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Subject Demographics

ÅAverage time since SCI = 15 (range 4-33) years

ÅAverage age = 37 (range 23-52) years old

ÅSex = 9 male, 1 female.

ÅSCUBA Certification Dives = 8/10

ÅAsia Classification of SCI: 6xA, 2xB 1xC, 1xD 

ÅSCUBA Certification
ï10 Open Water Dives

ïAverage Depth = 51 (range 15-99) feet

ïAverage Time = 33 (range 21-45) minutes
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PTSD is Generally Thought to Be 
Intractable in War Veterans

ÅRepeated SCUBA diving led to a near complete 
or complete resolution of PTSD symptoms in 
all of the paralyzed vets who manifested any 
initial symptoms.

ÅCould scuba be a novel therapy for PTSD?

ÅPossible Contributions:
ïControlled Breathing

ïMastering Fearful Situation

ïPressure of Diving

ïCNS Changes as a Result of SCUBA



This review presents recent clinical trials and recent advances in the development of strategies 
to restore locomotion after SCI. Several approaches toward functional recovery in SCI succeeded 
in acute and subacutephases in animal models. 
However, effective strategies against chronic phase of SCI have not been established yet.



Standard of Care for Chronic SCI

ÅThere is extensive and varied research currently 
underway on many different potential 
restorative therapies for Spinal Cord Injury, 
including FES. 

ÅCurrently there is no standard of care to restore 
function in chronic phase of SCI.

ÅWhat Neurological changes occurred with 
SCUBA?



SCUBA Background

ÅIn a randomized, placebo-controlled, double-blind study 

Fischer et al (1983) reported improved spasticity in 

subjects treated with hyperbaric oxygen (2 ATA, 90 

minutes daily, 5 days a week, total 20 treatments).

ÅMadorsky (1988) suggest that SCUBA diving could be a 

beneficial adjunct neuro-rehabilitative therapy for people 

with paraplegia.

ÅStanghelle et al (1991) concluded that SCUBA diving is 

not unsuitable for patients with spinal cord injuries, even 

for tetraplegics. They also observed improved spasticity.



SCUBA Background

Å Novak et al (1999) reported increased vital capacity after 2 weeks of 
SCUBA diving in 9 paraplegic subjects. A comparison group of 
subjects who were sailing for 2 weeks did not show these changes.

Å In a 7 day trial (1 dive, 30 minutes per day at 23 feet) with 6 
paraplegic subjects (traumatic and non-traumatic) Haydn et al 
(2007) reported significantly improved spasticity and improved 
quality of life in addition to improved pain.  This effect persisted for 
less than 4 weeks.

ÅWater temperature 52 to 61 F

ÅEffect was observed after 3 days

ÅRecommendation to repeat this study in warmer water and to 
provide SCUBA as ñtherapyò every 14-21 days



Reported Subjective Changes

ÅImproved spasticity

ÅIncreased strength

ÅImproved balance

ÅImproved fatigue

ÅImproved breathing function

ÅImproved bladder sensation

ÅImproved bowel program

ÅBetter sleep

ÅDecreased headache frequency 



Spasticity

ÅUpper extremities (UE):

ï3 subjects had UE spasticity at baseline 

(modified Ashworth scores 14-16)

ïAll subjects improved 

Å2 normalized (score of 12) 

Å1 improved to 13 
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Spasticity

Å Lower extremities (LE):

ïAll subjects had LE spasticity at baseline (modified Ashworth 

scores 14-58)

ïAll but 1 subject improved by 7-28%
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Spasticity

ÅSCUBA Universally Improved Spasticity in 
Paraplegic Vets with SCI.

ÅThese changes were only seen in those Vets 
who underwent SCUBA certification.



Pinprick (ASIA testing)

ÅSensation to pinprick improved most in 
subjects with incomplete SCI (1-8 points).
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Light touch (ASIA testing)

ÅSensation to light touch improved most in 
subjects with incomplete SCI (1-16 points).

Baseline Post
50

52

54

56

58

60

62

64

66

A
S

IA
 L

T
 S

c
o

re



3

0

2

18

2

20

5

20

9

1

-5

-10

-5

0

5

10

15

20

25

S
u

b
je

ct
 9

S
u

b
je

ct
 1

1

S
u

b
je

ct
 1

5

S
u

b
je

ct
 1

8

S
u

b
je

ct
 1

S
u

b
je

ct
 1

3

S
u

b
je

ct
 4

S
u

b
je

ct
 2

A
V

G
 %

 C
h

a
n

g
e

S
u

b
je

ct
 1

0

S
u

b
je

ct
 1

6

Light Touch Score Percent Change



Sensation

ÅThe majority of Paraplegic Vets demonstrated 
improved sensation in either pin-prick, light 
touch or both.

ÅThe improvements were selective for those 
who underwent SCUBA certification.



Strength (ASIA testing)

ÅAll subjects who had incomplete motor function in 
either UE or LE demonstrated strength 
improvements from 1 to 10 points

Baseline Post
50

52

54

56

58

60

62

64

66

A
S

IA
 M

o
to

r 
S

c
o

re



2

0 0

6

0 0

17

8

4

-2

0

-5

0

5

10

15

20

S
u

b
je

ct
 9

S
u

b
je

ct
 1

1

S
u

b
je

ct
 1

5

S
u

b
je

ct
 1

8

S
u

b
je

ct
 1

S
u

b
je

ct
 1

3

S
u

b
je

ct
 4

S
u

b
je

ct
 2

A
V

G
 %

 C
h

a
n

g
e

S
u

b
je

ct
 1

0

S
u

b
je

ct
 1

6

Motor Score Percent Change 



Motor Function

ÅHalf of Paraplegic Subjects regained some 
motor function.

ÅThese effects were selective for whose who 
underwent SCUBA certification.



Other Results

ÅPulmonary Function tests

ïNo change in Peak Flow in all groups

ÅFinger flexor strength (Grip Dynamometer)

ïSlight negative trend in all subjects without difference 

between groups

ÅUrine Output:

ïVirtually all subjects reported increased frequency 

and urine volume (42% ï51%) without differenced 

between groups



Medical Complications Observed

ÅSkin injuries during transfers in and out of boat were the 

most frequent complaint

ÅCoral Injuries

ÅJellyfish sting

ÅEar decompression difficulty

Å1 Closed head injury (by ship ladder)



Plausible Mechanisms Whereby SCUBA Could 
Enhance Motor and Sensory Fxnin Chronic SCI

ÅExternal Environment: 
ïBuoyancy: permits use of weak muscles

ïWater: global resistance training

ïPressure: Temple Grandin& her squeeze machine

ÅInternal Environment: 
ïEnhanced ventilation: better tissue gas exchange

ïOxygen: oxygen therapy

ïNitrogen: known CNS effects

ÅNeural Mechanisms: Rapid Response
ïNeural Adaptation with enhancement of existing circuits

ïActivation of preserved occult circuitry





Hyperbaric Oxygen Therapy

ÅMost of work in the treatment of acute SCI 
with HBO is anecdotal, but results are overall 
mixed and disappointing.

ÅVery little published on HBO in chronic SCI.

ÅSo if not not pressure and O2, what is it that is 
unique to SCUBA?



I am personally quite receptive to nitrogen rapture. I like it and fear 
it like doom. It destroys the instinct of life. Tough individuals are not 
overcome as soon as neurasthenic persons like me, but they have 
difficulty extricating themselves. Intellectuals get drunk early and 
suffer acute attacks on all the senses, which demand hard fighting 
to overcome. When they have beaten the foe, they recover quickly. 
The agreeable glow of depth rapture resembles the giggle-party
jags of the nineteen-twenties when flappers and sheiks convened to 
sniff nitrogen protoxide.







Effects of Nitrogen on CNS

ÅNitrogen is known to effect the CNS and cause 
Nitrogen Narcosis or Rapture of the Deep.

ÅIn addition to the relatively moderate changes in 
glutamate and GABA in the CNS that account for 
its intoxicating effects, there is a dramatic 350% 
increase in CNS Serotonin.

ÅWhat do we know about the effect of Serotonin 
on the Spinal Cord?

ÅWhat role does Serotonin play in development, 
injury, and recovery?



Central Pattern Generator



Pre-E12

+GABA/Gly

5-HT 5-HT 5-HTTreatment: 

Signaling:

Spontaneous

+GABA/Gly +GABA/Gly -GABA/Gly

Serotonin is Critical for CPG Development
Å 5-HT induces rhythmic activity in vitro in Embryonic Mouse Spinal Cords

Å By E18 coupled, alternating segmental pattern is mediated by 5-HT stimulation 
and transition of interneuronalGABA/Glyto inhibitory, which is affected by 5-HT.



5-HT 5-HT/Dopamine/NMDATreatment: 

Serotonin is Critical for CPG Development
Å 5-HT induces locomotoractivity in Early Neonatal Mouse Spinal Cords in vitro.

Å Blockade of D1/D2 Dopamine Receptors interferes with 5-HT evoked pattern.

Å In Neonatal Mice Glutamate (NMDA) elicits rhythmic locomotoractivity. 

Å NMDA antagonist change 5-I¢Ҍ5ƻǇŀƳƛƴŜ ƛƴŘǳŎŜŘ ǊƘȅǘƘƳ ōǳǘ ŘƻƴΩǘ ōƭƻŎƪ ǘƘŜƳΦ

Å Thus, 5-HT effects on locomotion become supplemental later in development.



The Unusual Response of SerotonergicNeurons after CNS 
Injury: Lack of Axonal Dieback and Enhanced Sprouting within 

the Inhibitory Environment of the GlialScar



Serotonin Release Variations During Recovery of 
Motor Function After a Spinal Cord Injury in Rats

ÅRat Spinal Cords were 
partially transected at T9

ÅTreadmill exercise on days 8, 
18, 34 after lesion.

ÅMicrodialysismeasure of  5-
HT release in Ventral Horn 
at L5.

ÅLevels of 5-HT increased 
300% on day 18 that 
correlated with regaining 
function.



Quipazin=5-HT2 agonist

8-OHDPAT=5-HT1a agonist



5-HT in a neonatal rat
preparation mediated a 
long-lasting facilitation of 
reflexes that could be 
maintained for several 
hours.

Some dorsal horn neurons 
underwent long-lasting 
facilitation of afferent-
evoked EPSPs. 

Thus, the increase in 
reflex gain coincides with 
an increase in sensory 
gain to a subpopulation of 
neurons.



Serotonin in the Spinal Cord

Å5-HT is central to the core development of the 
Spinal Cord Central Pattern Generator (CPG).

ÅSerotonergicneurons are selectively preserved in 
the CNS after injury.

ÅCorrelating with the improvement in locomotion 
following SCI is the increased release in the Ventral 
Horn of 5-HT by 300%.

ÅRepeated stimulation of 5-HT receptors results in 
the rehabilitation of locomotion and following SCI. 



Nitrogen

Serotonin

SCUBA



Å23 year old who suffered C7-T1 
SCI by MVA.
ÅEpidural spinal stimulator placed 
over L1-S1.
ÅReport after 80 standing sessions 
over 7 months with stimulation 
lasting 40-120 min.
ÅPatient was able to stand with full 
weight bearing with assistance for 
balance while stimulation was on. 





Conclusions
ÅThere is a need for restorative treatments for chronic spinal 

cord injured (SCI) individuals.
ÅNo systematic studies have been done of SCUBA in SCI.
ÅWe saw unprecedented improvement in motor and sensory 

function in paraplegic war veterans after undergoing four 
days of 9 successive SCUBA dives.
ÅSCUBA diving is known to increase CNS nitrogen levels, 

which in turn generate large increases in serotonin (5-
HT)release within the central nervous system.
ÅThough never tested in humans, serotonin has been shown 

in animals to stimulate motor and sensory recovery in the 
context of spinal cord injury in animals.
ÅThis pilot study suggests a back door mechanism to awaken 

function in the chronically injured spinal cord.
ÅThe proposed mechanism of SCUBA mediated improved 

function in Chronic SCI should be further investigated.



We Think This May Be of General 
Interest to Fitness Enthusiasts!
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