* The elec-
trophysiological findings of acute CTS differ from
those observed in idiopathic chronic CTS. Conduc-
tion block is the most prominent finding in acute
CTS, whereas a delay in the latency is the main elec-
trophysiological finding in idiopathic chronic CTS.
The conduction block may result from acute com-
pression of the nerve. >>®!*1%3! The animal model
used in this study showed conduction block rather
than a delay of latency, which is comparable to clini-
cal cases of acute CTS.

When they measured intracarpal pressure using a
catheter, Szabo and Chidgey™ reported that the
pressure was increased in the acute or subacute cases
but not in the chronic cases. This increase in pres-
sure was more vigorous after 10 min of exercise, and
took a longer time to return to the preexercise level
in those with acute CTS than in normal subjects.””
This suggests a close relationship between the devel-
opment of acute CTS and the increase in intracarpal
pressure. However, many studies have shown that
ischemia is related to the development of acute CTS.
Seiler et al.* reported that blood flow to the carpal
tunnel, measured by Doppler, normalized after re-
lease of the transverse carpal ligament. This suggests
that the improvement in symptoms and conduction
velocity after release of the ligament results from an
improvement of reversible ischemia.'” The develop-
ment of acute CTS in patients with ischemic skin
lesions, Raynaud’s phenomenon, arteriovenous fis-
tula, intraarterial catheterization, and diabetic
mononeuropathy also provides supportive evidence
that ischemia causes acute CTS.*9-2527:36:37

Rydevik et al.*® applied pressure to the tibial
nerve of rabbits in vivo under light microscopic ob-
servation. Blood flow to the venule was blocked at
20~30 mmHg, the arteriole and intrafascicular capil-
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FIGURE 1. Effect of ultrasound therapy on median nerve CMAP
at three different power levels. (a) Comparison of CMAP ampli-
tude between groups. Improvement was significantly more pro-
nounced in group 1 (1.5 W/cm?, filled circles) than in group 2 (0.2
Wi/cm?, filled squares) or group 3 (0.0 W/cm?, filled triangles) (P
< 0.05). (b) Comparison of latency between groups. No signifi-
cant differences due to the ultrasound treatment were observed
in any group (P > 0.05).

lary was blocked at 40~50 mmHg, and all the blood
flow to the nerve was blocked at 60~80 mmHg. In a
nerve subjected to a pressure of 400 mmHg for 2 h,
blood flow did not recover even after 3 or 7 days.”®

Therefore, it is speculated that acute CTS is gen-
erated because the increased pressure in the carpal
tunnel hinders venous return from the nerve fu-
niculi, leading to edema or ischemia within the fu-
niculi.’® The electrophysiological changes observed
in this study were the same as those observed during
ischemia. The degree of the conduction block was
proportional to the pressure-time integrals in our
pilot study. The animal experimental model used in

Ultrasound Therapy

this study thus appears to be a suitable model of
acute CTS arising from ischemia caused by a sharp
increase in the intracarpal pressure.

Histologically, Wallerian degeneration was ob-
served rather than demyelination in some of the
large myelinated nerve fibers. However, most fibers
were intact, which accords with the electrophysi-
ological findings of conduction block caused by
ischemia.'>'®

Ultrasound Effect on Acute CTS. Ultrasound is
used to treat musculoskeletal disorders such as ten-
dinitis, bursitis, arthritis, or fracture. It is believed
that ultrasound increases blood flow, clears the pain
mediator, and changes the permeability of the bio-
logic membrane, nerve conduction, and pain thresh-
old.®'%2%38 Therapeutic ultrasound uses frequen-
cies ranging from 0.8-3.0 MHz.*’The results of two
clinical trials, in which ultrasound was applied to
patients with CTS as a conservative treatment
method, have recently been reported. However, the
effect of ultrasound treatment for CTS and the man-
ner in which it may work are controversial.

Ebenbichler et al.'' reported that symptoms and
electrophysiological parameters were improved
when a dose of 1.0 W/cm?® ultrasound was applied to
patients with CTS over a period of 6 weeks. They
suggested that benefit occurred through an antiin-
flammatory and tissue stimulatory effect of the ultra-
sound.* By contrast, Oztas et al.?* found no signifi-
cant differences in symptoms or electrophysiological
parameters between control and treatment groups,
when 1.5 or 0.8 W/cm? of ultrasound was applied
over a period of 2 weeks (for 5 min, 5 days per week).
They suggested that ultrasound selectively heats the
peripheral nerves, which leads to a temporal con-
duction block of the median nerve. This implies
that ultrasound treatment is actually harmful to
patients with CTS.* Sucher® criticized the treat-
ment method of Oztas et al.,?* however, and sug-
gested that ultrasound be applied to the vicinity of
the carpal tunnel rather than to the median nerve
directly, in order to reduce tissue inflammation
around the carpal tunnel.

A study on the effect of ultrasound therapy for
the acute form of CTS has not been reported, to our
knowledge. Hong et al.'” investigated the effect of
ultrasound therapy in rats with experimental com-
pression neuropathy. They reported that nerve re-
covery was facilitated by a nonthermal ultrasound
dose, whereas a thermal dose of ultrasound had the
opposite effect. They suggested that nerve recovery
might be enhanced by an increase in blood flow
caused by the application of nonthermal ultrasound
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doses, but that thermal ultrasound doses would
hinder nerve recovery because of overheating and
mechanical damage.

In our study, CMAP was notably improved when
a thermal ultrasound dose was used. This suggests
that the recovery of conduction block in the median
nerve was facilitated by an increased blood flow,
which is analogous to the thermal effect of ultra-
sound. By contrast, the effect of a nonthermal dose
was only equivalent to the effect in the placebo
group. We found no differences in the degree of
inflammation and edema of the peripheral tissues
between the three groups. Therefore, we believe that
ultrasound treatment works directly on the nerve it-
self and by the thermal effect, which induces an in-
crease in blood flow.

Previous studies, which reported that the release
of the transverse carpal ligament resulted in an in-
crease in blood flow and an improvement in symp-
toms and electrophysiological data, also suggest that
ultrasound works by increasing blood flow in ther-
mal doses.'2%%2° However, it is still uncertain wheth-
er ultrasound works directly on the nerve or affects
the nerve secondarily by resolving the edema and
inflammation of surrounding tissue. 173239 Fur.
ther studies to determine to what extent the thermal
and nonthermal doses of ultrasound alter tissue
structure, vascular dynamics, and temperature in this
model may be informative.

This work was presented at the 47th annual meeting of the Ameri-
can Association of Electrodiagnostic Medicine, Philadelphia,
Pennsylvania, September 2000. This study was supported by a re-
search grant (04-1999-067-0) from the Clinical Research Institute,
Seoul National University Hospital, Seoul, Republic of Korea.
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Ultrasound treatment for treating the carpal tunnel
syndrome: randomised “sham” controlled trial
Gerold R Ebenbichler, Karl L Resch, Peter Nicolakis, Guinther F Wiesinger, Frank Uhl,

Abdel-Halim Ghanem, Veronika Fialka

Abstract

Objective: To assess the efficacy of ultrasound
treatment for mild to moderate idiopathic carpal
tunnel syndrome.

Design: Randomised, double blind, “sham” controlled
trial with assessments at baseline, after 2 weeks’ and 7
weeks’ treatment, and at a follow up assessment 6
months later (8 months after baseline evaluation).
Setting: Outpatient clinic of a university department
of physical medicine and rehabilitation in Vienna.
Subjects: 45 patients with mild to moderate bilateral
carpal tunnel syndrome as verified by
electroneurography.

Intervention: 20 sessions of ultrasound (active)
treatment (1 MHz, 1.0 W/cm?, pulsed mode 1:4, 15
minutes per session) applied to the area over the
carpal tunnel of one wrist, and indistinguishable sham
ultrasound treatment applied to the other. The first 10
treatments were performed daily (5 sessions/week);
10 further treatments were twice weekly for 5 weeks.
Main outcome measures: Score of subjective
symptom ratings assessed by visual analogue scale;
electroneurographic measures (for example, motor
distal latency and sensory antidromic nerve
conduction velocity).

Results: Improvement was significantly more
pronounced in actively treated than in sham treated
wrists for both subjective symptoms (P <0.001, paired
¢ test) and electroneurographic variables (motor distal
latency P <0.001, paired ¢ test; sensory antidromic
nerve conduction velocity P <0.001, paired ¢ test).
Effects were sustained at 6 months’ follow up.
Conclusion: Results suggest there are satisfying short
to medium term effects due to ultrasound treatment
in patients with mild to moderate idiopathic carpal
tunnel syndrome. Findings need to be confirmed, and
ultrasound treatment will have to be compared with
standard conservative and invasive treatment options.

Introduction

The carpal tunnel syndrome, caused by compression
of the median nerve at the wrist, is considered the most
common entrapment neuropathy.' Patients complain
of paraesthesia (with or without numbness or pain)
involving the fingers innervated by the median nerve,
and a weakness of thumb abduction. Symptoms are

BM] VOLUME 316 7 MARCH 1998

worst at night and often wake the patient. Standard
treatments include splints, local injection of cortico-
steroids, and surgical decompression. Benefit from
non-surgical treatment, however, seems to be limited,’
and not all patients respond to surgery.” *

Ultrasound treatment within an intensity range of
0.5-2.0 W/cm® may have the potential to induce
various biophysical effects within tissue.” ° Experiments
on the stimulation of nerve regeneration’ and on nerve
conduction by ultrasound treatment® * and findings of
an anti-inflammatory effect of such treatment"
support the concept that ultrasound treatment might
facilitate recovery from nerve compression.” However,
few studies report a benefit of ultrasound treatment in
the carpal tunnel syndrome under clinical condi-
tions." '* We sought to investigate the clinical efficacy of
pulsed ultrasound in the treatment of idiopathic carpal
tunnel syndrome by means of a rigorous, controlled
clinical trial.

Material and methods

Patients

Over two years patients with clinically suspected carpal
tunnel syndrome referred to the outpatient clinic of the
department of physical medicine and rehabilitation of
the University of Vienna were invited to take part in this
randomised, double blind study of ultrasound treatment
versus “sham” ultrasound treatment (fig 1).

We diagnosed the carpal tunnel syndrome by using
standard electrophysiological criteria.” " Criteria for
inclusion in the study were bilateral, idiopathic carpal
tunnel syndrome; mild to moderate pain lasting more
than three months; and written informed consent.
Patients were excluded if they had secondary
entrapment neuropathies, systemic diseases with
increased risk of the carpal tunnel syndrome, or
electroneurographic and clinical signs for axonal
degeneration of the median nerve; had gained surgical
relief of the syndrome; had been treated with
ultrasound for the syndrome; had a history of steroid
injections into the carpal tunnel; or had required regu-
lar analgesic or anti-inflammatory drugs.

Intervention
Ultrasound treatment was administered as mono-
therapy for 15 minutes per session to the area over the
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Received active ultrasound

(45 wrists (dominant: 22))

Patients with mild to moderate
bilateral carpal tunnel syndrome
(45)

Y

Received sham ultrasound
as allocated
(45 wrists (dominant: 23))

as allocated

Completed study (7 weeks)

Y Y

Codes broken owing to severe symptoms (3 patients, 6 wrists)
Appointments not kept (8 patients, 16 wrists)

Y Y

Completed study (7 weeks)
(34 wrists)

6 months' follow up

(34 wrists)

Lost to follow up (4 patients, 8 wrists) |

6 months' follow up

(30 wrists)

(30 wrists)

Fig 1 Trial profile
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carpal tunnel at a frequency of 1 MHz and an intensity
of 1.0 W/cem’, pulsed mode 1:4, with a transducer of 5
cm® (Sonodyn, Siemens) and with aquasonic gel as
couplant. The machine was standardised initially, and
the output was controlled regularly on a simple under-
water radiation balance. An on/off key introduced into
the transducer circuit allowed mock insonation to be
given to a sham group without affecting the normal
ultrasonic output when the key was turned to the “on”
position. The first 10 treatments of a total of 20
ultrasound treatments were performed daily 5 times a
week for 2 weeks, and the second 10 treatments twice a
week for another 5 weeks.

For occasional pain relief, analgesics (usually
tramadol) were allowed, but not non-steroidal or
steroidal antirheumatics.

Outcome measures

Primary
Primary outcome measures for each wrist comprised
(a) a sum score of subjective symptoms consisting of
ratings of main complaints and sensory loss and (b)
quantification of electroneurographic measurements.
Main complaints were defined as complaints related
to pain or paraesthesia, or to both, which the patient
considered the most important ones at baseline.
Severity of complaints at the clinical examination, and
the worst complaints experienced within 3 days before
the consultation were quantified by the study
physician (GRE) by means of a coloured visual
analogue scale, on which the patients could indicate
their assessment along a distance of 10 c¢m, ranging
from white (“no complaints at all”) to red (“the most
intense complaints I can imagine”). Sensory loss
(hypalgesia or hyperpathia, or both) was assessed by
means of a sharp pin wheel and compared with
“normal” sensation in the fifth digit. Quantification
was again by coloured visual analogue scale (“no
difference at all” to “greatest possible difference”).

All electroneurographic measurements were per-
formed with a Viking II Nicolet (EMS, Madison, USA)

electromyography device. Briefly, median motor nerve
conduction was measured at the wrist and elbow with
bipolar surface disc electrodes. Median distal motor
latency was recorded with cathodes 6.5 cm apart.
Antidromic sensory nerve action potentials were
recorded from the wrist to the second digit, with ring
electrodes placed around the proximal and distal
interphalangeal joints. At least 15 sensory nerve action
potentials were averaged, and antidromic sensory
nerve conduction velocity was calculated as appropri-
ate. The skin temperature of the forearm was kept con-
stant at 32-33°C during all treatments.”

Secondary

Secondary outcome measures comprised (a) quanti-
fication of physical functioning and (b) the patients’
general improvement. Tests of physical functioning
comprised dynamometric measurements (dyna-
mometer by Preston, New York) of hand grip and fin-
ger pinch strength. The patients’ positioning was
standardised, and the average force of three consecu-
tive trials was calculated. The patients rated their over-
all change at the end of the treatment series on a five
point ordinal scale (1=free of symptoms, 5=much
worse).

Other factors

At each appointment the patients rated their main
complaint without being reminded of the ratings they
had made at previous appointments. Drugs taken for
pain relief were registered and side effects of the ultra-
sound treatment reported.

Electrophysiological measurements and clinical
examinations were performed before the first treat-
ment session, after 10 sessions (week 2), and after the
last session (week 7). A follow up was performed six
months later (8 months after baseline evaluation). After
the follow up examination the treatment code was bro-
ken, and patients were either discharged or offered an
alternative treatment.

Sample size

A sample size calculation was performed based on the
assumptions that the main outcome measurement
(changes in sum score between baseline and end of
treatment on visual analogue scale) is continuous in
nature, fairly normally distributed, and that an
additional improvement in the intervention side of 10
percentage points (standard deviation= 15 percentage
points) is considered clinically relevant. If the incidence
of the carpal tunnel syndrome on one wrist could be
considered completely independent from the inci-
dence on the other wrist, 36 independent observations
in each group would be necessary to detect that differ-
ence at the 5% level (a=0.05) with an 80% chance
(B=0.2). Synchronicity of the carpal tunnel syndrome
in both wrists happens in about one third of all cases,
but to our knowledge no evidence exists that the natu-
ral course of symptoms goes strictly in parallel in these
cases. In addition, systemic interventions that would
probably affect both wrists, such as pain killers, were
among the exclusion criteria. Taken together, 45 to 50
independent observations in each group might be a
sensible estimate.
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Statistics

Longitudinal changes between wrists were compared,
with two tailed ¢ tests for paired samples for fairly
normally distributed variables (visual analogue scores
and force measurements) and Wilcoxon tests for
skewed data. Subsequently, a y* analysis was performed
on dichotomised data of the mean score of subjective
symptoms, with an overall improvement of more than
35 percentage points from baseline values as cut off
point.

Assignment

A randomisation list was produced with a random
number generator of a popular spreadsheet program
(Lotus Symphony). After the eligible patients had been
enrolled, an ultrasound therapist not involved in the
treatment allocated the dominant wrist of each
consecutive patient to ultrasound or sham treatment
(the patient’s other wrist received the other treatment)
by means of sequentially numbered sealed opaque
envelopes containing the group allocation (active or
sham). This therapist was the only person aware of
treatment allocation during the trial.

Blinding

The patients, GRE, and the therapists who delivered
the ultrasound treatment were all unaware of the treat-
ment allocation. Only the therapist who was in charge
of group allocation switched the ultrasonic generator
to the respective modes before each treatment session
(see above). This procedure allowed blinding of both
the patients and the therapists delivering the
treatment. Intensity of ultrasound treatment was below
sensitivity threshold.

Results

Baseline evaluation

Forty five patients with bilateral carpal tunnel
syndrome (90 wrists) fulfilled all inclusion criteria; 11
(24%) of these patients discontinued treatment after
randomisation (8 patients early after randomisation
because of non-compliance in keeping appointments,
and 3 patients because of excessive pain requiring
additional therapeutic measures). Thus 34 patients—
that is, 34 actively treated and 34 sham treated wrists—
completed the study. Their characteristics did not differ
from the original 45 patients in the study. Thirty of
them (67% of the initial 45 patients) completed a
follow up at 6 months.

The wrists were similar in terms of the duration of
current episodes of main complaints regardless of ran-
domisation group (table 1). There were slight group
imbalances at baseline. Most complaints in the actively
treated group were significantly more severe (P=0.05,
Wilcoxon test) when rated on the visual analogue scale.
Baseline differences were also present in the mean
score of physical functioning and strength of hand
grip, whereas finger pinch was comparable.

Other subjective symptoms—for example, scores of
main complaints, sensory loss, and the mean score of
all subjective symptoms—were similar at baseline. Elec-
troneurography, motor distal latency, peak to peak
amplitude, and antidromic sensory nerve conduction
velocity did not differ significantly between wrists.

BM] VOLUME 316 7 MARCH 1998

Table 1 Demographic data and baseline characteristics of patients who completed
study, according to which group (active or sham ultrasound) their dominant wrist was
randomised to. Values are means (SD) unless stated otherwise

Treatment
Variable Active Sham
No of subjects who completed the study 34
Age (years) 51 (15)
Body mass index (kg/m?) 25.9 (5.1)
No of wrists with complaints 29 27
No of wrists with sensory loss 25 19
Duration of current episode of main complaints (months) 7.8 (6.7) 7.2 (6.5)
Subjective symptoms:
Score of all subjective symptoms 4.1 (2.1) 3.3 (1.5)
Main complaint (cm)* 3.3(2.8) 2.0 (1.9
Worst complaint (cm)* 6.5 (2.6) 5.8 (2.8)
Sensory loss (cm)* 2.4 (2.4) 2.0 (2.4)
Physical functioning:
Score of physical functioning 21.3 (11.9) 255 (11.3)
Handgrip strength (kg) 15.8 (10.9) 19.8 (10.0)
Finger pinch (x0.2 kg) 5.5 (1.8) 5.8 (1.8)
Electroneurography:
Motor distal latency (ms) 5.2 (1.0) 52(1.2)
Peak to peak amplitude 14.5 (3.4) 14.6 (3.7)
Antidromic sensory nerve conduction velocity wrist-digit Il (m/s) 40.0 (7.2) 421 (7.2)

*Distance along a coloured visual analogue scale, on which the patients indicated their assessment (white,
0=minimum complaint; red, 10=maximum complaint). See methods section for further details.

Effect of treatment

Subjective symptoms

Table 2 and figure 2 show longitudinal changes of sub-
jective symptoms. Improvement in the mean score of
all ratings of subjective symptoms was significantly
more pronounced in the actively treated wrists at week
2 (P<0.008), at the end of treatment (P <0.0001), and
at the 6 month follow up (P <0.0001).

Satisfactory improvement or complete remission
of symptoms was observed in 68% (23/34) of the wrists
receiving active treatment versus 38% (13/34) of those
receiving sham treatment (P<0.001; relative risk
reduction 48%) at the end of the treatment series, and
in 74% (22/30) versus 20% (6/30) (P <0.001; 67%) at 6
months’ follow up.

P<0.01 P<0.001 P<0.001

Mean score of subjective symptoms
o
|
1

-3
-4
I Active
[ Sham
N Week 2 Week 7 6 months'

follow up

Fig 2 Mean change (and 95% confidence intervals) from baseline
score for all subjective symptoms (active versus sham treatment) at
week 2, end of treatment, and 6 months’ follow up (paired f test)
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Table 2 Mean change (95% confidence interval) from baseline values for outcome measures at week 2, at end of treatment (week 7),

and 6 months later

Outcome measure

Week 2

End of therapy

6 months’ follow up

Subjective symptoms

Mean change in main complaints (cm)*:

Sham

0.05 (~0.48 to 0.58)

-0.17 (-0.92 to 0.57)

~0.08 (~1.06 to 0.90)

Active

-1.05 (-1.91 to -0.19)

-2.14 (-3.15 to -1.12)

-2.76 (=3.79 to -1.73)

Paired difference (t test)

1.1 (0.23 t0 1.98)

1.96 (0.91 to 3.01)

2.26 (1.49 to 3.88)

P value (2 tailed)

0.015

0.001

<0.0005

Mean change in worst complaints (cm)*:

Sham

~0.90 (-2.24 10 0.43)

~1.56 (~2.58 to —0.54)

~0.95 (~2.43 10 0.54)

Active

-2.20 (-3.16 to —1.25)

-3.91 (-5.07 to -2.75)

-4.78 (-5.85 to ~3.70)

Paired difference (f test)

1.30 (~0.38 to 2.98)

2.35 (0.92 to 3.78)

3.83 (2.32 t0 5.34)

P value (2 tailed)

0.125

0.002

<0.0005

Mean change in sensory loss (cm)*:

Sham

0.42 (~0.29 to 1.13)

-0.07 (-0.86 to 0.72)

~0.08 (-0.91 to 0.76)

Active

~0.82 (~1.69 to 0.05)

~1.14 (-1.99 to —0.29)

-1.60 (-2.55 to -0.65)

Paired difference (1 test)

1.24 (0.33 t0 2.15)

1.07 (0.31 to 1.83)

1,53 (0.85 to 2.20)

P value (2 tailed)

0.009

0.007

<0.0005

Physical functioning

Mean change in hand grip strength (kg):

Sham

~0.61 (~1.88 to 0.66)

~0.09 (-2.04 to 1.85)

~1.99 (~4.08 t0 0.09)

Active

0.71 (-1.35 t0 2.77)

3.87 (2.06 t0 5.67)

5.44 (2.91 to 7.96)

Paired difference (f test)

~1.32 (0.35 to —2.99)

-3.96 (~2.01 to —5.90)

~7.43 (-5.22 to —9.64)

P value (2 tailed)

0.118

<0.0005

<0.0005

Mean change in pinch strength (kg):

Sham

020 (~0.25 10 ~0.15)

0.06 (-0.26 to 0.38)

~0.22 (~0.38 10 ~0.06)

Active

~0.01 (-0.13 10 0.12)

0.33 (0.17 to 0.50)

0.49 (0.28 10 0.70)

Paired difference (1 test)

-0.19 (0.43 to -0.81)

-0.27 (0.37 to -0.91)

-0.71 (-0.15 to -1.27)

P value (2 tailed)

0.537

0.392

0.014

Electroneurography

Mean change in motor distal latency (ms):

Sham

0.04 (~0.08 to0 0.15)

0.06 (~0.08 to 0.21)

0.04 (~0.10 t0 0.19)

Active

-0.23 (-0.37 to -0.10)

~0.55 (~0.71 to —0.39)

~0.31 (~0.45 to —0.18)

Paired difference (f test)

0.27 (0.1 to 0.42)

0.61 (0.43 t0 0.79)

0.36 (0.18 to 0.54)

P value (2 tailed)

0.001

<0.0005

<0.0005

Mean change in antidromic sensory nerve conduction velocity (m/s):

Sham

-0.84 (-1.07 to -0.62)

-0.89 (-1.11 to -0.66)

-0.27 (-0.51 to -0.03)

Active

4.50 (4.34 10 4.66)

7.35 (6.98 to 7.71)

2.69 (2.39 to 2.99)

Paired difference (1 test)

-5.34 (~3.58 to 7.11)

-8.23 (-6.22 to —10.24)

~2.96 (~1.66 10 —4.66)

P value (2 tailed)

<0.0005

p<0.0005

0.001

*Distance along a coloured visual analogue scale, on which the patients indicated their assessment (white, 0=minimum complaint; red, 10=maximum complaint). See

methods section for further details.

Electroneurography
The results of electroneurography are shown in table 2.
Motor distal latency decreased with active treatment
and remained unchanged with sham treatment both at
the end of treatment and at 6 months’ follow up (end of
treatment: active —0.55 ms (95% confidence interval
-0.71 to -0.39) and sham 0.06 ms (- 0.08 to 0.21); at
follow up: -0.31 ms (-0.45 to -0.18) and 0.04 ms
(=0.10 to 0.19); P<0.001 for both time periods).
Similar significant changes in the velocity of
sensory nerve conduction were observed at the end of
treatment and at 6 months’ follow up with active treat-
ment, whereas velocity remained unchanged with
sham treatment (P <0.0001 between groups).

Physical functioning

Hand grip and finger pinch strength had improved
significantly with active treatment at the end of
treatment and at 6 months’ follow up (table 2).

Other measurements

Patients’ ratings of overall improvement at the end of
treatment significantly favoured active over sham treat-
ment (Mann-Whitney U test P = 0.002). Good or excel-

lent treatment results were stated by 76% (26/34) of
the patients for actively treated wrists versus 32% (11/
34) for sham treated wrists.

At 6 months’ follow up 28 patients showed an
unsatisfactory outcome (9 actively treated and 19 sham
treated wrists) and were offered further treatment.
Subsequently 13 patients were offered ultrasound
treatment and splints for their sham treated wrists, and
10 wrists (3 sham treated) were injected with steroids.
Surgical relief of the carpal tunnel syndrome was
planned for 5 patients (3 sham treated wrists).

Average consumption of analgesics during treat-
ment and follow up phase was low: 8 out of the 34
patients occasionally took analgesics, and three
patients were off work. No side effects due to
ultrasound treatment were reported.

Discussion

An increase in pressure in the carpal tunnel is usually
caused by non-specific flexor tenosynovitis."” Chronic
focal compression of a nerve trunk can cause focal
demyelination by mechanical stress deforming the
myelin lamellae. Ischaemia also plays a pathogenic role
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e Chronic entrapment of the median nerve at the
wrist (the carpal tunnel syndrome) is probably
the most common peripheral nerve lesion

® No satisfactory conservative treatment is
available at present

® Twenty sessions of ultrasound treatment show
good short and medium term efficacy in
patients with bilateral, mild to moderate forms
of the carpal tunnel syndrome

e Optimal treatment schedules of ultrasound
treatment alone or in combination with
other non-surgical treatments await
elucidation

in the carpal tunnel syndrome. It could account for
intermittent paraesthesia that occurs at night or with
wrist flexion” The carpal tunnel syndrome is often
observed bilaterally. Symptoms are usually markedly
worse on one (mostly the dominant) side.

Conservative treatment approaches seem to offer
clear advantages over surgical treatment of the carpal
tunnel syndrome. Recent studies have confirmed short
term effects of steroid injections into the carpal tunnel,
with modest or complete pain relief in up to 92% of the
patients, although long term recurrence rates seem
variable.™ Potential adverse effects to nerves and ten-
dons with repeated injections have limited the value of
this treatment* *' Palmar wrist splints worn at night
seem suitable only when symptoms are mainly noctur-
nal,® and ergonomic strategies have not yet been
evaluated.

The findings of the present study confirm prelimi-
nary data that ultrasound treatment may facilitate
recovery from the carpal tunnel syndrome." * Given
the favourable response rate of 68% of patients at the
end of treatment, ultrasound treatment may be similar
in effectiveness to steroid injections or wrist splinting;
improvements persisting for at least 6 months in most
patients might even suggest the potential superiority of
ultrasound treatment.

Serial ratings by patients of overall improvement
suggest that ultrasound treatment would be best
administered every day. Frequent treatment, however,
is time consuming (as seen by the relatively high drop
out rate in our study), but ultrasound treatment could
be performed by compliant patients at home.

According to the pathophysiology of the carpal
tunnel syndrome, ultrasonography might elicit anti-
inflammatory and tissue stimulating effects, as already
shown experimentally* and in recent clinical trials.” *'

Conclusion

Our trial suggests that ultrasound treatment has good
short term effectiveness and even yields satisfying
medium term effects in patients with mild to moderate
idiopathic carpal tunnel syndrome. Further research is
required to confirm independently these findings, to
evaluate optimal treatment schedules with this
method, and to investigate whether ultrasound
treatment or one of the non-surgical treatments alone
or in combination is superior, or whether early decom-
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pression may provide better long term results with
fewer eventual neurological deficits.
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Variations in population health status: results from a
United Kingdom national questionnaire survey

Paul Kind, Paul Dolan, Claire Gudex, Alan Williams

Abstract

Objective: To measure the health of a representative
sample of the population of the United Kingdom by
using the EuroQoL EQ-5D questionnaire.

Design: Stratified random sample representative of
the general population aged 18 and over and living in
the community.

Setting: United Kingdom.

Subjects: 3395 people resident in the United
Kingdom.

Main outcome measures: Average values for mobility,
self care, usual activities, pain or discomfort, and
anxiety or depression.

Results: One in three respondents reported problems
with pain or discomfort. There were differences in the
perception of health according to the respondent’s
age, social class, education, housing tenure, economic
position, and smoking behaviour.

Conclusions: The EQ-5D questionnaire is a practical
way of measuring the health of a population and of
detecting differences in subgroups of the population.

Introduction

The measurement of health is central to the evaluation
of health care. By observing the extent of changes in
health the benefits and disbenefits of health care for
both patients and groups of patients can be evaluated;
over the past 25 years several generic measures of
health have been developed for use in this way." These
instruments were designed for use as general purpose
measures of health, independent of diagnostic catego-
risation or disease severity. Information based on such
measures is useful for establishing the degrees of mor-
bidity in the community, enabling different population
subgroups to be compared, which would help in
assessing health needs or in informing those responsi-
ble for allocating health resources. Periodic reassess-
ment of health could provide important data on the
extent of any changes in the health of a population—
for example, the extent to which the population is
achieving national targets for health. If such standard-
ised information was also routinely collected on
individual patients it would provide a simple means of
evaluating the outcomes of their health care.

We report on a study in which the EuroQoL
EQ-5D questionnaire’ was fielded in a survey of the
population of the United Kingdom, conducted as part
of a wider study of practical ways of measuring health
related quality of life."

Subjects and methods

EQ-5D questionnaire

The EQ-5D questionnaire is a generic measure of
health status developed by the EuroQol. Group, an
international research network established in 1987 by
researchers from Finland, the Netherlands, Sweden,

and the United Kingdom. The EQ-5D questionnaire
defines health in terms of five dimensions: mobility, self
care, usual activities (work, study, housework, family, or
leisure), pain or discomfort, and anxiety or depression.
Each dimension is subdivided into three categories,
which indicate whether the respondent has no
problem, a moderate problem, or an extreme problem
(appendix). Combinations of these categories define a
total of 243 health states. The EQ-5D questionnaire
comprises two pages; on the first page respondents
record the extent of their problem in each of the five
dimensions and on the second page they record their
perception of their overall health on a visual analogue
scale (0 denoting the worst imaginable health state and
100 denoting the best imaginable health state). The
validity and reliability of the EQ-5D questionnaire have
been tested,'™" as has its application in a range of
patient groups.'”'* Since the original survey reported
here, the EQ-5D questionnaire has been fielded in
three national surveys, including the English national
health survey—an interview-based survey of about
16 000 people. The EQ-5D questionnaire has also
been used in population surveys in Spain, Germany,
and Canada.

Survey design and methods

Members of the public aged 18 and over were
interviewed as part of a national survey. No upper age
limit was stipulated. The sample was based on
addresses in England, Scotland, and Wales, selected by
postcode.”  Eighty postcode areas were chosen,
proportionately to the number of addresses in each
area, after these areas had been stratified by regional
health authority, socioeconomic group, and popula-
tion density. Seventy six addresses were selected from
each postcode area, yielding a total of 6080 addresses.
At each of these addresses one adult aged 18 or over
was selected using a Kish grid."® Individuals in
institutions, hostels, care homes, or bed and breakfast
accommodation were excluded from the sample. Of
the selected addresses, 12% were unproductive as they
were non-residential, empty, or untraceable. The final
sample comprising 3395 subjects was representative of
the general population with respect to age, sex, and
social class. During the interview, respondents com-
pleted the EQ-5D questionnaire and provided
information on age, sex, marital state, education,
employment, housing tenure, and smoking behaviour.
The interviews took place during the last quarter of
1993.

Analysis mainly compared the differences between
the population subgroups. It was hypothesised that
more health problems would be reported with increas-
ing age, with lower social class, for those registered sick
or disabled, and for smokers. ¥* Tests were used for the
analysis of the descriptive profile data, and Student’s
¢ test was used to test for subgroup differences in the
visual analogue scale data.
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Results Table 1 Numbers (percentages) of respondents reporting a problem in each EuroQoL

A moderate problem on at least one dimension was dimension

reported by 42% of respondents, whereas only 6% of Problem
respondents reported any extreme problem (table 1).  EuroQoL dimension Moderate Extreme Any
Problems were most often recorded in the pain or dis-  Mobility 620 (18.3) 3(0.1) 623 (18.4)
comfort dimension. In subsequent analyses, moderate  Self care 139 (4.1) 5(0.1) 144 (4.2)
and extreme categories of each dimension were  Usual activities 481 (14.2) 70 (2.1) 551 (16.3)
combined. Pain/discomfort 988 (29.2) 129 (3.8) 1117 (33.0)
The mean state of health recorded on the visual ~ Aniety/depression 648 (19.1) 62(1.8) 710 (20.9)
Any dimensions* 1441 (42.4) 212 (6.2) 1456 (43.1)

analogue scale was 82.5 (SD 17).

*Although row totals within dimension are internally consistent, there is apparent anomaly in the final row.
1441 respondents reported a moderate problem in at least one dimension and 212 reported an extreme
problem; these two dimensions are not mutually exclusive as respondents may have reported an extreme
problem in one dimension, with no intermediate level of problem being reported for remaining dimension.

Health and age

The rates of reported problems increased significantly
with age (P<<0.001) for all dimensions (table 2); an
exception to this general pattern was the anxiety/

Hence total of 1456 does not equate to addition of two previous table entries.

depression dimension, which peaked at 28% of § 100
respondents aged 60 to 69 and then decreased slightly. ¢
Figure 1 shows the mean visual analogue scale
values for each age group and the 95% confidence & 9
interval. The mean value decreased from about 87 in §
the youngest age group to 72 in the oldest age group.  § %
Mean values did not differ significantly in the 20 to 49 §
age range but decreased significantly for respondents £
aged =50 (P <0.001). g 5
Health and sex
60

Women aged =70 tended to report higher rates of
problems than did men of the same age (table 2). A
systematic difference in rates was found across all age
groups on the anxiety/depression dimension, with
women reporting significantly higher rates than men
(P <0.05). No significant differences were found in the
visual analogue scale scores for men and women.

Health and marital status

Respondents who were widowed, separated, or
divorced reported significantly more problems on all
five dimensions (P<0.001). Scores on the visual
analogue scale for this group were also significantly
lower than for respondents living alone or for those

<20 2029 3039  40-49  50-59 60-69 7079 80
(n=53) (n=620) (n=683) (n=543) (n=461) (n=475) (n=406) (n=140)

Age group (years)
Fig 1 Mean self rated health status of respondents

with a partner (means 77, 84, and 84 respectively,
P<0.001).

Health and social class

After the effects of age were controlled for, there were
significant  differences in the rates of reported
problems when respondents were grouped according
to social class (table 3).

Table 2 Numbers (percentages) of respondents reporting any problem, by age group and sex

Age group (years)

EuroQoL dimension 20-29 30-39 40-49 50-59 60-69 70-79 =80
Mobility

All respondents 31 (5.0) 53 (7.8) 56 (10.3) 101 (21.9) 140 (29.3) 162 (39.8) 80 (56.7)
Men 15 (5.7) 24 (8.0) 23 (9.3) 53 (25.9) 73 (34.6) 57 (33.5) 21 (45.7)
Women 16 (4.5) 29 (7.6) 33 (11.1) 48 (18.7) 67 (25.1) 105 (44.3) 59 (62.1)
Self care

All respondents 6 (1.0) 11 (1.6) 23 (4.2) 24 (5.2) 27 (5.7) 30 (7.4) 23 (16.3)
Men 3(1.1) 6 (2.0) 10 (4.0) 13 (6.3) 15 (7.1) 13 (7.6) 5 (10.9)
Women 3(0.8) 5 (1.3) 13 (4.4) 11 (4.3) 12 (4.5) 17 (7.2) 18 (18.9)
Usual activity

All respondents 44 (7.1) 59 (8.6) 59 (10.8) 101 (21.9) 118 (24.7) 107 (26.3) 62 (44.0)
Men 23 (8.7) 22 (7.3) 23 (9.3) 51 (25.0) 61 (28.9) 42 (24.7) 19 (41.3)
Women 21 (5.9) 37 (9.7) 36 (12.1) 50 (19.4) 57 (21.4) 65 (27.4) 43 (45.3)
Pain/discomfort

All respondents 98 (15.8) 132 (19.3) 141 (25.9) 202 (43.7) 221 (46.2) 228 (56.0) 85 (60.3)
Men 39 (14.8) 56 (18.7) 59 (24.0) 85 (41.5) 105 (49.8) 86 (50.6) 25 (54.3)
Women 59 (16.6) 76 (19.8) 82 (27.5) 117 (45.5) 116 (43.4) 142 (59.9) 60 (63.2)
Anxiety/depression

All respondents 83 (13.4) 119 (17.4) 102 (18.7) 126 (27.2) 134 (28.0) 103 (25.3) 35 (24.8)
Men 27 (10.2) 46 (15.3) 39 (15.8) 53 (25.9) 54 (25.6) 29 (17.1) 8 (17.4)
Women 56 (15.8) 73 (19.1) 63 (21.1) 73 (28.3) 80 (30.0) 74 (31.2) 27 (28.4)
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Table 3 Numbers (percentages) of respondents reporting any problem, by age group and social class (based on respondent’s own
current or most recent occupation as classified by registrar general)

Age group (years)

EuroQoL dimension 20-29 30-39 40-49 50-59 60-69 70-79 =80
Mobility
Social class:
Iand I 6 (3.6) 18 (7.6) 15 (7.6) 17 (14.3) 42 (28.4) 24 (29.6) 11 (47.8)
Il 12 (4.4) 21 (7.3) 26 (11.8) 47 (23.5) 56 (26.7) 80 (39.8) 36 (57.1)
IV and V 11(7.7) 9(6.3) 15 (12.4) 36 (26.5) 40 (36.7) 52 (46.4) 28 (59.6)
Self care
Social class:
I and Il 1(0.6) 4(1.7) 7 (3.5) 5(4.2) 7 (4.8) 3(3.7) 3 (13.0
1l 2(0.7) 4 (1.4) 10 (4.5) 10 (5.0) 12 (5.7) 17 (8.5) 7 (11.8)
IV and V 2 (1.4) 2 (1.4) 6 (5.0) 9 (6.7) 7 (6.4) 10 (8.9) 11 (23.4)
Usual activities
Social class:
I and Il 11 (6.5) 16 (6.8) 19 (9.6) 17 (14.3) 37 (25.0) 19 (23.5) 8 (34.8)
Il 16 (5.9) 20 (7.0) 23 (10.4) 45 (22.5) 46 (21.9) 54 (26.9) 28 (44.4)
IV and V 13 (9.1) 18 (12.6) 16 (13.2) 38 (27.9) 32 (29.6) 32 (28.6) 21 (44.7)
Pain/discomfort
Social class:
I and |1 24 (14.3) 39 (16.5) 38 (19.2) 33 (27.7) 62 (41.9) 36 (44.4) 9 (39.1)
1 42 (15.6) 45 (15.7) 69 (31.4) 98 (49.0) 93 (44.3) 111 (55.2) 43 (68.3)
IV and V 26 (18.2) 41 (28.7) 33 (27.3) 69 (50.7) 62 (56.9) 77 (68.8) 29 (61.7)
Anxiety/depression
Social class:
I and Il 15 (8.9) 37 (15.6) 31 (15.7) 25 (21.0) 28 (18.9) 14 (17.3) 6 (26.1)
1 36 (13.3) 47 (16.4) 41 (18.6) 59 (29.4) 58 (27.6) 55 (27.4) 13 (20.6)
IV and V 25 (17.5) 33 (23.1) 29 (24.0) 39 (28.7) 45 (41.3) 31 (27.7) 14 (29.8)

Rates of reported problems from respondents in § 100 Social class
social classes III and IV were between 20% and 120% 3 % B | and Il
higher than rates in respondents from social classes I~ § 90 lll
and II; the largest differences were for the pain/ § 85 AT
discomfort  (P<0.01) and anxiety/depression § 80
(P<0.01) dimensions. Rates did not differ significantly § -
for the mobility and self care dimensions. Figure 2 3
shows that respondents from social classes I and II had § 0 I:|
consistently higher levels of reported health as 65
measured by the visual analogue scale than respond- 60

ents from the two other social classes. Respondents
from social classes I and IT had a 5 point advantage on
the visual analogue scale over respondents from social
classes IV and V of the same age group. The difference
was significant for all age groups except for
respondents aged 40 to 49 years. The mean scores on
the visual analogue scale for respondents from social
classes I and II remained above the level of the young-
est respondents from social classes IV and V until the
50 to 59 age group.

Health and education

When respondents were classified by education rather
than by social class, a similar pattern of differences
emerged. Respondents who had received higher or
further education reported significantly lower rates of
problems with mobility (P <0.05), usual activities
(P<0.05), pain/discomfort (P<0.01), and anxiety/
depression (P <0.01) than did those who had received
no education after leaving school. A similar pattern was
seen on the visual analogue scale, with significantly
higher scores reported for those who had received
higher or further education (P <0.001).

2029  30-39 4049  50-59  60-69  70-79 >80

Kok * o

Age group (years)

Fig 2 Effect of social class on self rated health status. *P<0.05;
**P<0.01; ***P<0.001

Health and economic status

Significantly higher rates of problems were reported by
respondents who were unemployed, sick or disabled,
or retired, compared with those in employment or full
time education (P <0.001) (table 4). Rates of reported
problems for unemployed people were almost twice
those of respondents in a salaried job.

When respondents were grouped according to
housing tenure, significantly higher rates of problems
were recorded on all the dimensions for those living in
rented property compared with owner occupiers.

The mean scores on the visual analogue scale of
people in work or of people who were studying was
significantly higher than for people who were
unemployed (87.5 and 82.0 respectively, P<0.001).
Similarly, the scores of owner occupiers were
significantly higher than for people who rented their
accommodation (85.1 and 77.2 respectively, P <0.001).
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Table 4 Numbers (percentages) of respondents reporting problems, by employment

EuroQoL dimension

Employment No of respondents Mobility Self care Usual activities Pain/discomfort Anxiety/depression
Studying 92 5 (5.4) 1(1.1) 8(8.7) 20 (21.7) 15 (16.3)
Salaried job 1636 106 (6.5) 1(0.7) 109 (6.7) 337 (20.6) 223 (13.6)
Unemployed 196 24 (12.2) 5 (2.6) 21 (10.7) 53 (27.0) 52 (26.5)
Sick or disabled 128 101 (78.9) 48 (37.5) 110 (85.3) 112 (86.8) 79 (61.2)
Retired 761 280 (36.8) 53 (7.0) 211 (27.7) 393 (51.6) 186 (24.4)
Looking after home 524 93 (17.7) 23 (4.4) 79 (15.1) 179 (34.2) 138 (26.3)

*The table excludes 45 respondents whose employment was classed as other and 12 respondents whose details were missing.

Health and smoking behaviour

Respondents who smoked reported significantly
higher rates of problems than non-smokers on all
dimensions. Non-smokers also recorded significantly
higher scores on the visual analogue scale than
respondents who smoked (83.4 and 80.4 respectively,
P <0.001).

Analysis of variance

Analysis of variance was used to investigate the collec-
tive influence of background variables. With the score
on the visual analogue scale as the dependent variable
and age as a covariate, a main effects model indicated a
significant contribution for education (P<0.01),
employment (P<0.001), and smoking behaviour
(P<0.001). Housing tenure, marital status, and social
class were not significant variables in this model.

Disability rates from other national surveys
Respondents who reported any problem in any
dimension could be distinguished from respondents
who reported no problems whatsoever. This
dichotomy can be used to form an arbitrary definition
of disability, enabling data to be compared with the
findings of other surveys. The general household
survey incorporates questions on longstanding illness
and recent interference with usual activities.” The
responses to these questions are combined to give
rates of limiting longstanding illness which are
published annually. The disability survey by the Office
of Population Censuses and Surveys conducted in
1985 included a questionnaire comprising 10 catego-
ries: locomotion, reaching and stretching, dexterity,
seeing, hearing, personal care, continence, communi-
cation, behaviour, and intellectual functioning.®” The
rates of disability in people grouped into five year age
groups were reported in this survey.” These data were
plotted against disability rates determined from our
survey (fig 3). Disability rates based on responses to the
EQ-5D questionnaire were 20% to 25% higher than
rates from the general household survey for all age
groups and about 30% to 40% higher than the 1985
disability survey, until the age of 80.

Discussion

This survey provides an important insight into the
health status of the population of the United Kingdom
at any one time. Although extreme problems with
mobility and self care were rarely reported in this sur-
vey, there was a high level of reported problems with
pain or discomfort. Over 50% of respondents aged
=70 and about 20% of the youngest respondents
reported some problem in this dimension. This finding
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Fig 3 Disability rates from three national surveys

has important implications. Pain does not seem to be a
dimension of interest in a national disability survey
despite being widely experienced in the community.
The omission of a pain category means that it is
assigned a zero weight, despite good evidence that it
has a powerful influence on society’s valuations of
states of health.*' These factors combine to disadvan-
tage a significant proportion of the general population.

Significant differences were found between popula-
tion subgroups with respect to age, social class, marital
status, employment, education, and smoking behav-
iour. These findings compare with findings reported
elsewhere.”*" Disability rates based on the EuroQoL
classification reflected similar trends to those seen in
the general household survey and surveys of the Office
of Population Censuses and Surveys, although rates in
these surveys were somewhat lower as they were based
on a narrower definition of disability.

Population averages

The representativeness of the survey suggests that
the results are indicative of the average health status
in the general population of the United Kingdom,
although it should be borne in mind that sampling was
limited to individuals living in the community and
tended to exclude people who had extreme problems
with mobility or with self care and therefore likely to be
dependent on others for their daily needs. Current
investigation of specific patient groups—for example,
people attending their general practice surgeries—
reveals a wider distribution of reported problems.
Thus, to the extent that this survey excluded people
who were likely to yield responses indicating more
severe problems, the results may well underestimate
the health related quality of life of the general
population.
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® Measurement of health outcome requires the
observation of states of health

® Patients’ involvement in recording and assessing
their own state of health is a major element in
the process of evaluating the impact of health
care

® The EuroQoL EQ-5D questionnaire highlights
variations in states of health which are
consistent with previously published results

® High degrees of pain are reported in the
general population. A category for pain is
absent and thus undetected in the survey of
disability by the Office of Population Censuses
and Surveys

Our data can be treated as descriptive population
“norms.” As such, they could provide baseline values
for monitoring variations in health for specific popula-
tion groups, particularly if this information was also
linked to local epidemiological data. In aggregate
form, such information could be used to complement
national targets by providing a measure based on
health status rather than mortality. The capacity of the
EQ-5D questionnaire to generate quantifiable and
usable information on the health status of a population
led to its inclusion in the 1996 health survey for
England.”

Measuring outcomes

However, it is the measurement of change in health
status for which the need is greatest. There can be few
circumstances in which healthcare workers are not

Appendix

Your own health state today

concerned with the measurement of outcome, and the
EQ-5D questionnaire provides the capacity to measure
change in health status, and hence outcomes, in a sim-
ple standardised way. The information on self reported
problems recorded on the first page of the EQ-5D
questionnaire identifies a unique health status for
which there is a corresponding index value based on
the views of the general population”” Changes in
health status and the value of that change can be used
to quantify outcomes for clinical and economic evalua-
tion; the latter role was recommended for the EQ-5D
questionnaire in a report commissioned by the United
States Department of Public Health.*® There is “an
increasing consensus regarding the centrality of the
patient’s point of view in monitoring medical care out-
comes,” and the EQ-5D questionnaire has the obvious
potential to contribute to that process. The national
survey data reported in this paper show what can be
achieved by using an uncomplicated instrument for
measuring health status. The further exploitation of its
potential is open to us all.
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Your own health state today

By placing a tick in one box in each group below, please indicate which
statement best describes your own health state today.

Do not tick more than one box in each group.

Mobility

| have no problems in walking about

| have some problems in walking about
| am confined to bed

Self-care

| have no problems with self-care

| have some problems washing and dressing myself
| am unable to wash and dress myself

)

Usual activities (eg. work, study, housework, family or leisure activities
| have no problems with performing my usual activities

| have some problems with performing my usual activities
| am unable to perform my usual activities

Pain/discomfort

| have no pain or discomfort

| have moderate pain or discomfort
| have extreme pain or discomfort

Anxiety/depression

| am not anxious or depressed

| am moderately anxious or depressed
| am extremely anxious or depressed

Ly (L hx)

Best

To help people say how good imaginable

or bad a health state is, we have
drawn a scale (rather like a
thermometer) on which the best

health state

state you can imagine is marked

100 and the worst state you can +
imagine is marked 0. 9%0
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Use of calcium channel blockers and risk of suicide:
ecological findings confirmed in population based cohort

study

Gunnar Lindberg, Kerstin Bingefors, Jonas Ranstam, Lennart Rastam, Arne Melander

Abstract

Objective: To investigate possible associations
between use of cardiovascular drugs and suicide.
Design: Cross sectional ecological study based on
rates of use of eight cardiovascular drug groups by
outpatients. A population based cohort study
including users of drugs to control hypertension.
Subjects: The ecological study included 152 of
Sweden’s 284 municipalities. The cohort study
included all inhabitants of one Swedish municipality
who during 1988 or 1989 had purchased
cardiovascular agents from pharmacies within the
municipality. Six hundred and seventeen subjects
(18.2%) were classified as users of calcium channel
blockers and 2780 (81.8%) as non-users.

Main outcome measures: Partial correlations (least
squares method) between rates of use of
cardiovascular drugs and age standardised mortality
from suicide in Swedish municipalities. Hazard ratios
for risk of suicide with adjustments for difference in
age and sex in users of calcium channel blockers
compared with users of other hypertensive drugs.
Results: Among the Swedish municipalities the use of
each cardiovascular drug group except angiotensin
converting enzyme inhibitors correlated significantly
and positively with suicide rates. After adjustment for
the use of other cardiovascular drug groups, as a
substitute for the prevalence of cardiovascular
morbidity, only the correlation with calcium channel
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blockers remained significant (r=0.29, P<0.001). In
the cohort study, five users and four non-users of
calcium channel blockers committed suicide during
the follow up until the end of 1994. The absolute risk
associated with use of calcium channel blockers was
1.1 suicides per 1000 person years. The relative risk,
adjusted for differences in age and sex, among users
versus non-users was 5.4 (95% confidence interval 1.4
to 20.5).

Conclusions: Use of calcium channel blockers may
increase the risk of suicide.

Introduction

A recent epidemiological study reported an excess risk
of depression requiring pharmacological treatment
after treatment with calcium channel blockers and
angiotensin converting enzyme inhibitors but not after
treatment with digoxin, anti-arrhythmics, nitrates,
diuretics, or B blockers.! There have also been case
reports suggesting depression®” as well as psychosis’
after treatment with calcium channel blockers. As
depression may promote suicide we investigated pos-
sible ecological associations between suicide rates and
the rates of use of eight cardiovascular drug groups in
152 Swedish municipalities. In addition, we investi-
gated the risk of suicide in users and non-users of cal-
cium channel blockers who had purchased prescrip-
tion drugs mainly used to treat hypertension.
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Methods

This report concerns two different studies: firstly, an
ecological study with data from Swedish municipalities
on rates of suicide and rates of use of eight groups of
cardiovascular drug groups; secondly, the hypothesis
generated by this study tested in a cohort study on his-
torical data from users of different antihypertensive
drugs.

The ecological study

Sweden is administratively divided into 284 munici-
palities. Suicide rates for men and women standardised
for age for these municipalities during the 5 year
period 1989-93 were obtained from the epidemiologi-
cal centre of the Swedish Board of Health and Welfare.
Data on incidence of cause specific mortality were
missing for eight municipalities. Data on suicide
mortality (ICD-9 (international classification of dis-
eases, 9th revision), codes E950-E959 and E980-E989)
were available for 152 municipalities in which the
expected number of people committing suicide during
the 5 year period was more than five men and five
women, as assumed from the overall suicide rates in
Sweden.

Rates of use of cardiovascular drugs by outpatients,
defined by the Anatomical Therapeutical Chemical
(ATC) classification’ and expressed as pharmacy
dispensed numbers of defined daily doses per 1000
inhabitants per year, were obtained from Apoteks-
bolaget (the Swedish Corporation of Pharmacies) for
each of the 152 municipalities during each of the years
1989-93. The geometric means of the annual rates of
use were used in the calculations.

The rates of use of eight cardiovascular drug
groups—diuretics, B blockers, calcium channel block-
ers, angiotensin converting enzyme inhibitors, lipid
lowering agents, low dose aspirin, nitrates, and cardiac
glycosides—were correlated with suicide rates by using
Pearson’s correlation coefficient. Partial correlation
coefficients between suicide rates and rates of use of the
cardiovascular drug groups were assessed to estimate a
correlation coefficient for each drug group independ-
ent of variations in the rates of use of the seven other
groups to use as a proxy for cardiovascular disease
prevalence. All tests were two sided.

The cohort study

Data on individual prescription drug use in a
municipality located in mid-eastern Sweden (popula-
tion about 20 000 in 1989) have been compiled and
studied since the 1970s. All prescription drugs
purchased by residents from pharmacies within the
municipality are registered according to the ATC
system.” For the purpose of the present study all inhab-
itants of the municipality were identified who during
1988 or 1989 had purchased cardiovascular medica-
tions with ATC codes (in 1988 and 1989) C02
(centrally acting antiadrenergic agents, ganglion block-
ing antiadrenergic agents, peripherally acting anti-
adrenergic agents, calcium channel blockers, angio-
tensin converting enzyme inhibitors), C03 (diuretics),
and CO07 (B blockers). ATC codes for calcium channel
blockers and angiotensin converting enzyme inhibi-
tors were later changed to C08 and C09, respectively.
The subjects were classified as users or non-users of

calcium channel blockers. Mortality data for the cohort
until the end of 1994, including the cause of death,
were derived from the Swedish mortality register.®
Deaths from suicide were defined by the ICD-9 codes
E950-E959 and E980-E989. The codes E980-E989
include cases with uncertain intention for suicide.
Data on purchased medications and cause of death
were linked by the Swedish personal identification
number.

Differences in risk of suicide were evaluated by the
Kaplan-Meier method and the log rank test. Multi-
variate adjustments for differences in age and sex were
performed with the proportional hazards method. All
P values are two sided.

Results

The ecological study
The number of suicides in the 152 municipalities during
the 5 year period ranged from 5 to 652. The total
number of suicides in the municipalities during this
period was 5648. The total population was 7.3 million,
and the mean (range) municipality population was
48 042 (13 722 - 679 364) in 1991. Age adjusted suicide
rates varied from 0.76 to 3.69 deaths per 10 000 inhabit-
ants per year. The mean (SD) suicide rate for the 152
municipalities was 2.06 (0.49) suicides per 10 000 inhab-
itants per year. The rates of use were 79.7 defined daily
doses per 1000 inhabitants per day for diuretics, 36.8 for
B blockers, 22.5 for calcium channel blockers, 20.4 for
nitrates, 16.0 for angiotensin converting enzyme inhibi-
tors, 15.3 for cardiac glycosides, 9.4 for low dose aspirin,
and 2.9 for lipid lowering agents.

The correlation coefficients for the relations
between rates of drug use and rates of suicide are given
in table 1. Except for angiotensin converting enzyme

Table 1 Correlation coefficients for rates of use of
cardiovascular drug groups and rates of suicide in 152 Swedish
municipalities, 1989-93

Drug group Unadijusted Adjustedt
Diuretics 0.27** 0.14
B blockers 0.20* -0.11
Calcium channel blockers 0.36*** 0.29***
ACE inhibitors 0.11 -0.09
Lipid lowering agents 0.19** 0.16
Low dose aspirin 0.18* -0.03
Nitrates 0.17* -0.12
Cardiac glycosides 0.20* -0.06

ACE=Angiotensin converting enzyme inhibitors.
tAdjusted for differences in rates of use of all other cardiovascular agents.
*P<0.05; **P<0.01; ***P<0.001.

Table 2  Correlation coefficients for rates of use of calcium
channel blockers and rates of suicide in 152 Swedish
municipalities, 1989-93

Drug Unadjusted Adjustedt
All vasoselective drugs 0.31*** 0.21*
Felodipine 0.24** 0.14
Nifedipine 0.21** 0.12
All cardioselective drugs 0.39*** 017
Verapamil 0.22** 0.08
Diltiazem 0.28** 0.19*

tAdjusted for differences in rates of use of all agents included in table 1 except
calcium channel blockers.
*P<0.05; **P<0.01; ***P<0.001.
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Fig 2 Cumulative rate of suicide over 7 years’ follow up in 617
users (continuous line) and 2780 non-users (dotted line) of calcium
channel blockers

inhibitors, the rates of use correlated significantly with
the suicide rates. The highest correlation coefficient
was seen for calcium channel blockers (r=0.36,
P <0.001) (figure 1). After adjustment for differences in
the rates of use of the other drug groups, only the rates
of use of calcium channel blockers correlated
significantly with the suicide rates (r=0.29, P<0.001)
(table 1). Additional adjustment for the proportion
of men living in the municipality did not alter this
result.

The rates of use of two predominantly cardio-
selective and two predominantly vasoselective calcium
channel blockers also correlated significantly with sui-
cide rates (table 2). After adjustment for the rates of use
of the seven other types of cardiovascular drug groups,
the use of both dihydropyridine and benzothiazepine
derivatives remained significantly correlated with
suicide rates. When we adjusted for differences in use
of the seven other cardiovascular drug groups, the cor-
relation coefficient was 0.21 for dihydropyridine
derivates and (.18 for benzothiazepine derivatives. The
rates of use of diltiazem had the closest correlation
with suicide rates (table 2).

The cohort study

In all, 3397 patients were identified as purchasers of
drugs with ATC codes C02, C03, and C07 in 1988 and
1989. Of them, 617 (18.2%) were classified as users of
calcium channel blockers (nifedipine, verapamil,
diltiazem, and felodipine) and 2780 (81.8%) as
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non-users. During the follow up, from the date of
purchase until the end of 1994, five users of calcium
channel blockers (three men and two women, one
with uncertain intent) and four non-users (three men
and one woman, none with uncertain intent) com-
mitted suicide. The 7 year suicide risks were 9.7 and
2.2 per 1000 persons for calcium channel blocker
users and non-users, respectively. The difference in
suicide risk was significant (P=0.002.) The average
annual absolute risk associated with use of calcium
channel blockers was therefore 1.1 suicides per
1000 persons. After adjustment for differences in age
and sex the relative risk among users versus non-
users was H.4 (95% confidence interval 1.4 to 20.5).
Figure 2 illustrates the cumulative suicide rates during
follow up of users and non-users of calcium channel
blockers.

Discussion

In the past several groups of cardiovascular drug have
been associated with depressive disorders. As suicide is
a serious consequence of depression, the current stud-
ies were undertaken to evaluate the possible influence
of widely used drugs on risk of suicide. The correlation
between use of calcium channel blockers and suicide
rates found in the ecological study led us to design a
cohort study to test if, among users of antihypertensive
drugs, subjects using calcium channel blockers had a
higher risk of suicide than subjects not using calcium
channel blockers.

Diltiazem,” nifedipine,” and verapamil' have been
associated with depressive disorders in case reports
and also in a previous epidemiological study that used
data on individual prescriptions of calcium channel
blockers and antidepressants.' The two current studies
imply that calcium channel blockers may also promote
suicide. In the ecological study the estimated
correlation suggests that about one tenth of the
intermunicipality variation in risk of suicide is related
to the use of calcium channel blockers. In the cohort
study the suicide risk in users of calcium channel
blockers adjusted for sex and age was fivefold
compared with the risk in non-users treated with other
antihypertensive agents.

Clinical trials have a limited ability to detect
infrequent or late adverse effects or adverse effects
resulting in common symptoms. They also often use a
number of inclusion and exclusion criteria, thus reduc-
ing their generalisability. Studies with a long follow up
and studies encompassing the whole population are
therefore needed.

In contrast with most clinical trials the current
cohort study included all identified users of the study
drugs. Consequently the generalisability of the study is
high. In the ecological study low populated municipal-
ities with few expected suicides were excluded, so the
influence from extreme rates in combination with
small number of events was avoided.

In Sweden, as in most other countries, men have a
higher incidence of suicide than women. Men are also
more likely to be prescribed a calcium channel blocker
(unpublished data on file). In our cohort study the esti-
mated rates of suicide were adjusted for differences in
age and sex, and, in the ecological study, the suicide
rates were adjusted for differences in age. Additional
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adjustment of the ecological correlations for the
proportion of men in the municipalities did not affect
the results (no data given), thus we can eliminate age or
sex differences as confounders.

Comorbidity such as cardiovascular diseases might
have promoted depressive disorders and suicide. In the
ecological study this problem was dealt with by adjust-
ing the correlation for each tested cardiovascular drug
group with the rate of use of the seven other drug
groups. In the cohort study all subjects were treated
with antihypertensive drugs. It follows that although no
detailed clinical data were available, users and
non-users of calcium channel blockers most probably
had similar medical backgrounds.

Populations with a high prevalence of cardio-
vascular diseases also have a high suicide risk. In the
ecological study the rates of use of all but one evaluated
cardiovascular drug group also correlated significantly
with the suicide rates before adjustment for the rates of
use of the other drug groups. After adjustment,
however, only the rate of use of calcium channel
blockers was significantly and positively correlated
with suicide rates (see table 1). Accordingly, the
increased suicide risk linked to use of calcium channel
blockers would seem independent of cardiovascular
comorbidity.

Links with depression

Calcium channel blockers are often prescribed to treat
angina pectoris. If angina pectoris causes depression,
this might form a link to suicidal behaviour. Nitrates
are also prescribed to treat angina pectoris, however,
and the rates of use of nitrates did not correlate with
suicide rates when we adjusted for the rates of use of
other cardiovascular drug groups. Neither did the use
of angiotensin converting enzyme inhibitors, often
prescribed to patients with diabetes, correlate with sui-
cide rates. Thus, it seems unlikely that the presence of
angina pectoris or diabetes help to explain the linking
of calcium channel blockers to depression and
increased suicide risk.

Other reasons to prescribe calcium channel block-
ers might have been greater difficulty in achieving con-
trol of blood pressure or adverse effects from other
antihypertensive drugs. Again, it is not very likely that
such circumstances have enough penetrative power to
link calcium channel blockers to depression and
suicide risk.

In the late 1980s B blockers were suspected of
inducing depression.” Therefore, other antihyperten-
sive or antiangina drugs might have been chosen for
patients with depression. If calcium channel blockers
were used particularly often in depressed patients, an
increased suicide risk would appear in users of calcium
channel blockers even though the drugs per se would
not promote depression and suicide. To behave as a
confounder, however, the confounding variable has to
be substantially correlated to the tested exposition as
well as to the outcome. Therefore, to achieve a high
increase in suicide risk by confounding from selective
prescribing of calcium channel blockers to depressed
patients, most depressed patients with increased risk of
suicide and few non-depressed patients should have
been prescribed calcium channel blockers. Only about
half of depressed patients are correctly diagnosed by
their primary care physicians," however, and use of

e (Clinical trials have a limited ability to detect
infrequent adverse effects, so postmarketing
reports on adverse effects and observational
epidemiological studies are necessary

® The present investigations, including one
cross sectional ecological study and one
population based cohort study, suggest an
increased risk of suicide in users of calcium
channel blockers

® The results are in accordance with a depressive
effect of calcium channel blockers suggested
by case reports and a recent epidemiological
study

e Channel blockers should be considered a
possible cause of depression and suicide

calcium channel blockers is also obviously common in
patients without depression.

In the cohort study population patients were classi-
fied as users and non-users of calcium channel
blockers at the time of inclusion. Some of the former
might have stopped taking calcium channel blockers
shortly after inclusion and some non-users might have
been prescribed calcium channel blockers after
inclusion. Moreover, both studies take drugs purchased
from pharmacies into account. It is not certain that
each purchased drug was used, and some inhabitants
may not have purchased drugs from pharmacies in
their home municipality. Provided that the misclassifi-
cation was independent of the outcome, however, mis-
classification of exposure would probably have resulted
in underestimation of the true association.

One way to interpret the results of the ecological
study is to assume that most, if not all, cardiovascular
agents have some depressive effect, calcium channel
blockers being most prominent. As the studied cardio-
vascular agents were very heterogeneous, however, a
common effect on mood is unlikely.

In contrast with most other cardiovascular agents,
calcium channel blockers influence secretory and con-
tractile mechanisms in many different types of cells.
Because of their lipophilic properties they easily
penetrate the blood-brain barrier. Hence they have
access to and may interfere with neurones and
receptors involved in the regulation of mood. As
calcium channel blockers differ in selectivity and in
kinetics their influence on the central nervous system
may vary. In the ecological study, however, the rates of
use of both dihydropyridine and benzothiazepine
derivatives correlated significantly and those of phenyl-
alkylamine derivatives non-significantly with suicide
rates after adjustment for the rates of use of other
cardiovascular drug groups. Hence it seems likely that
calcium channel blockade per se is involved in the
increased risk of suicide. A calcium channel effect of
dihydropyridines in affective disorders has also been
suggested previously.”

In conclusion, use of calcium channel blockers may
increase risk of suicide. A depressive effect of these
drugs has been suggested and may constitute a link
with risk of suicide. The consequences of treatment
with calcium channel blockers should be further inves-
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tigated with respect to depressive disorders and
suicide. Calcium channel blockers should be consid-
ered as a possible cause of depression and suicide
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data collection, and participated in the statistical analysis and
interpretation of results and in writing the paper. KB
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QT and QTc dispersion are accurate predictors of cardiac
death in newly diagnosed non-insulin dependent diabetes:

cohort study

Abdul A O Naas, Neil C Davidson, Chris Thompson, Fraser Cummings, Simon A Ogston,

Roland T Jung, Ray W Newton, Allan D Struthers

Patients with non-insulin dependent diabetes mellitus
have an excess risk of dying from cardiovascular
disease. One small study suggested that a prolonged
QT interval could predict cardiac death in patients
with diabetic nephropathy who have received insulin
treatment. The question now is whether the same is
true in newly diagnosed diabetes in patients who have
no apparent complications. In addition, QT dispersion,
a new but related electrocardiographic variable,
predicts cardiac death in patients who have chronic
heart failure, peripheral vascular disease, or essential
hypertension."” We investigated whether it also
predicted cardiac death in diabetic patients.

Subjects, methods, and results

The study group of 182 patients with non-insulin
dependent diabetes mellitus (103 men; mean age 52.8
(SD 8.5) years) represented the Dundee cohort of the
United Kingdom prospective diabetes study, which was
recruited between 1982 and 1988. Patients were
followed up for a mean of 10.3 (1.7) years. The
inclusion and exclusion criteria of the study have been
reported elsewhere. Patients with overt cardiac disease
at baseline were excluded. A single observer (AAON)
measured QT intervals as described previously." Car-
diac death was mostly classified at the coordinating
centre in Oxford, using the codes of the international
classification of diseases, ninth revision. All analysis
was done by Cox regression analysis, with cardiac
death as the sole end point. We used forward stepwise
analysis, each time using all three QT variables along
with age, systolic blood pressure, sex, smoking, blood
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glucose concentration, and antihypertensive drug. As a
result, we identified age, systolic blood pressure, sex,
diuretics, and all QT variables as the potentially impor-
tant variables. Finally we fitted the regression using
these four variables with each of the three QT
variables.

In those who had a cardiac death, the mean time of
death after the baseline electrocardiogram was 7.3 (3.2)
years; after the 3 year electrocardiogram it was 4.9 (2.3)
years and after the 6 year electrocardiogram 3.8 (1.0)
years. The table shows that QTc max, QTc dispersion,
and QT dispersion are all highly significant and
independent predictors of cardiac death at baseline, at
3 years, and at 6 years. In multivariate analysis they
outperformed all other predictors.

Comment

Our main finding was that QT dispersion, QTc disper-
sion, and QTc max are excellent predictors of cardiac
death in patients with non-insulin dependent diabetes
mellitus. QTc interval analysis has two major
advantages over other possible ways of stratifying risk
in patients. Firstly, measurements of QTc interval are
easily obtained with a non-invasive routine test: other
potential predictors of cardiac death often require
extra testing with specialised equipment. Secondly,
comparisons between QTc dispersion and micro-
albuminuria suggest that QTc dispersion is a better
predictor of cardiac death.* A QTc dispersion >78 ms
at year 6 in this study had 100% sensitivity and 90%
specificity, giving an odds ratio of 9.0, whereas the odds
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Cox multivariate regression analysis for prediction of cardiac
death from data at various time points

Wald 2

B SE statistic P value
Baseline
QTc dispersion 0.021  0.0069 9.40 0.002**
Age 0.080 0.0312 6.61 0.010*
Systolic blood pressure 0.016 0.0080 416 0.041*
Sex 0.682 0.5130 177 0.183
QT dispersion 0.018 0.0068 7.07 0.008**
Age 0.075 0.0314 5.74 0.017*
Systolic blood pressure 0.016 0.0081 3.96 0.047*
Sex 0.534 0.5016 113 0.287
QTc max 0.0166 0.0042 15.45 0.0001**
Age 0.0699 0.0322 4.69 0.0303*
Sex 1.143 0.5269 4.71 0.0300*
Systolic blood pressure 0.0139 0.0077 3.27 0.0707
Year 3
QTc dispersion 0.017 0.0074 5.15 0.023*
Systolic blood pressure 0.019 0.0118 2.58 0.108
Age 0.046 0.0371 1.51 0.219
Sex 0.569 0.6090 0.87 0.351
QT dispersion 0.018 0.0070 6.46 0.011*
Systolic blood pressure 0.018 0.0115 2.46 0.117
Age 0.045 0.0370 1.48 0.225
Sex 0.539 0.0604 0.80 0.372
QTc max 0.017 0.0054 9.79 0.002**
Sex 0.910 0.6440 2.00 0.157
Age 0.051 0.0380 1.85 0.174
Systolic blood pressure 0.015 0.0117 1.63 0.202
Year 6
QTc dispersion 0.036 0.0113 10.29 0.001**
Sex 1.667 0.9790 2.90 0.089
Age 0.034 0.0610 0.31 0.575
Systolic blood pressure 0.000 0.0160 0.00 0.986
QT dispersion 0.024 0.0105 5.37 0.020*
Sex 1.219 0.8530 2.04 0.153
Age 0.050 0.0540 0.87 0.351
Systolic blood pressure 0.003 0.0160 0.04 0.838
QTc max 0.035 0.0110 10.36 0.001**
Sex 1.827 0.9210 3.94 0.047*
Age 0.038 0.5400 0.51 0.477
Systolic blood pressure 0.015 0.0190 0.599 0.439

*P<0.05, **P<0.005. Although diuretics were significant in univariate analysis,
they were not significant in multivariate analysis.

ratio for microalbuminuria was only 1.8 in a recent
overview.’

The question arises why analysis of QT interval
should be able to predict cardiac death. QT dispersion
may be a composite term reflecting electrical
inhomogeneity as a result of ischaemia, left ventricular
dilatation, left ventricular hypertrophy, cardiac fibrosis,
and autonomic neuropathy. Each one of these
individually confers increased cardiac risk, and this
may be why QT dispersion, as a composite of them, is
highly predictive of cardiac death. The clinical value of
analysing the QT interval may therefore be that it
could be used as a screening test to select diabetic
patients for more extensive cardiac investigations.
Importantly, the time between measuring a pro-
longed QT interval and the subsequent cardiac death is
many years, which provides ample opportunity to
intervene.

We thank Professor Robert Turner (Oxford) and Mr Phillip
Bassett (United Kingdom prospective diabetes study centre)
for their assistance. We would also like to thank Lynda G Dick
and Marlyn F H Foster for their help in the Ninewells Diabetes
Centre with the patients from the study.
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How often does surgery for peptic ulceration eradicate
Helicobacter pylori? Systematic review of 36 studies

John Danesh, Paul Appleby, Richard Peto

Most peptic ulceration is due to chronic infection with
Helicobacter pylori, and antibiotic treatments can gener-
ally cure both the infection and the ulceration.' In pre-
vious decades, however, persistent peptic ulceration
was often treated surgically either by vagotomy, which
merely reduces symptoms, or by partial gastrectomy,
which removes the ulcer and parts of the stomach
likely to be infected with H pylori® There have been
several surveys on the prevalence of persistent H pylori
infection in patients who have undergone surgery for
peptic ulceration, often many years previously. We
present a systematic review of these surveys and

compare the type of surgery with the likelihood of
persistent H pylori infection.

Methods and results

We checked in databases, reference lists, and gastro-
enterology journals for any studies published before
January 1997 that assessed H pylori infection after sur-
gery for peptic ulceration. Studies were included if they
provided information on the indication for surgery
and the type of surgery. We tabulated the type of
surgery, the mean interval between surgery and testing
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for H pylori (average 10 years), the method of testing
for H pylori (mostly histology), the site and number of
gastric biopsies, and the prevalence of infection.
Among the 33 reports identified we excluded five: one
included unrepresentative patients (Hepato Gastro-
enterol 1994;41:542-5), and four did not provide
separate results for patients with peptic ulceration
(Helicobacter 1996;1:270; Z Gastroenterol 1993;31:115-9)
or patients who had had partial gastrectomy (Surg
Gynecol ~ Obstet  1993;176:594-8; Mat Med Pol
1994;88:13-6). From 28 publications, 36 studies were
included. Prevalences from different studies were com-
bined by direct summation of their numerators and
denominators. The results from the small studies—that
is, those with fewer than 20 patients—were combined in
the figure and when displaying the results from
separate studies and calculating standard y* tests of
heterogeneity.

Among patients who had undergone vagotomy
alone the prevalence of persistent H pylori infection
was about 83% (542/656), whereas for partial gastrec-
tomy it was only about 50% (292/580; figure). There
were insufficient data to compare the prevalence of
H pylori infection after particular types of partial
gastrectomy—for example, Billroth v Roux-en-Y—or
vagotomy—for example, highly selective v truncal. The
heterogeneity within the two subtotals (x},=47 and
x&= 14) was much less extreme than the heterogeneity
between the two subtotals (x =147, P<0.0001). Thus
the difference in prevalence between the subtotals
remained informative.

Comment

Other studies have shown that most patients with
active peptic ulcers are infected with H pylori—about
95% of those with duodenal ulcer and 85% of those
with gastric ulcer.” The prevalence of H pylori in such
patients remains high after vagotomy (83% (95% con-
fidence interval 78% to 86%)) but falls to about 50%
(45% to 56%) after partial gastrectomy. This difference
cannot be explained by the methods used for testing
for H pylori or for gastric tissue sampling as both were
similar across studies, or by differences in reinfection
rates postoperatively. Despite the inclusion of studies
reported as abstracts or in languages other than
English some publication bias may remain, although
this should not alter the main conclusions. Remission
of H pylori infection after partial gastrectomy may be
due partly to the resection of distal gastric tissue, a
usual site of infection, and partly to the bactericidal
effects of prolonged bile acid reflux in surgical
patients." Whatever the reason, this decrease represents
one way surgery could contribute to the cure of peptic
ulcer disease.

The main clinical implication of the persistently
high prevalence of H pylori infection postoperatively is
that patients who have undergone gastrectomy or par-
ticularly vagotomy should be reviewed and considered
for antibiotic treatment that will cure their chronic
infection.

Carsten Flohr, Sumiyo Iida, and Monika Jakubiecz helped with
translations.

Contributors: JD is guarantor; he also initiated the study,
identified and abstracted information from publications,
performed statistical analyses, interpreted the data, and drafted
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i Type of Prevalence of
Partial gastrectomy sxrgery H pylori (%)
J Clin Pathol 1988;41:1313-5 Billroth 72/108 (67)
Gastroduodenal Pathol 1989;517-9 (London: Elsevier) Billroth 36/60 (60)
Nippon Shok Gek 1995;92:862-9 NS 24/56 (43)
Gut1996;39 (suppl 3):A66 Billroth 21/42 (50)
Gastroenterology 1990;98:A65 Billroth 16/32 (50)
Chirurg 1991;62:732-8 NS 5/27 (19)
Lancet 1986;i:1178-81 Billroth 10/26 (38)
Schweiz Med Wochenschr1992;122:1015-9 Roux-en-Y 15/25 (60)
Mayo Clin Proc 1987;62:265-8 Antrectomy 6/24 (25)
J Clin Pathol 1986;39:531-4 NS 6/23 (26)
Rev Esp Enferm Dig 1995;87:8-14 NS 16/22 (73)
J Clin Gastroenterology 1993;16:82-4 Billroth 7/22 (32)
8 Small studies* Billroth 58/113 (51)
Subtotal 292/580 (50)
Vagotomy
Scand J Gastroenterol 1991;26(suppl 186):77-83 Highly selective 186/219 (85)
Scand J Gastroenterol 1991;26(suppl 186):77-83 Truncal 69/84 (82)
Gut1987;28:A1410 Various 44/61 (72)
Chirurg Forum 1990:S305-8 Highly selective ~ 37/46 (80)
Vnitrni Lek 1991;37:772-5 Highly selective ~ 38/40 (95)
Eur J Gastroenterol Hepatol 1995;7:207-9 Highly selective ~ 34/38 (89)
Dig Dis Sci1996;41:2366-8 Highly selective ~ 22/31 (71)
Chirurg 1991;62:732-8 Highly selective ~ 24/30 (80)
8 Small studies** Various 88/107 (82)
Subtotal 542/656 (83)
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Prevalence of Helicobacter pylori after surgery for peptic ulcer: 36 studies. Size of black area
proportional to number of patients. NS = not specified (*Dig Dis Sci 1991;36:1697; J Clin
Gastroenterol 1993;16:82-4; Gastroenterology 1989;96:A247; Mat Med Pol 1994;88:9-12;
Gastroenterology 1989;97:958-64; Ann Chir 1991;45:905-8; Gut 1989;30:1552-7; Pol Arch
Med Wewn 1991;86:13-7. **Lancet 1986;1:1178-81; Gastroenterology 1989;97:958-64;
Gastroduodenal pathology and Campylobacter pylori (London: Elsevier) 1989: 517-9, 525-7;
Ann Chir 1991;45:905-8; Zentralbl Chir 1995;120:364-72; Gastroenterology 1990;98:A65; Mat

Med Pol 1994;88:9-12)

the report. PA plotted the findings, discussed statistical issues,
and edited the report. RP provided the statistical methods, inter-
preted the data, and drafted the report.
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Corrections

Birth weight and cognitive function in young adult life: historical

cohort study

An authors’ error occurred in this paper by Henrik Toft
Sgreson et al (16 August, pp 401-3). The correct mean (SD)
score for parity should have been 0-1: 43.6 (9.4); 2: 42.2
(9.7); 23,41.0 (10.1). These values did not lead to any errors
in the risk calculations, and there were no consequences for
any of the results.

Childhood energy intake and adult mortality from cancer:the Boyd
Orr cohort study

An editorial error occurred in this paper by Frankel et al
(14 February, pp 499-504). In table 5 the third cause of
death under each of the three main headings (Both sexes,
Men, and Women) should have read: Cancers not related to
smoking [not Cancers not related to cancer, as published].
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