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研究成果の概要（和文）：　口唇形成術や口蓋形成術を受けた口唇口蓋裂患者の口腔感覚がどの程度回復してい
るかについて不明な点が多い。本研究では、口唇口蓋裂患者の口腔感覚特性を脳磁図計を用いて体性感覚誘導磁
界（SEFs）を測定することにより、定量的・客観的に評価することを目的とした。研究の結果、上口唇や口蓋に
電気刺激を付与した際のSEFsの頂点潜時は、健常者群と比較して、口唇口蓋裂患者群で有意に延長した。口唇形
成術や口蓋形成術が口唇口蓋裂患者の感覚伝達経路に影響を与えた可能性が示唆された。

研究成果の概要（英文）： It is still not clear to what extent oral sensation is recovered in the 
patients with cleft lip and palate who have undergone cheiloplasty and palatoplasty. The purpose of 
this study was to quantitatively and objectively evaluate the oral sensory characteristics of the 
patients with cleft lip and palate by measuring somatosensory evoked magnetic fields (SEFs) using a 
magnetoencephalography. The results showed that the latency of SEFs during electrical stimulation of
 the upper lip and palate was significantly prolonged in the pathents with cleft lip and palate 
group compared to the healthy subject group. It was suggested that cheiloplasty or palatoplasty 
might have affected the sensory conduction pathways in the patients with cleft lip and palate.

研究分野：歯科矯正学
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令和

研究成果の学術的意義や社会的意義
　口腔感覚は咀嚼や言語などの口腔機能と相関があるとされ、口腔感覚の改善が口腔機能の改善に繋がると考え
られる。本研究では、脳磁図形を用いて口唇口蓋裂患者の口腔感覚伝達メカニズムの一端を明らかにした。この
成果により、口唇口蓋裂患者の口腔形態のみならず、口腔感覚も考慮した新たな治療法の開発に繋がる可能性が
ある。

※科研費による研究は、研究者の自覚と責任において実施するものです。そのため、研究の実施や研究成果の公表等に
ついては、国の要請等に基づくものではなく、その研究成果に関する見解や責任は、研究者個人に帰属します。
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１．研究開始当初の背景 
 口唇裂・口蓋裂とは様々な遺伝的・環境的要因により口唇や顎堤、口蓋に裂を生じる先天疾患
である。諸外国における口唇口蓋裂の発生頻度は 0.03-0.23%と地域によって異なり、とりわけ
日本では 0.16-0.18%と比較的高い頻度で生じると報告されている（Mossey P et al., 2003, 宮崎
ら，1985）。口唇形成術、口蓋形成術、顎裂部骨移植術、顎発育不良症例には顎矯正手術などの
手術が行われることによって、口唇口蓋裂患者の口唇、口蓋等の形態が大きく改善する一方、口
唇や口蓋の口腔感覚がどの程度回復しているかについては未だ不明な点が多い。主観的評価法
による研究では、口唇口蓋裂患者群は健常者群に比べ口蓋感覚閾値が有意に高く、患者群の中で
も粘膜骨膜弁法を受けた口唇口蓋裂患者群の口蓋感覚閾値は、粘膜弁法を受けた患者群に比べ
て有意に高いとの報告があり（Noguchi M et al., 2004）、口蓋感覚の異常が一部の構音に影響を
与えている可能性が示唆されている（Steere KA, 2010）。しかしながら、口唇口蓋裂患者の口腔
感覚と言語機能の相関性については明確な結論は出ておらず、現代の口唇口蓋裂治療において、
口腔感覚の改善に焦点をおいた治療が行われているとは言い難い。 
 そこで本研究では、口唇口蓋裂患者の口腔感覚について非侵襲的脳機能イメージング手法を
利用し中枢における反応を客観的かつ定量的に評価することで、患者特有の口腔感覚特性を解
明し、さらに言語機能との相関性についても明らかにすることを目的とした。これにより、口唇
口蓋裂患者の治療法の向上と新たな言語訓練法の開発が期待できるのではないかと考えた。 
 
２．研究の目的 
 本研究では、口唇口蓋裂患者の口腔感覚を客観的かつ定量的に評価するため、口唇及び口蓋電
気刺激に対する大脳皮質体性感覚野における反応を脳磁図計（MEG: Magnetoencephalography）
を用いて計測する。対照として、健常者にも同様な評価を行う。同時に口唇・口蓋感覚の主観的
評価も行い、MEG による結果と比較検討を行うことで口唇口蓋裂患者特有の口腔感覚特性を明
らかにする。さらに言語聴覚士による言語評価と併せ、口唇口蓋裂の口腔感覚と言語機能の相関
性について解明することを目的とする。 
 
３．研究の方法 
(1) 被験者の募集：口唇口蓋裂患者群（片側性唇顎口蓋裂のみ）、健常者群を各 30名（15-30歳） 
 募集。 
(2) 口唇・口蓋電気刺激装置製作：各被験者の上顎の歯型を採取し、電気刺激装置（口唇：クリ 
 ップ、口蓋：マウスピース）の製作を行う。 
(3) MRI撮像：脳の形態を記録するために MRI撮像を行い、データ解析時に MEG 測定データ 
 と重ね合わせを行う。 
(4) MEG による測定（客観的評価）：口唇・口蓋に感覚閾値の 5倍の電気刺激を約 300 回与え、 
 体性感覚誘導磁場（SEFs: Somatosensory evoked magnetic fields）の記録を行う。口唇刺激  
 部位は上唇の裂側、中央、非裂側、下唇の右側、左側の計 5 か所（図 1）。口蓋刺激部位は切 
 歯乳頭部、後方中央部、裂側、非裂側の計 4 か所とした（図 2）。 
 
  
 
 
 
 
 
 
 
 
 
 
(5) データ解析：得られたデータを加算平均し、単一電流双極子モデルにて早期成分の潜時、信 
 号強度、信号源を推定する。 
(6) 口唇・口蓋感覚の主観的評価：von Frey filament を用いて、口唇・口蓋に触覚刺激を与え、   
 感覚閾値について調べる。 
(7) 言語評価：言語聴覚士による言語評価を行う。 
(8) 口腔感覚と言語機能の相関性評価：口腔感覚と言語機能の相関性について評価を行う。 
 
４．研究成果 
(1) 口唇口蓋裂患者の口唇感覚特性の検討 
 口唇電気刺激時における SEFs を測定したところ、60.0ms付近に観察された波形について以

Lip morphology of patients with cleft lip (CL) improves significantly 
with cheiloplasty. However, the lip somatosensory characteristics of 
patients with CL after cheiloplasty remain unclear because objective 
evaluation of oral sensations is difficult. Human lips, which include 
numerous peripheral receptors, have a larger cortical representation 
than other areas in the somatosensory homunculus (Fig. 1). Upper lip 
receptors are site-specific; they encode accurate somatosensory 
information. Therefore, methods for imaging the human brain might 
be suitable for assessing lip sensation. Currently, 
magnetoencephalography (MEG) is used widely for detailed 
measurement of brain functions related to somatic sensations in 
clinical and research situations. Although MEG has been used to
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Introduction

Aim
The aim of this study was evaluation of SEFs associated with lip 
sensation of patients with CL after cheiloplasty using MEG.

Methods
For 15 patients with unilateral CL (UCL group) and 30 healthy young 
subjects (control group), SEFs induced by electrical stimuli to three 
points of the upper lips (right-side, center, and left-side) and two 
points of the lower lips (right-side and left-side) were measured (Fig. 
3). Activities with peak latency around 50 ms to 75 ms with posterior 
orientation (cP60m) were analyzed. The sources of the magnetic 
fields were modeled as single equivalent current dipoles (ECDs) and 
all ECDs located on primary somatosensory cortex by 
superimposition on magnetic resonance images. The latency and 
intensity for cP60m found for the UCL group and the control group 
were compared. Furthermore, thresholds of tactile sensation were 
measured using Semmes--Weinstein monofilament. Measurements 
for the groups were compared (Fig. 5).

Results
No significant difference was found either in the intensity for cP60m or 
in the threshold of tactile stimuli between the UCL group and the 
control group. However, the latency for cP60m on all parts of upper lip 
in the UCL group was longer than that of the control group (p<0.05) 
(Fig. 7).

Conclusions
SEFs might be useful for objective evaluation of lip sensations. Results 
obtained from this study are expected to help to improve future 
surgical procedures and lip functions of patients with cleft lip.

Discussion
<Latency of SEFs>
An earlier report described that nerve regeneration becomes 
insufficient; nerve conduction velocity slows after surgery or trauma. 
We infer that damage to the peripheral nerve is likely to affect its 
pathway and that conduction is delayed. The longer latency of SEFs 
observed for the lip on the non-cleft side might result from the effects of 
surgery on the neurotransmission pathway in the overall upper lip. 
<Intensity of SEFs>
Although peripheral nerve density might have decreased at the surgical 
site because of scarring, the cP60m intensity showed no marked 
difference. Collateral sprouting from neighboring healthy nerves and 
the central compensation mechanism might account for the findings of 
SEFs intensity. 
<Tactile Stimulation Threshold>
Some earlier reports have described that patients with CL/P have 
normal sensations. Nerve regeneration, collateral reinnervation, and 
central amplification might be involved in the recovery mechanisms of 
impaired sensation of the upper lip in patients with CL after cheiloplasty, 
as described above.

Fig. 2 Stimulation device positioned 
on the center of the upper lip. 

Fig. 4 SEF measurement by MEG. 

Fig. 6 Reactions of the right hemisphere to electrical stimulation on the left side of the 
upper lip. In each figure, the data above are those for a representative patient with left-
sided cleft lip and the data below are for a healthy subject. Waveforms, isofield maps, 
and magnetic fields of the cP60m are shown. ECDs were located on the central sulcus.

Fig. 7 Latency (ms) and intensity (nA•m) of the cP60m, Tactile stimulation threshold (g): 
U, upper; L, lower.
Latencies of the cP60m in the UCL group were significantly longer on the upper lip 
than those of the control group (*p < 0.05)

Fig. 5 Semmes--Weinstein monofilament. 

Fig. 3 Lips of a patient with cleft lip. 
Circles show the stimulation points.  

measure the somatosensory 
evoked magnetic fields 
(SEFs) of the oral area to 
investigate somatotopic 
organization, SEFs of the lips 
in patients with CL have not 
been evaluated yet. This 
study investigated the effects 
of surgical treatment on lip 
sensations by comparing 
SEFs induced by stimulation 
to repaired lips in patients 
with CL and normal lips in 
healthy subjects.

Fig. 1 Penfield’s sensory homunculus. (Schott GD. 
Penfield's homunculus: a note on cerebral 
cartography. Journal of Neurology, Neurosurgery, and 
Psychiatry. 1993 Apr;56(4):329-333.)
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selected. Data obtained with about 150 stimulations were averaged after 
removing typical noise based on visual judgment. The baseline level was 
set at 4.0–9.0 ms after electrical stimulation. According to past reports, 
reactions were observed even around 20 ms during some parts of oral 
area stimulation. However, because it was of small amplitude, the 
waveform around 50 ms, which has higher intensity and higher detec-
tion rate, was used as a barometer (Hoshiyama et al., 1996; Nakahara 
et al., 2004). Therefore, for this study, the peak latencies at 
41.5–66.5 ms in the primary somatosensory cortex were analyzed for 
comparison. The locations of the signal sources were evaluated sepa-
rately for the left and right hemispheres. For the incisor papillae, central 
posterior palate, right and left lateral palate, the right and left hemi-
spheres were assessed. For the left wrist, only the contralateral hemi-
spheres from the stimulation site were assessed. The right and left 

hemispheres were regarded respectively as being of the non-cleft side 
(NS) and the cleft side (CS), based on the patients with left-sided CLP and 
the control subjects. In contrast, the right and left hemispheres were 
regarded respectively as being the CS and the NS for the patients with 
right-sided CLP. The root mean square error was used to estimate the 
peak latencies. The latencies, intensities, and response thresholds to 
electrical stimulation in each part of the palate were compared between 
the UCLP group and the control group using the Mann–Whitney U test. 
Significance was inferred for P < 0.05. 

3. Results 

SEFs were detected in the UCLP group in 5 cases in the incisor 
papillae (NS), 7 in the incisor papillae (CS), 4 in the posterior palate 

Fig. 1. A, Electrical stimulator for the palate consisting of an individual mouthpiece and four electrodes. The lower right panel portrays an enlarged view of the 
electrodes. The electrode diameter is 2.0 mm. The distance between the electrodes is 2.0 mm. The lead wires are of 0.65 mm diameter. B, Palate of a UCLP patient 
after palatoplasty. The circles represent areas of electrical stimulation. The dotted line represents the cleft area before palatoplasty. C, SEF measurement by MEG. 

Fig. 2. Whole-head magnetic waveforms for the incisor papillae of a UCLP patient (15-year-old girl, left) and the control subject (21-year-old woman; control, right).  

E. Shimada et al.                                                                                                                                                                                                                                

図 1：口唇刺激部位 図 2：口蓋刺激部位 



下の結果が得られた。 
 ・頂点潜時について：口唇口蓋裂患者群の上唇（裂側、中央、非裂側）刺激時の潜時が健常者 
  群と比較して有意に延長した（図 3）。これは、口唇形成術による末梢神経の損傷が伝達経 
  路に影響を与え、伝達時間が延長した可能性が考えられる（Seddon HJ, 1943）。 
 ・信号強度について：すべての刺激部位おいて、2 群間で信号強度に有意差は認められなかっ 
  た（図 4）。手術部位では瘢痕化によって末梢神経の密度が低下しているが、隣接する正常 
  神経からの側枝によって信号強度が補償されている可能性がある（Ahcan U et al., 1997）。 
    あるいは中枢神経系にて信号増幅する感覚の補償機構が働いているとも考えられる。 
 ・主観的評価法による感覚閾値について：2 群間で感覚閾値に有意差は認められなかった（図   
  5）。信号強度に変化が認められなかったのと同様に、神経再生、側枝神経による再支配、中 
  枢神経系における感覚の補償機構が働いている可能性が示唆される。 

 
 
 
(2) 口唇口蓋裂患者の口蓋感覚特性の検討 
 口蓋電気刺激時における SEFs（図 6）を測定したところ、50.0ms付近に観察された波形に   
ついて以下の結果が得られた。 
 ・頂点潜時について：口唇口蓋裂患者群の潜時は、切歯乳頭部刺激時の裂側半球と口蓋非裂側 
  刺激時の対側半球において、健常者群よりも有意に延長した（表 1、図 7）。これは、口蓋形 
  成術によって生じた瘢痕の影響により、口蓋非裂側や切歯乳頭への大口蓋神経の再生が阻 
  害されたため（Suda Y et al., 2000）、代わりに鼻口蓋神経が伸長し、潜時が延長した部位 
  の感覚受容を補っている可能性がある。 
 ・信号強度について：すべての刺激部位において、2 群間で信号強度に有意差は認められなか 
  った（表 2）。中枢神経系にある多シナプス組織により、末梢からの微弱な電気信号が増幅 
  している可能性がある（Lin Y et al., 2003）。 
 ・主観的評価法による感覚閾値について：すべての評価部位において、口唇口蓋裂患者群の口 
  蓋感覚閾値は健常者群よりも有意に高かった（表 3）。口蓋裂患者では、粘膜骨膜切除によ 
  る末梢神経の完全切除と、術後の露出骨と密に結合した瘢痕組織による末梢の神経再生障 
  害により、手術創中央部への再生神経線維の伸長は認められなく（Suda Y et al., 2000）、 
  口唇口蓋裂患者群の口蓋感覚閾値が健常者群よりも高くなったと考えられる。 
 
 

 
 
 

Lip morphology of patients with cleft lip (CL) improves significantly 
with cheiloplasty. However, the lip somatosensory characteristics of 
patients with CL after cheiloplasty remain unclear because objective 
evaluation of oral sensations is difficult. Human lips, which include 
numerous peripheral receptors, have a larger cortical representation 
than other areas in the somatosensory homunculus (Fig. 1). Upper lip 
receptors are site-specific; they encode accurate somatosensory 
information. Therefore, methods for imaging the human brain might 
be suitable for assessing lip sensation. Currently, 
magnetoencephalography (MEG) is used widely for detailed 
measurement of brain functions related to somatic sensations in 
clinical and research situations. Although MEG has been used to
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Introduction

Aim
The aim of this study was evaluation of SEFs associated with lip 
sensation of patients with CL after cheiloplasty using MEG.

Methods
For 15 patients with unilateral CL (UCL group) and 30 healthy young 
subjects (control group), SEFs induced by electrical stimuli to three 
points of the upper lips (right-side, center, and left-side) and two 
points of the lower lips (right-side and left-side) were measured (Fig. 
3). Activities with peak latency around 50 ms to 75 ms with posterior 
orientation (cP60m) were analyzed. The sources of the magnetic 
fields were modeled as single equivalent current dipoles (ECDs) and 
all ECDs located on primary somatosensory cortex by 
superimposition on magnetic resonance images. The latency and 
intensity for cP60m found for the UCL group and the control group 
were compared. Furthermore, thresholds of tactile sensation were 
measured using Semmes--Weinstein monofilament. Measurements 
for the groups were compared (Fig. 5).

Results
No significant difference was found either in the intensity for cP60m or 
in the threshold of tactile stimuli between the UCL group and the 
control group. However, the latency for cP60m on all parts of upper lip 
in the UCL group was longer than that of the control group (p<0.05) 
(Fig. 7).

Conclusions
SEFs might be useful for objective evaluation of lip sensations. Results 
obtained from this study are expected to help to improve future 
surgical procedures and lip functions of patients with cleft lip.

Discussion
<Latency of SEFs>
An earlier report described that nerve regeneration becomes 
insufficient; nerve conduction velocity slows after surgery or trauma. 
We infer that damage to the peripheral nerve is likely to affect its 
pathway and that conduction is delayed. The longer latency of SEFs 
observed for the lip on the non-cleft side might result from the effects of 
surgery on the neurotransmission pathway in the overall upper lip. 
<Intensity of SEFs>
Although peripheral nerve density might have decreased at the surgical 
site because of scarring, the cP60m intensity showed no marked 
difference. Collateral sprouting from neighboring healthy nerves and 
the central compensation mechanism might account for the findings of 
SEFs intensity. 
<Tactile Stimulation Threshold>
Some earlier reports have described that patients with CL/P have 
normal sensations. Nerve regeneration, collateral reinnervation, and 
central amplification might be involved in the recovery mechanisms of 
impaired sensation of the upper lip in patients with CL after cheiloplasty, 
as described above.

Fig. 2 Stimulation device positioned 
on the center of the upper lip. 

Fig. 4 SEF measurement by MEG. 

Fig. 6 Reactions of the right hemisphere to electrical stimulation on the left side of the 
upper lip. In each figure, the data above are those for a representative patient with left-
sided cleft lip and the data below are for a healthy subject. Waveforms, isofield maps, 
and magnetic fields of the cP60m are shown. ECDs were located on the central sulcus.

Fig. 7 Latency (ms) and intensity (nA•m) of the cP60m, Tactile stimulation threshold (g): 
U, upper; L, lower.
Latencies of the cP60m in the UCL group were significantly longer on the upper lip 
than those of the control group (*p < 0.05)

Fig. 5 Semmes--Weinstein monofilament. 

Fig. 3 Lips of a patient with cleft lip. 
Circles show the stimulation points.  

measure the somatosensory 
evoked magnetic fields 
(SEFs) of the oral area to 
investigate somatotopic 
organization, SEFs of the lips 
in patients with CL have not 
been evaluated yet. This 
study investigated the effects 
of surgical treatment on lip 
sensations by comparing 
SEFs induced by stimulation 
to repaired lips in patients 
with CL and normal lips in 
healthy subjects.

Fig. 1 Penfield’s sensory homunculus. (Schott GD. 
Penfield's homunculus: a note on cerebral 
cartography. Journal of Neurology, Neurosurgery, and 
Psychiatry. 1993 Apr;56(4):329-333.)
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palatal structures and found significant delays in latencies during 
stimulation of the incisor papillae (CS) and NS of the palate in the UCLP 
group compared to the control group, but no significant difference in 
intensity was found in any structure. Subjective evaluation during 
electrical stimulation found that sensory thresholds were significantly 
greater in the UCLP group than in the control group in all palatal 
structures. 

4.1. Difference in Latencies between the UCLP and Control Groups 

The latency was prolonged significantly in the CS hemisphere for the 
incisor papillae and in the contralateral hemisphere for the NS of the 
palate in the UCLP group compared to the control group (Fig. 5 and 
Table 1), which might be attributable to differences in innervation. 
Perception of the hard palate is received by the nasopalatine nerve 
extending from the incisive foramen and the greater palatine nerve 
extending from the greater palatine foramen. In healthy subjects, most 
perception of the hard palate is innervated by the greater palatine nerve 
(Langford, 1989). The nasopalatine nerve is not regarded as very 
important in clinical practice. The nasopalatine nerve has approximately 
485 µm diameter, whereas the greater palatine nerve has diameter of 
approximately 1179 µm, which is about three times as thick as the 

nasopalatine nerve (Fujimoto, 1981). In general, thicker nerve fibers 
transmit the electrical signals faster. For that reason, the nasopalatine 
nerve, which has thinner nerve fibers than the greater palatine nerve, 
has a lower rate of nerve transmission than the greater palatine nerve. 
Therefore, prolonged latency in the UCLP group, as observed in this 
study, might be attributable to transmission of sensory perception by the 
nasopalatine nerve from the part of the palate that is no longer inner-
vated by the greater palatine nerve because of the effects of palatoplasty. 

The pushback method as performed at the Department of Plastic and 
Reconstructive Surgery in Tohoku University Hospital differs slightly 
from the conventional pushback method in that the periosteum is left in 
part of the palatal bone when the flap is raised to reduce postoperative 
scarring (Okada et al., 2006). The exposed bone surface without the 
periosteum forms scar tissue, which hinders nerve regeneration, but the 
nerves regenerate easily in areas where the periosteum remains (Suda 
et al., 2000). In the Tohoku University pushback method, the overlap 
between the flap on the CS and the bone surface where the periosteum 
remains is large. Consequently the greater palatine nerve can extend 
easily to the incisal papilla. However, in the NS of the palate less overlap 
occurs between the flap and the bony surface where the periosteum is 
located. Therefore, the greater palatine nerve cannot extend easily to the 
incisal papillae. Instead, the nasopalatine nerve seems to extend along 
the remaining periosteum and to expand its dominant region to the NS of 
palate. This mechanism is plausible because the nasopalatine nerve has 
been reported to extend to the palate near the premolars in some healthy 
adults (Langford, 1989), and to expand its area of innervation with age 
(Liu et al., 2017). Consequently, latency was longer in the UCLP group 
than in the control group in the CS hemisphere during incisive papillae 
stimulation and the contralateral hemisphere during NS of palate stim-
ulation, which are affected by the nasopalatine nerve. However, no la-
tency was found to be significantly different between the UCLP group 
and the control group in the NS hemisphere during incisive papillae 
stimulation, the contralateral hemisphere during CS of palate stimula-
tion, and both hemispheres during posterior palate stimulation, which 
are affected by the greater palatine nerve. 

The present findings are insufficient to prove these propositions. 
Therefore, the process of nerve regeneration and nerve course after 
palatoplasty must be examined further using an animal CP model. 

4.2. Differences in intensities and palatine sensory thresholds between the 
UCLP and control groups 

No significant difference in intensity was found between the UCLP 
and control groups (Table 2), but significant differences at all stimula-
tion sites between the UCLP and control groups were found from sub-
jective evaluation of electrical stimulation (Table 3). Similar results 

Table 1 
Peak latencies (ms) for each area in the UCLP group and control group.   

Incisor papillae Posterior palate Non-cleft side of palate Cleft side of palate Left wrist 

NS CS NS CS NS CS NS CS NS 

UCLP group 48.5 ± 3.5 55.8 ± 5.4* 51.3 ± 5.4 53.8 ± 8.2 48.4 ± 4.6 56.8 ± 5.6** 50.1 ± 7.1 53.6 ± 6.9 18.8 ± 1.1 
Control group 47.9 ± 3.6 49.7 ± 4.3 49.6 ± 5.9 54.8 ± 5.2 48.0 ± 4.7 48.2 ± 4.5 50.8 ± 6.1 49.6 ± 6.7 19.0 ± 1.0 

NS, non-cleft side; CS, cleft side. The latency was significantly longer in the UCLP group than in the control group in the incisor papillae (CS) (*P < 0.01) and non-cleft 
side of the palate (CS) (**P < 0.05). 

Table 2 
Intensities (nAm) for each area in the UCLP group and control group.   

Incisor papillae Posterior palate Non-cleft side of palate Cleft side of palate Left wrist 

NS CS NS CS NS CS NS CS NS 

UCLP group 16.7 ± 2.6 15.7 ± 7.4 17.8 ± 7.4 14.9 ± 4.7 11.2 ± 3.2 11.6 ± 5.2 13.1 ± 7.4 12.3 ± 4.1 18.4 ± 8.0 
Control group 17.8 ± 8.6 17.0 ± 10.0 21.1 ± 12.4 22.1 ± 11.7 14.6 ± 5.0 14.7 ± 5.1 15.0 ± 7.0 16.9 ± 6.8 21.3 ± 7.8 

NS, non-cleft side; CS, cleft side. The intensities of the UCLP group and the control group were not significantly different. 

Table 3 
Palatine sensory thresholds of electrical stimulation for each area in the UCLP 
group and control group.   

Incisor 
papillae 

Posterior 
palate 

Non-cleft side of 
palate 

Cleft side of 
palate 

UCLP 
group 

1.1 ± 0.8** 1.9 ± 1.3* 1.5 ± 0.7** 1.6 ± 0.7* 

Control 
group 

0.6 ± 0.2 0.9 ± 0.4 1.0 ± 0.4 0.9 ± 0.3 

The intensities of the UCLP group and the control group were not significantly 
different. The palatine sensory thresholds in all areas of the UCLP group were 
significantly higher than those of the control group (*P < 0.01, **P < 0.05). 

Table 4 
Correlation coefficients between the intensity of SEFs and sensory threshold of 
electrical stimulation for each area in the UCLP group.  

Incisor papillae Posterior palate Non-cleft side of palate Cleft side of palate 

NS CS NS CS NS CS NS CS 
0.40 0.22 -0.05 -0.40 0.01 0.43 0.28 -0.13 

No strong correlation was found between the intensities of SEFs and sensory 
thresholds of electrical stimulation for each area in the UCLP group. 
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palatal structures and found significant delays in latencies during 
stimulation of the incisor papillae (CS) and NS of the palate in the UCLP 
group compared to the control group, but no significant difference in 
intensity was found in any structure. Subjective evaluation during 
electrical stimulation found that sensory thresholds were significantly 
greater in the UCLP group than in the control group in all palatal 
structures. 

4.1. Difference in Latencies between the UCLP and Control Groups 

The latency was prolonged significantly in the CS hemisphere for the 
incisor papillae and in the contralateral hemisphere for the NS of the 
palate in the UCLP group compared to the control group (Fig. 5 and 
Table 1), which might be attributable to differences in innervation. 
Perception of the hard palate is received by the nasopalatine nerve 
extending from the incisive foramen and the greater palatine nerve 
extending from the greater palatine foramen. In healthy subjects, most 
perception of the hard palate is innervated by the greater palatine nerve 
(Langford, 1989). The nasopalatine nerve is not regarded as very 
important in clinical practice. The nasopalatine nerve has approximately 
485 µm diameter, whereas the greater palatine nerve has diameter of 
approximately 1179 µm, which is about three times as thick as the 

nasopalatine nerve (Fujimoto, 1981). In general, thicker nerve fibers 
transmit the electrical signals faster. For that reason, the nasopalatine 
nerve, which has thinner nerve fibers than the greater palatine nerve, 
has a lower rate of nerve transmission than the greater palatine nerve. 
Therefore, prolonged latency in the UCLP group, as observed in this 
study, might be attributable to transmission of sensory perception by the 
nasopalatine nerve from the part of the palate that is no longer inner-
vated by the greater palatine nerve because of the effects of palatoplasty. 

The pushback method as performed at the Department of Plastic and 
Reconstructive Surgery in Tohoku University Hospital differs slightly 
from the conventional pushback method in that the periosteum is left in 
part of the palatal bone when the flap is raised to reduce postoperative 
scarring (Okada et al., 2006). The exposed bone surface without the 
periosteum forms scar tissue, which hinders nerve regeneration, but the 
nerves regenerate easily in areas where the periosteum remains (Suda 
et al., 2000). In the Tohoku University pushback method, the overlap 
between the flap on the CS and the bone surface where the periosteum 
remains is large. Consequently the greater palatine nerve can extend 
easily to the incisal papilla. However, in the NS of the palate less overlap 
occurs between the flap and the bony surface where the periosteum is 
located. Therefore, the greater palatine nerve cannot extend easily to the 
incisal papillae. Instead, the nasopalatine nerve seems to extend along 
the remaining periosteum and to expand its dominant region to the NS of 
palate. This mechanism is plausible because the nasopalatine nerve has 
been reported to extend to the palate near the premolars in some healthy 
adults (Langford, 1989), and to expand its area of innervation with age 
(Liu et al., 2017). Consequently, latency was longer in the UCLP group 
than in the control group in the CS hemisphere during incisive papillae 
stimulation and the contralateral hemisphere during NS of palate stim-
ulation, which are affected by the nasopalatine nerve. However, no la-
tency was found to be significantly different between the UCLP group 
and the control group in the NS hemisphere during incisive papillae 
stimulation, the contralateral hemisphere during CS of palate stimula-
tion, and both hemispheres during posterior palate stimulation, which 
are affected by the greater palatine nerve. 

The present findings are insufficient to prove these propositions. 
Therefore, the process of nerve regeneration and nerve course after 
palatoplasty must be examined further using an animal CP model. 

4.2. Differences in intensities and palatine sensory thresholds between the 
UCLP and control groups 

No significant difference in intensity was found between the UCLP 
and control groups (Table 2), but significant differences at all stimula-
tion sites between the UCLP and control groups were found from sub-
jective evaluation of electrical stimulation (Table 3). Similar results 

Table 1 
Peak latencies (ms) for each area in the UCLP group and control group.   

Incisor papillae Posterior palate Non-cleft side of palate Cleft side of palate Left wrist 

NS CS NS CS NS CS NS CS NS 

UCLP group 48.5 ± 3.5 55.8 ± 5.4* 51.3 ± 5.4 53.8 ± 8.2 48.4 ± 4.6 56.8 ± 5.6** 50.1 ± 7.1 53.6 ± 6.9 18.8 ± 1.1 
Control group 47.9 ± 3.6 49.7 ± 4.3 49.6 ± 5.9 54.8 ± 5.2 48.0 ± 4.7 48.2 ± 4.5 50.8 ± 6.1 49.6 ± 6.7 19.0 ± 1.0 

NS, non-cleft side; CS, cleft side. The latency was significantly longer in the UCLP group than in the control group in the incisor papillae (CS) (*P < 0.01) and non-cleft 
side of the palate (CS) (**P < 0.05). 

Table 2 
Intensities (nAm) for each area in the UCLP group and control group.   

Incisor papillae Posterior palate Non-cleft side of palate Cleft side of palate Left wrist 

NS CS NS CS NS CS NS CS NS 

UCLP group 16.7 ± 2.6 15.7 ± 7.4 17.8 ± 7.4 14.9 ± 4.7 11.2 ± 3.2 11.6 ± 5.2 13.1 ± 7.4 12.3 ± 4.1 18.4 ± 8.0 
Control group 17.8 ± 8.6 17.0 ± 10.0 21.1 ± 12.4 22.1 ± 11.7 14.6 ± 5.0 14.7 ± 5.1 15.0 ± 7.0 16.9 ± 6.8 21.3 ± 7.8 

NS, non-cleft side; CS, cleft side. The intensities of the UCLP group and the control group were not significantly different. 

Table 3 
Palatine sensory thresholds of electrical stimulation for each area in the UCLP 
group and control group.   

Incisor 
papillae 

Posterior 
palate 

Non-cleft side of 
palate 

Cleft side of 
palate 

UCLP 
group 

1.1 ± 0.8** 1.9 ± 1.3* 1.5 ± 0.7** 1.6 ± 0.7* 

Control 
group 

0.6 ± 0.2 0.9 ± 0.4 1.0 ± 0.4 0.9 ± 0.3 

The intensities of the UCLP group and the control group were not significantly 
different. The palatine sensory thresholds in all areas of the UCLP group were 
significantly higher than those of the control group (*P < 0.01, **P < 0.05). 

Table 4 
Correlation coefficients between the intensity of SEFs and sensory threshold of 
electrical stimulation for each area in the UCLP group.  

Incisor papillae Posterior palate Non-cleft side of palate Cleft side of palate 

NS CS NS CS NS CS NS CS 
0.40 0.22 -0.05 -0.40 0.01 0.43 0.28 -0.13 

No strong correlation was found between the intensities of SEFs and sensory 
thresholds of electrical stimulation for each area in the UCLP group. 
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palatal structures and found significant delays in latencies during 
stimulation of the incisor papillae (CS) and NS of the palate in the UCLP 
group compared to the control group, but no significant difference in 
intensity was found in any structure. Subjective evaluation during 
electrical stimulation found that sensory thresholds were significantly 
greater in the UCLP group than in the control group in all palatal 
structures. 

4.1. Difference in Latencies between the UCLP and Control Groups 

The latency was prolonged significantly in the CS hemisphere for the 
incisor papillae and in the contralateral hemisphere for the NS of the 
palate in the UCLP group compared to the control group (Fig. 5 and 
Table 1), which might be attributable to differences in innervation. 
Perception of the hard palate is received by the nasopalatine nerve 
extending from the incisive foramen and the greater palatine nerve 
extending from the greater palatine foramen. In healthy subjects, most 
perception of the hard palate is innervated by the greater palatine nerve 
(Langford, 1989). The nasopalatine nerve is not regarded as very 
important in clinical practice. The nasopalatine nerve has approximately 
485 µm diameter, whereas the greater palatine nerve has diameter of 
approximately 1179 µm, which is about three times as thick as the 

nasopalatine nerve (Fujimoto, 1981). In general, thicker nerve fibers 
transmit the electrical signals faster. For that reason, the nasopalatine 
nerve, which has thinner nerve fibers than the greater palatine nerve, 
has a lower rate of nerve transmission than the greater palatine nerve. 
Therefore, prolonged latency in the UCLP group, as observed in this 
study, might be attributable to transmission of sensory perception by the 
nasopalatine nerve from the part of the palate that is no longer inner-
vated by the greater palatine nerve because of the effects of palatoplasty. 

The pushback method as performed at the Department of Plastic and 
Reconstructive Surgery in Tohoku University Hospital differs slightly 
from the conventional pushback method in that the periosteum is left in 
part of the palatal bone when the flap is raised to reduce postoperative 
scarring (Okada et al., 2006). The exposed bone surface without the 
periosteum forms scar tissue, which hinders nerve regeneration, but the 
nerves regenerate easily in areas where the periosteum remains (Suda 
et al., 2000). In the Tohoku University pushback method, the overlap 
between the flap on the CS and the bone surface where the periosteum 
remains is large. Consequently the greater palatine nerve can extend 
easily to the incisal papilla. However, in the NS of the palate less overlap 
occurs between the flap and the bony surface where the periosteum is 
located. Therefore, the greater palatine nerve cannot extend easily to the 
incisal papillae. Instead, the nasopalatine nerve seems to extend along 
the remaining periosteum and to expand its dominant region to the NS of 
palate. This mechanism is plausible because the nasopalatine nerve has 
been reported to extend to the palate near the premolars in some healthy 
adults (Langford, 1989), and to expand its area of innervation with age 
(Liu et al., 2017). Consequently, latency was longer in the UCLP group 
than in the control group in the CS hemisphere during incisive papillae 
stimulation and the contralateral hemisphere during NS of palate stim-
ulation, which are affected by the nasopalatine nerve. However, no la-
tency was found to be significantly different between the UCLP group 
and the control group in the NS hemisphere during incisive papillae 
stimulation, the contralateral hemisphere during CS of palate stimula-
tion, and both hemispheres during posterior palate stimulation, which 
are affected by the greater palatine nerve. 

The present findings are insufficient to prove these propositions. 
Therefore, the process of nerve regeneration and nerve course after 
palatoplasty must be examined further using an animal CP model. 

4.2. Differences in intensities and palatine sensory thresholds between the 
UCLP and control groups 

No significant difference in intensity was found between the UCLP 
and control groups (Table 2), but significant differences at all stimula-
tion sites between the UCLP and control groups were found from sub-
jective evaluation of electrical stimulation (Table 3). Similar results 

Table 1 
Peak latencies (ms) for each area in the UCLP group and control group.   

Incisor papillae Posterior palate Non-cleft side of palate Cleft side of palate Left wrist 

NS CS NS CS NS CS NS CS NS 

UCLP group 48.5 ± 3.5 55.8 ± 5.4* 51.3 ± 5.4 53.8 ± 8.2 48.4 ± 4.6 56.8 ± 5.6** 50.1 ± 7.1 53.6 ± 6.9 18.8 ± 1.1 
Control group 47.9 ± 3.6 49.7 ± 4.3 49.6 ± 5.9 54.8 ± 5.2 48.0 ± 4.7 48.2 ± 4.5 50.8 ± 6.1 49.6 ± 6.7 19.0 ± 1.0 

NS, non-cleft side; CS, cleft side. The latency was significantly longer in the UCLP group than in the control group in the incisor papillae (CS) (*P < 0.01) and non-cleft 
side of the palate (CS) (**P < 0.05). 

Table 2 
Intensities (nAm) for each area in the UCLP group and control group.   

Incisor papillae Posterior palate Non-cleft side of palate Cleft side of palate Left wrist 

NS CS NS CS NS CS NS CS NS 

UCLP group 16.7 ± 2.6 15.7 ± 7.4 17.8 ± 7.4 14.9 ± 4.7 11.2 ± 3.2 11.6 ± 5.2 13.1 ± 7.4 12.3 ± 4.1 18.4 ± 8.0 
Control group 17.8 ± 8.6 17.0 ± 10.0 21.1 ± 12.4 22.1 ± 11.7 14.6 ± 5.0 14.7 ± 5.1 15.0 ± 7.0 16.9 ± 6.8 21.3 ± 7.8 

NS, non-cleft side; CS, cleft side. The intensities of the UCLP group and the control group were not significantly different. 

Table 3 
Palatine sensory thresholds of electrical stimulation for each area in the UCLP 
group and control group.   

Incisor 
papillae 

Posterior 
palate 

Non-cleft side of 
palate 

Cleft side of 
palate 

UCLP 
group 

1.1 ± 0.8** 1.9 ± 1.3* 1.5 ± 0.7** 1.6 ± 0.7* 

Control 
group 

0.6 ± 0.2 0.9 ± 0.4 1.0 ± 0.4 0.9 ± 0.3 

The intensities of the UCLP group and the control group were not significantly 
different. The palatine sensory thresholds in all areas of the UCLP group were 
significantly higher than those of the control group (*P < 0.01, **P < 0.05). 

Table 4 
Correlation coefficients between the intensity of SEFs and sensory threshold of 
electrical stimulation for each area in the UCLP group.  

Incisor papillae Posterior palate Non-cleft side of palate Cleft side of palate 

NS CS NS CS NS CS NS CS 
0.40 0.22 -0.05 -0.40 0.01 0.43 0.28 -0.13 

No strong correlation was found between the intensities of SEFs and sensory 
thresholds of electrical stimulation for each area in the UCLP group. 
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the NS of the palate (NS), 48.2 ± 4.5 ms in the NS of the palate (CS), 
50.8 ± 6.1 ms in the CS of the palate (NS), 49.6 ± 6.7 ms in the CS of the 
palate (CS), and 19.0 ± 1.0 ms in the left wrist. The latency was 
significantly longer in the UCLP group than in the control group in the 
incisor papillae (CS) (P < 0.01) and NS of the palate (CS) (P < 0.05). No 
significant difference in latency was found at other sites (Fig. 5 and  
Table 1). 

The intensity of the SEFs in the UCLP group was 16.7 ± 2.6 nAm in 
the incisor papillae (NS), 15.7 ± 7.4 nAm in the incisor papillae (CS), 
17.8 ± 7.4 nAm in the posterior palate (NS), 14.9 ± 4.7 nAm in the 
posterior palate (CS), 11.2 ± 3.2 nAm in the NS of the palate (NS), 11.6 
± 5.2 nAm in the NS of the palate (CS), 13.1 ± 7.4 nAm in the CS of the 
palate (NS), 12.3 ± 4.1 nAm in the CS of the palate (CS), and 18.4 ± 8.0 
nAm in the left wrist. The intensity of the SEFs in the control group was 
17.8 ± 8.6 nAm in the incisor papillae (NS), 17.0 ± 10.0 nAm in the 
incisor papillae (CS), 21.1 ± 12.4 nAm in the posterior palate (NS), 22.1 
± 11.7 nAm in the posterior palate (CS), 14.6 ± 5.0 nAm in the NS of the 
palate (NS), 14.7 ± 5.1 nAm in the NS of the palate (CS), 15.0 ± 7.0 
nAm in the CS of the palate (NS), 16.9 ± 6.8 nAm in the CS of the palate 
(CS), and 21.3 ± 7.8 nAm in the left wrist. No significant difference in 
intensity was found (Table 2). 

The sensory threshold of electrical stimulation in the UCLP group 
was 1.1 ± 0.8 mA in the incisor papillae, 1.9 ± 1.3 mA in the posterior 
palate, 1.5 ± 0.7 mA in the NS of the palate, and 1.6 ± 0.7 mA in the CS 
of the palate. The sensory threshold of electrical stimulation in the 
control group was 0.6 ± 0.2 mA in the incisor papillae, 0.9 ± 0.4 mA in 
the posterior palate, 1.0 ± 0.4 mA in the NS of the palate, and 0.9 
± 0.3 mA in the CS of the palate. Sensory thresholds of electrical stim-
ulation in the UCLP group were found to be significantly higher than 

that in the control group in all sites: incisor papillae (P < 0.05), central 
posterior palate (P < 0.01), NS of the palate (P < 0.05), and CS of the 
palate (P < 0.01) (Table 3). 

The correlation coefficients between the intensity of SEFs and sen-
sory threshold of electrical stimulation in the UCLP group was 0.40 in 
the incisor papillae (CS), 0.22 in the incisor papillae (CS), − 0.05 in the 
posterior palate (NS), − 0.40 in the posterior palate (CS), 0.01 in the NS 
of the palate (NS), 0.43 in the NS of the palate (CS), 0.28 in the CS of the 
palate (NS), and − 0.13 in the CS of the palate (CS). No strong corre-
lation was found between the intensity of SEFs and sensory threshold of 
electrical stimulation in the UCLP group (Table 4). 

4. Discussion 

This study is the first to detect and examine SEFs during palatal 
sensory stimulation in patients with CP after palatoplasty. Subjective 
assessment methods have indicated that patients with CP after palato-
plasty have palatal sensory disorder (Hammond et al., 1983; Uchiyama 
et al., 1998; Noguchi et al., 2004). This disorder is mainly attributable to 
scar tissue caused by the invasion of palatoplasty performed in infancy, 
which impairs regeneration of the sensory nerves (Suda et al., 2000; 
Atkins et al., 2006). However, the degree of sensory disorder is difficult 
to assess quantitatively using only subjective assessment methods. For 
the present study, SEFs were measured in patients with UCLP during 
palatal sensory stimulation to measure responses within 100 ms in the 
cerebral cortex. Such measurements can quantify the transmission time 
of the stimulation and the signal intensity, and can thereby objectively 
evaluate the degree of palatal sensory disorder. 

This study compared the SEFs during electrical stimulation of the 

Fig. 5. Waveforms for the incisor papillae of a UCLP patient (15-year-old girl) and a control subject (21-year-old woman, control) in both hemispheres. Arrows 
indicate peak latencies. Purple double arrows indicate the baseline from 4.0 to 9.0 ms. NS, non cleft side hemisphere; CS, cleft side hemisphere. 
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(NS), 6 in the posterior palate (CS), 4 in the NS of the palate (NS), 4 in 
the NS of the palate (CS), 5 in the CS of the palate (NS), 6 in the CS of the 
palate (CS), and 12 in the left wrist. SEFs were detected in the control 
group in 17 cases in the incisor papillae (NS), 14 in the incisor papillae 
(CS), 12 in the posterior palate (NS), 10 in the posterior palate (CS), 11 
in the NS of the palate (NS), 17 in the NS of the palate (CS), 18 in the CS 
of the palate (NS), 12 in the CS of the palate (CS), and 31 in the left wrist. 

Fig. 2 shows whole-head magnetic waveforms in the incisor papillae 
of a representative UCLP patient and a healthy subject (Control) in both 
hemispheres. Fig. 3 shows the isofield maps and ECD locations of the 
SEFs in the incisor papillae of a representative UCLP patient and a 
healthy subject in the CS. SEFs were detected in the primary somato-
sensory cortex in both cases. The dipole during palatal stimulation was 
found anteriorly interior than the dipole during left wrist stimulation 
along the central sulcus in UCLP patients and in control subjects (Fig. 4). 

The peak latency of the SEFs in the UCLP group was 48.5 ± 3.5 ms 
(mean ± standard deviation) in the incisor papillae (NS), 55.8 ± 5.4 ms 
in the incisor papillae (CS), 51.3 ± 5.4 ms in the posterior palate (NS), 
53.8 ± 8.2 ms in the posterior palate (CS), 48.4 ± 4.6 ms in the NS of 
the palate (NS), 56.8 ± 5.6 ms in the NS of the palate (CS), 50.1 
± 7.1 ms in the CS of the palate (NS), 53.6 ± 6.9 ms in the CS of the 
palate (CS), and 18.8 ± 1.1 ms in the left wrist. The peak latency of the 
SEFs in the control group was 47.9 ± 3.6 ms in the incisor papillae (NS), 
49.7 ± 4.3 ms in the incisor papillae (CS), 49.6 ± 5.9 ms in the posterior 
palate (NS), 54.8 ± 5.2 ms in the posterior palate (CS), 48.0 ± 4.7 ms in 

Fig. 3. Isofield maps (upper) and ECD locations (lower) of the SEFs in the incisor papillae of a representative UCLP patient (15-year-old girl) and a control subject 
(21-year-old woman, control) in both hemispheres. Arrows indicate the directions and locations of the ECDs estimated by magnetic field patterns. NS, non cleft side 
hemisphere; CS, cleft side hemisphere. 

Fig. 4. ECD locations of the SEFs in the left wrist and the incisor papillae of a 
representative UCLP patient (15-year-old girl) and a control subject (21-year- 
old woman, control) in both hemispheres. Responses were observed in the 
primary somatosensory cortex during both left wrist and palatal stimulation. 
Both UCLP patients and control subjects show the dipoles during palatal stim-
ulation anteriorly and inferiorly along the central sulcus from the dipoles 
during left wrist stimulation. 
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 図 6：単一等価電流双極子と等磁場線図        図 7：SEFs の波形 
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